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sl
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Nizja stopnja zanositve pri Zenskah z adenomiozo maternice se povezuje z ovirano
endometrijsko receptivnostjo za vgnezdenje zarodka. Pripadajo¢i molekularni vzroki
so slabo raziskani zaradi preteklih tehnoloskih omejitev neinvazivnih diagnosti¢nih
metod za odkrivanje adenomioze. S pristopi sistemske biologije smo zato
identificirali kandidatne bioloske poti/gene spremenjene endometrijske receptivnosti
pri adenomiozi. Izvedli smo analizo RNA sekvenciranja (RNA-seq) endometrija v
pricakovanem stanju receptivnosti Zzenskam z (n = 10) in brez (n = 10) ultrazvo¢nih
znakov adenomioze. Identificirane spremenjeno izrazene gene smo dalje integrirali s
podatki iz pregleda literature, da bi razumeli njihov pomen v povezavi z molekularno
biologijo endometrija. Zbrali smo porocane transkripte in proteine, povezane z
endometrijsko receptivnostjo pri adenomiozi, pri sorodni, a bolje raziskani
endometriozi in pri zdravi maternici, ter poenotili njthovo poimenovanje po genski
nomeklaturi zbirke HGNC. S primerjavo podatkov RNA-seq samo potrjeno
receptivnih vzorcev (8 adenomioznih in 5 kontrolnih) smo zaznali 382 spremenjeno
izrazenih genov (p < 0,05), ki so bili v najve¢ji meri obogateni v poteh, povezanih z
odzivi na signalizacijo interferonov, in v poti celicne adhezije. Z integracijo zbranih
382 (RNA-seq), 42 (adenomioza), 173 (endometrioza) in 151 (zdrava maternica)
genov smo identificirali obogatene poti organizacija zunajcelicnega matriksa,
regulacija reproduktivnih procesov, odziv na VEGF in signalizacija z interlevkini, ki
jih predlagamo kot dodatne kandidate za preucevanje endometrijske receptivnosti pri
adenomiozi. Rezultate RNA-seq omejuje neznacilno spremenjeno izraZanje genov po
popravku vrednosti p (FDR > 0,05), kar bi lahko bila posledica nizkega Stevila
uporabljenih vzorcev. Na podlagi analize podatkov iz dosedanje literature in lastnih
rezultatov RNA-seq sklepamo, da je endometrijska receptivnost pri Zenskah z
adenomiozo spremenjena na ravni signalizacije s citokini imunskega sistema.
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Lower pregnancy rate in women with uterine adenomyosis is associated with
impaired endometrial receptivity for embryo implantation. The underlying molecular
causes are poorly understood due to past technological limitations of non-invasive
methods to diagnose adenomyosis. We therefore applied systems biology approaches
to identify candidate biological pathways/genes of altered endometrial receptivity in
adenomyosis. We performed RNA sequencing (RNA-seq) analysis of the
endometrium in the expected receptive state in women with (n = 10) and without
(n = 10) ultrasound signs of adenomyosis. The identified differentially expressed
genes were further integrated with data from the literature mining to understand their
relevance in the context of endometrial molecular biology. We gathered reported
transcripts and proteins associated with endometrial receptivity in adenomyosis, in
related but better-studied endometriosis and in healthy uterus, and adopted their gene
nomenclature according to the HGNC database. The comparison of RNA-seq data of
only confirmed receptive samples (8 adenomyosis and 5 controls) identified 382
differentially expressed genes (p < 0.05) further mostly enriched in pathways
associated with responses to interferon signalling and in pathway related to cell
adhesion. By integration of gathered 382 (RNA-seq), 42 (adenomyosis), 173
(endometriosis) and 151 (healthy uterus) genes we identified enriched pathways
extracellular matrix organisation, regulation of reproductive processes, VEGF
response and signalling by interleukins, which we propose as additional candidate
pathway for studying endometrial receptivity in adenomyosis. Our RNA-seq results
are limited by insignificant gene expression difference after p-value correction
(FDR > 0.05), which may be due to the small sample size. Based on the analysis of
existing literature and own RNA-seq results, we conclude that endometrial
receptivity in adenomyosis is altered at the level of immune cytokine signalling.
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mikro RNA (angl. micro RNA)

nekodirajo¢a RNA (angl. noncoding RNA)

sekvenciranje naslednje generacije (angl. next generation sequencing)

oploditev z biomedicinsko pomocjo

progesteron

proliferacijska faza menstruacijskega ciklusa

pozna proliferacijska faza menstruacijskega ciklusa

pozna sekrecijska faza menstruacijskega ciklusa

RNA sekvenciranje (angl. RNA sequencing)

sekrecijska faza menstruacijskega ciklusa

iskalno orodje za pridobivanje interakcijskih genov/protein (angl. Search Tool for
the Retrieval of Interacting Genes/Proteins)

scRNA-seq RNA-seq posameznih celic (angl. single-cell RNA sequencing)

SP

SS
TVUZ
TIAR
NK/uUNK
VAY

ZS

srednja proliferacijska faza menstruacijskega ciklusa

srednja sekrecijska faza menstruacijskega ciklusa

transvaginalni ultrazvok

poskodba in celjenje tkiva (angl. tissue injury and repair)

naravna ubijalka / materni¢na naravna ubijalka (angl. (uterine) natural killer)
zgodnja proliferacijska faza menstruacijskega ciklusa

zgodnja sekrecijska faza menstruacijskega ciklusa
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1 UVOD S PREDSTAVITVIJO PROBLEMATIKE, CILJEV IN HIPOTEZ

Adenomioza je patologija maternice, za katero je znacilna prisotnost endometriju podobnega
povezuje s pridobljenimi invazivnimi lastnostmi celic endometrija, ki migrirajo in obstanejo v
spodaj lezeCem miometriju (Vannuccini in sod., 2017). Absolutna diagnoza adenomioze je
mogoca s histolosko analizo vzorcev histerektomije (operativna odstranitev maternice), ki se
opravi pri starejSih simptomatskih Zenskah (Ferenczy, 1998). Z izboljSanjem obcutljivosti
ultrazvo¢ne tehnologije pa se znaki adenomioze lahko opazijo Ze pri mlajSih Zenskah (Bazot
in Darai, 2018). Pri zdravljenju neplodnosti se adenomioza povezuje z zmanjSano moznostjo
zanositve (Salim in sod., 2012; Puente in sod., 2016; Sharma in sod., 2019; Nirgianakis in
sod., 2020), domnevo zaradi vpliva te bolezni na zmanjSano endometrijsko receptivnost za
vgnezdenje zarodka (Campo in sod., 2012). Endometrij, ki obdaja materni¢no votlino, namre¢
predstavlja ciljno tkivo vgnezditve zarodka (Altmée in sod., 2012). Molekularni mehanizmi,
ki bi pojasnili domnevno ovirano endometrijsko receptivnost pri adenomiozi, so slabo
poznani zaradi malo opravljenih raziskav kot posledica tehnoloskih omejitev neinvazivnih
diagnosti¢nih metod adenomioze v preteklosti (Puente in sod., 2016). Zato smo v tej doktorski
disertaciji uporabili pristope sistemske biologije, da smo identificirali kandidatne bioloske
poti in gene spremenjene endometrijske receptivnosti pri adenomiozi maternice. [z znanstvene
literature smo pridobili podatke, ki so se navezovali na genetske vzroke spremenjenega
endometrijskega izrazanja pri adenomiozi in sorodni, a bolje raziskani endometriozi ter
izvedli analizo RNA sekvenciranja (RNA-seq) biopsij endometrija, da smo lahko integrirali
podatke in predstavili molekularno ozadje endometrijske receptivnosti pri adenomiozi. Ker se
v literaturi uporabljajo razli¢ni sistemi poimenovanje proteinov in transkriptov RNA, smo
opisane proteine poimenovali po zbirki Uniprot (The UniProt ..., 2019), gene pa po zbirki
HGNC (HUGO, 2019). Navedli smo tudi pogosta uporabljena alternativnha imena oz.
sinonime.

Izziv molekularnih raziskav endometrija predstavlja zagotavljanje homogenosti preiskovanih
vzorcev, v smislu zagotavljanja enake stopnje fizioloSke zrelosti endometrija v trenutku
vzorcenja posamezne biopsije. Le primerjava vzorcev, datiranih v isto fazo menstruacijskega
ciklusa, omogoca identifikacijo in primerjavo lokusov, povezanih s prisotnostjo
endometrijske patologije (Devesa-Peiro in sod., 2021). V genetsko molekularnem delu te
doktorske disertacije je bilo preiskovankam vzorcenje endometrija izvedeno med 7. in 9.
dnem po izmerjenem vrhu luteinizirajoega hormona (dnevi LH+7-LH+9), ko se pri¢akuje
pojav endometrijske receptivnosti. S primerjavo RNA-seq podatkov smo ugotovili, da je
takSno datiranje vzorcev premalo natan¢no za identifikacijo spremenjeno izrazenih genov,
povezanih z adenomiozo. Zato smo vzorce endometrija dodatno datirali z uporabo novega
molekularnega testa (Saare in sod., 2019), ki deluje na podlagi analize izraZanja izbranih
genov endometrijske receptivnosti. S ponovno analizo RNA-seq podatkov samo potrjeno
receptivnih vzorcev smo identificirali spremenjeno izraZzene gene in obogatene poti, ki
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predstavljajo mocne kandidate za nadaljnje raziskave endometrijske receptivnosti pri
adenomiozi.

1.1 PREDSTAVITEV PROBLEMATIKE
1.1.1 Maternica

Maternica je zenski reproduktivni organ, ki omogoca vgnezdenje zarodka v stadiju blastociste
in njegov nadaljnji razvoj. Lezi v mali medenici med danko in se¢nim mehurjem. Spodnji ozji
del se imenuje vrat, zgornji SirSi del telo, zaobljen zgornji del telesa pa fundus. Znotraj
maternice se nahaja materni¢na votlina, ki je prekrita s sluznico, imenovano endometrij, ki
predstavlja ciljno tkivo vgnezdenja zarodka. Endometrij je sestavljen iz dveh plasti; bazalna
(angl. bazalis) in funkcionalna (angl. functionalis). Bazalna oz. osnovna plast je stalno
prisotna in je sestavljena iz Zlez, strjene strome in krvnih zil. Nad bazalnim endometrijem se
nahaja funkcionalna oz. povrhnja plast, ki jo sestavljajo povrSinski epitelij, Zlezni epitelij in
oziljena stroma. Pod bazalnim endometrijem se nahaja gladko miSi¢evje maternice ali
miometrij, ki podpira stromalno in vaskulatorno tkivo ter omogoca kréenje maternice.
Miometrij je razdeljen na notranji in zunanji del. Notranji miometrij imenovan tudi junkcijska
cona (angl. junctional zone) se nahaja tik pod bazalno plastjo endometrija in predstavlja
sluzniéno-misi¢no mejo med endometrijem in zunanjim miometrijem (angl. endometrial-
myometrial interface). Notranji miometrij sestavljajo krozna misi¢na vlakna, zunanji
miometrij pa vzdolZzna miSi¢na vlakna. Zunanji miometrij obdaja seroza, ki predstavlja najbolj
zunanjo plast maternice (Naftalin in Jurkovic, 2009).

1.1.2 Menstruacijski ciklus endometrija

Menstruacijski ciklus endometrija oznacuje rodno dobo Zenske. Predstavlja proces, ko je
funkcionalna plast endometrija podvrZzena periodi¢nim ciklom lus€enja v obliki menstrualne
krvi, ki mu sledi njegova regeneracija (debeljenje in diferenciacija tkiva) iz bazalne plasti, s
¢imer je zagotovljeno optimalno okolje za vgnezdenje zarodka v vsakem ciklusu. Dolzina
menstruacijskega ciklusa se med Zenskami razlikuje in lahko traja od 21 do 35 dni, v
povpre¢ju okoli 28 dni. Dinamicno spreminjanje endometrija po posameznih fazah
menstruacijskega ciklusa sovpada s hormonskim procesom dozorevanja jajne celice v
jajéniku, ki ga narekujejo spreminjajoce se ravni izrazanja gonadotropin sproscujocega
hormona (angl. gonadotropin releasing hormone, GnRH), folikel stimulirajo¢ega hormona
(angl. follicle stimulating hormone, FSH), luteinizirajocega hormona (LH), estradiola (E2) in
progesterona (P4) (Sherman in Korenman, 1975; Hawkins in Matzuk, 2008; Makieva in sod.,
2018).

Pri dolzini 28 dni se menstruacijski ciklus pricne z menstruacijsko (M) fazo (dnevi 1-4), kjer
se tkivo endometrija lus¢i iz maternice in kot menstrualna kri zapusti telo. Sledi
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proliferacijska (P) faza (dnevi 4-14), kjer povisano izlo¢anje E2 iz rastoCe granuloze v
jajénem mesicku spodbuja mitoti¢no delitev endometrijskih celic strome in epitelija.
Posledi¢no se tkivo endometrija debeli, stroma pa se ozili s spiralnimi arterijami. Nagel porast
LH (dan LH+0) okoli 36 ur pred ovulacijo (okoli 14. dne ciklusa) omogoci jaj¢énemu mesicku,
da poci in jajéna celica se lahko sprosti iz jajcnika. Granuloza v jajcnem mesicku se pretvori v
rumeno telesce, kjer se sinteza E2 preusmeri v sintezo P4. Hormon P4 ustavi debeljenje
endometrija in spodbuja izlo¢anje glikogena in mukusa iz endometrijskih Zlez, kar oznacuje
zgodnjo sekrecijsko (ZS) fazo (dnevi 15-20). V srednje sekrecijski (SS) fazi (dnevi 21-24) se
pojavi t.i. okno vgnezdenja (angl. window of implantation), ki predstavlja kratek casovni
okvir endometrijske receptivnosti za vgnezditev zarodka. Casovni okvir okna vgnezdenja je
med zenskami razliCen in naj bi trajal med dnevi LH+6 in LH+11 (Tan in sod., 2018).
IstoCasno se endometrijske stromalne celice (ESC) v procesu decidualizacije diferencirajo v
novo tkivo, imenovano decidua, kamor se lahko vgnezdi zarodek. Decidua zagotavlja vir
rastnih dejavnikov in citokinov, ki nadzirajo vgnezdenje in nadaljnji razvoj zarodka,
uravnavajo imunski odziv in podpirajo angiogenezo (Okada in sod., 2018). V pozni
sekrecijski (PS) fazi (dnevi 25-28) decidua dokonéno dozori. Ce nosecnost ne nastopi,
rumeno telesce propade in posledi¢no upadeta nivoja E2 ter P4, decidua pa je podvrzena
procesu apoptoze in degradaciji. Menstruacijski ciklus se ponovi (Hawkins in Matzuk, 2008;
Makieva in sod., 2018).

1.1.3 Molekularni dejavniki vgnezdenja zarodka

Za uspesno vgnezdenje zarodka je potrebna apozicija, adhezija in invazija blastociste v
receptivni endometrij. Receptivnost endometrija oznacuje izgubo komponent mucinov, ki
zavirajo pritrditev zarodka, in pa pridobitev adhezijskih molekul kaderinov in integrinov, ki
omogocajo njegovo pritrditev (Simoén in sod., 2000). V nadaljevanju je predstavljenih nekaj
molekularnih dejavnikov, ki sodelujejo pri vgezdenju zarodka.

Hormon P4 in receptor za progesteron (angl. progesterone receptor, PGR) imata pomembno
vlogo pri vzpostavitvi mikrookolja receptivnega endometrija. Le-to mora biti bogato s citokini
in kemokini, ki spodbujajo apozicijo in adhezijo blastociste (Makieva in sod., 2018).
Pomembni citokini so zaviralni dejavnik levkemije (angl. leukemia inhibitory factor, LIF),
beta interlevkina 1 (angl. interleukin-1 beta, IL1B), spodbujevalni dejavnik rasti kolonij (angl.
colony stimulating factor, CSF) in heparin-vezavni epidermalni rastni dejavnik (angl.
heparin-binding epidermal growth factor, HB-EGF) (Cullinan in sod., 1996; Florio in sod.,
2007; Halasz in Szekeres-Bartho, 2013). Pomembni kemokini, ki sodelujejo pri navzkrizni
komunikaciji med endometrijem in zarodkom, pa so IL-8 (angl. interleukin-8; CXCLS),
kemokin 2 s C-C motivom (angl. C-C motif chemokine 2, CCL2; pogosto uporabljeno
alternativno ime MCP-1), z rastjo uravnavan alfa protein (angl. growth-regulated alpha
protein; CXCLI; pogosto uporabljeno alternativno ime C-X-C motif chemokine 1) in receptor
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tipa 4 za C-X-C kemokin (angl. C-X-C chemokine receptor type 4, CXCR4) (Hess in sod.,
2007).

Signalizacija P4 preko izrazanja zaviralnega dejavnika, induciranega s progesteronom (angl.
progesterone-induced blocking factor, PIBF), zagotavlja imunotolerantno okolje endometrija
za uspeSno vgnezdenje blastociste. Izrazanje PIBF zavira delovanje celic naravnih ubijalk
(NK) in spodbuja citokinski odziv celic T pomagalk tipa 2 (angl. T helper 2, Th2), ki so
infiltrirane v stromi endometrija in vzdrzujejo protivnetno okolje (Halasz in Szekeres-Bartho,
2013).

Hormon P4 nadzira delovanje prepisovalnega dejavnika (angl. transcription factor) proteina
homebox Hox-A10 (HOXA10), ki je pomemben za procese vgnezdenja. PoviSano izraZanje
HOXA10 v epiteliju endometrija tekom okna vgnezdenja vodi v izraZzanje integrinov alfa
5/beta 3 (angl. integrin alpha-V/beta-3, ITGAV:ITGB3; pogosto uporabljeno alternativno ime
ayB3) in ITGA4:ITGBI1 ter tvorbo pinopodov na apikalni strani epitelija, kamor se lahko
blastocista vsidra (Nikas in Makrigiannakis, 2003; Halasz in Szekeres-Bartho, 2013).
Nekatere raziskave so pokazale, da zarodek in endometrij matere v ¢asu vgnezdenja aktivno
komunicirata preko zunajceli¢nih veziklov (angl. extracellular vesicle) (Ng in sod., 2013).
Endometrij naj bi v zunajceli¢ne vezikle izlocal adhezivne molekule, kot so integrin-vezavni
fibronektin in ¢lane poti kinaz fokalne adhezije (angl. focal adhesion kinase, FAK), ki jih
sprejmejo celice trofoblasta, da si izboljSajo adhezivne lastnosti (Greening in sod., 2016).

Po apoziciji in adheziji sledi invazija blastociste v deciduo, kar sprozi migracijo stromalnih
celic na mesto vgnezdenja. Stromalne celice obkroZijo zarodek in tako aktivno pripomorejo k
njegovemu nadaljnjemu vgnezdenju (Schwenke in sod., 2013). Premikanje in polarnost
endometrijskih celic nadzoruje druzina proteinov Rho GTPaz, ki s tvorbo stresnih vlaken
polimeriziranega aktina in tvorbo lameliopodija omogocijo premikanje celic skozi
zunajceliéni matriks (angl. extracellular matrix) (Makieva in sod., 2018). Clan druzine Rho
GTPaz, RACI1 (angl. Ras-related C3 botulinum toxin substrate 1, RACI, s pogostim
alternativnim imenom Rac-1) v interakciji s p21-aktivirajoo kinazo oz. PAK (spada med
serin/treonin kinaze), omogoci napredovanje lamelipodijev preko integrinske adhezije v smeri
migriranja celic. Medtem pa na drugem koncu celice protein RHOA (angl. transforming
protein RhoA, RHOA, s pogostim alternativnim poimenovanjem RhoA) omogoci prekinitev
adhezijskih stikov. Protein ROCKI1 (angl. Rho-associated protein kinase 1, ROCKI), ki jo
aktivira RHOA, tvori kréne sile preko interakcij aktina in miozina. Kréenje in odmik zadnjih
robov omogoca premikanje telesa celice. Hitro preurejanje citoskeleta in olajSano migracijo
stromalnih celic preko signalne kaskade RHOA/ROCK in RAC1/PAK omogoca negenomsko
delovanje P4 (Grewal in sod., 2010; Makieva in sod., 2018). Hormon P4 v decidui spodbuja
tudi tvorbo vezavnega proteina 1 za inzulinu podoben rastni dejavnik (angl. insulin-like
growth factor-binding protein 1, IGFBPI), ki se veze na specificne integrine ITGAS:ITGBI



Prasnikar E. Vzorec izraZzanja genov v endometriju v stanju receptivnosti pri preiskovankah z adenomiozo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2022

trofoblasta in izboljSa migracijske in invazivne lastnosti zarodka (Halasz in Szekeres-Bartho,
2013).

Za uspesno migracijo stromalnih celic in globoko invazijo trofoblasta je pomembno
preurejanje  zunajceliCnega matriksa (laminini  in  kolageni). Aktivno preurejanje
zunajcelicnega matriksa decidue je doseZzeno s pomocjo proteolitskih encimov matriks
metaloproteinaz (MMP). Celice trofoblasta izlocajo MMP-2 in -9 za razgradnjo kolagena tipa
4, ki je glavna komponenta bazalnih membran. Hormon P4 lahko preko razli¢nih
mehanizmov nadzira aktivnost encimov MMP. S tem deluje kot negativni regulator invazije
zarodka, s Cimer prepre¢i njegovo prekomerno agresivnost. Signalizacija PGR normalno
deluje preko vezave na specificne P4 odzivne elemente, ki se nahajajo v promotorski regiji
ciljnih genov. Hormon P4 pa lahko regulira tudi promotorje brez teh elementov. Tako lahko
P4 v stromalnih celicah spodbuja izrazanje proproteina beta 1 transformirajocega rastnega
dejavnika (angl. transforming growth factor beta-1 proprotein, TGFBI; pogosto uporabljen
sinonim TGF-B), ki pa v epitelijskih celicah zavira izrazanje MMP7 in aktivira izrazanje
inhibitorja 3 metaloproteinaz (angl. metalloproteinase inhibitor 3, TIMP3). Po drugem
mehanizmu lahko P4 ovira vezavo prepisovalnega dejavnika p65 (angl. transcription factor
p65, RELA, pogosto uporabljen sinonim jedrni dejavnik kapa B (angl. nuclear factor NF-
kappa-B, NF-kB) na promotorske regije MMPI, MMP3 in MMP9 ter prepre¢i njihovo
transkripcijo. Pri nadziranju izrazanja MMP2 hormon P4 spodbuja degradacijo
prepisovalnega dejavnika Sp4 (angl. transcription factor Sp4, SP4), s ¢imer ne pride do
tvorbe kompleksa SP4/PGR. Ker ni vezave kompleksa na promotorsko regijo MMP2, je
nadaljnja transkripcija tega gena zavrta. Posredno, preko regulacije nivoja leptina (LEP), pa
lahko P4 vpliva na signalno pot pretvornika signala in aktivatorja transkripcije 3 (angl. signal
transducer and activator of transcription 3, STAT3), ki uravnava transkripcijo MMP2 in
MMP9 (Simoén in sod., 2000; Halasz in Szekeres-Bartho, 2013).

1.1.4 Adenomioza

1.1.4.1 Patogeneza

Adenomioza je patologija maternice, kjer se endometriju podobno tkivo (celice Zleznega
epitelija in fibroblasti strome) nahajajo na ektopicnih mestih v miSi¢ni steni maternice
(miometriju) (Ferenczy, 1998). Adenomiozno tkivo je lahko znotraj miometrija razprSeno
(difuzna adenomioza) ali pa se nahaja na enem ali ve¢ posameznih mestih (fokalna
adenomioza) (Van den Bosch in sod., 2015). Pogosti simptomi adenomioze so mocne
menstrualne krvavitve, bole€ine v spodnjem delu trebuha in neplodnost (Vannuccini in sod.,
2017). Absolutna diagnoza adenomioze je mogoca le s histoloskim pregledom vzorcev
histerektomije. S tehnolo$kim razvojem tehnik slikanja, kot sta transvaginalni ultrazvok
(TVUZ) (Andres in sod., 2018) in magnetna resonanca (MR) (Kissler in sod., 2008), pa je v
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zadnjem ¢asu omogoceno zgodnejSe neinvazivno odkrivanje te bolezni (Van den Bosch in
sod., 2015).

Kishi in sod. (2012) so s pomoc¢jo MR opazovali mesta pojavljanja adenomioznega tkiva v
miometriju in predlagali Stiri podtipe klasifikacije adenomioze. Le-ti so podrobneje opisani v
nadaljevanju s pripadajo¢imi molekularnimi dejavniki patofiziologije.

1.1.4.1.1 Podtip I ali notranja adenomioza (angl. intrinsic adenomyosis)

Ta podtip oznacuje prisotnost adenomiozega tkiva v notranjem miometriju (Kishi in sod.,
2012). Je najbolj raziskan podtip adenomioze, Cigar nastanek se povezuje s poskodbo
notranjega miometrija, kar omogoca celicam bazalne plasti endometrija invazijo spodaj
leZecega miometrija (Kishi in sod., 2012). Invazija bazalnega endometrija naj bi bila mogoca,
ker za razliko od drugih tkiv sluznice (npr. Crevesja) interfaza med endometrijem in
miometrijem nima vmesne bazalne membrane (Fusi in sod., 2006; Zhai in sod., 2020b). Do
poskodb notranjega miometrija bi lahko prislo zaradi invazivnih kirurskih posegov ali carskih
rezov. Poskodbe miometrija pa bi lahko bile tudi fizioloskega izvora zaradi ciklicne
peristalticne aktivnosti maternice tekom reproduktivne dobe Zenske (Kunz in sod., 2007).

Poskodovan notranji miometrij naj bi preko lokalno poviSanega /L 1B izzval aktivacijo sintaze
2 prostaglandina G/H (angl. prostaglandin G/H synthase 2, PTGS2; s pogostim alternativnim
imenom cyclooxygenase-2 oz. COX-2), ki sprozi tvorbo prostaglandina E2 (PGE2). Le-ta v
poskodovanem tkivu dalje aktivira steroidogeni akutni regulatorni protein (angl. steroidogenic
acute regulatory protein, STAR) in aromatazo (angl. aromatase, CYPI9AI; pogosto
uporabljeno alternativno ime P450 aromatase). Proteina STAR in CYP19A1 sprozita tvorbo
in aromatizacijo testosterona v E2, kar vodi v hiperestrogeno okolje endometrija. Hormon E2
preko vezave na izoobliko beta receptorja za estrogen (angl. estrogen receptor beta, ESR2)
1zzove delitve celic in s tem celjenje poSkodbe. Vendar pa poviSana raven E2 hkrati deluje
tudi na izoobliko alfa receptorja za estrogen (angl. estrogen receptor, ESRI, s pogostim
alternativnim imenom ER-alfa), s ¢imer se poviSa sinteza oksitocina. Oksitocin zviSa
peristalti¢no aktivnost maternice (hiperperistaltika), s ¢imer se zviSajo mehanski pritiski v
maternici. To pa poskoduje celice miometrija in proces celjenja tkiva se ustavi. Ustvari se
mehanizem pozitivne povratne zanke, kjer kroni¢na hiperperistaltika notranjega miometrija
vodi v ponavljajoc¢e se cikle samoposkodbe in celjenja tkiva (TIAR). Mehanizem TIAR
posSkoduje miSi¢na vlakna miometrija, s ¢imer je olajSan vdor endometrijskih celic (Garcia-
Solares in sod., 2018).

Raziskave na molekularnem nivoju kazejo, da imajo ESC Zensk z adenomiozo v primerjavi z
zenskami brez adenomioze vi$jo zmoznost migriranja (Mehasseb in sod., 2010b). Na podlagi
analize izrazanja gena regulatorja apoptoze Bcl2 (angl. apoptosis regulator Bcl-2, BCL2) in
pripadajocega proteina je bila dokazana tudi njihova boljSa odpornost na apoptozo in hitrejSe
delitve celic (proliferacija) (Jones in sod., 1998; Li J. in sod., 2019). Tudi v raziskavah
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globalne analize transkriptoma endometrija med zenskami z in brez adenomioze so bili
identificirani spremenjeno izrazeni geni, ki so bili dalje obogateni v bioloskih poteh,
povezanih z regulacijo apoptoze. Identificirali pa so tudi obogateno signalno pot tarCe
rapamicina pri sesalcih (angl. mammalian target of rapamycin, mTOR), ki uravnava delitve
celic in njihovo prezivetje (Herndon in sod., 2016; Xiang in sod., 2019).

Pred kratkim so Liu in sod. (2021) izvedli analizo RNA-seq posameznih celic (scRNA-seq)
na vzorcih parnega evtopicnega in ektopi¢nega endometrija Zenske z adenomiozo (EVEA in
EkKEA) ter na kontrolnem vzorcu endometrija zenske z laparaskopsko odstranitvijo mioma
(kontrola). S primerjavo transkriptomskih podatkov endometrijskih epitelijskih celic (EEC)
tako med EVEA in EKEA kot tudi med EVEA in kontrolnim endometrijem so zaznali
spremenjeno izrazene gene, ki so bili dalje obogateni v bioloske poti, povezane s celiénim
gibanjem, celi¢no proliferacijo, angiogenezo in vnetnim procesom. Avtorji so zakljucili, da so
patoloske spremembe prisotne Ze v EVEA, kar potrjuje teorijo o nastanku adenomioze z
invazijo in migracijo endometrijskih celic v miometrij. Dodatno so bili spremenjeno izrazeni
geni med EvEA in EKEA, obogateni v poteh, povezanih z rakavimi znacilnostmi
(angiogeneza, celi¢na migracija, vnetje, proliferacija in signalni poti NF-kB ter fosfoinozitida
3 kinaze (angl. phosphoinositide-3-kinase/protein kinase B (Akt), PI3k/AKT). Avtorji so te
poti predlagali kot kandidatne mehanizme, ki omogocajo obstoj adenomioznih lezij v
miometriju (Liu in sod., 2021). Migracijske in invazivne lastnosti EEC pri adenomiozi naj bi
omogocil mehanizem epitelijsko mezenhimskega prehoda (EMT), ki ga sproZijo povisane
vrednosti E2 (Chen in sod., 2010). Za proces EMT je znalilno zmanjSano izrazanje
molekularnega oznacevalca epitelijskih celic kaderina 1 (angl. cadherin-1, CDHI; pogosto
uporabljeno alternativno ime E-cadherin), kar povzroc¢i izgubo celi¢ne polarnosti in adhezije.
Hkrati pa je povisano izraZzanje mezenhimskih oznaevalcev, kot so beta katenin 1 (angl.
catenin beta-1, CTNNBI) in drugih ¢lanov signalne poti Wnt (Oh in sod., 2013), vimentina
(Chen in sod., 2010) ter kinaze vezane na integrin (angl. integrin-linked kinase, ILK) (Zhou in
sod., 2018), ki pa celicam omogocajo gibanje (mobilnost). Pri Zenskah z adenomiozo je bilo s
spremenjenimi vrednostmi izraZanja genov lizil oksidaze (angl. lysyl oxidase, LOX), MMP7
(Herndon in sod., 2016), MMP2 in MMP9 (Li in sod., 2006) pokazano tudi moteno delovanje
zunajceli€nega matriksa EVEA in EKEA, kar bi lahko dodatno pripomoglo k olajSanemu
vdoru in preZivetju endometrijskih celic v miometriju.

1.1.4.1.2 Podtip II ali zunanja adenomioza (angl. extrinsic adenomyosis)

Podtip oznaCuje prisotnost adenomioznega tkiva v zunanjem miometriju, ki se Siri proti
notranjosti organa (Kishi in sod., 2012). Do infiltracije endometrijska tkiva iz zunanje strani
maternice (preko seroze) naj bi priSlo zaradi retrogradne menstruacijske krvavitve preko
jajcevodov v trebusno votlino. Od tam pa endometrijske celice (mezenhimske mati¢ne celice
ali odrasle celice) prodrejo v zunanji miometrij in razvijejo endometrijske zasevke (Zhai in
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sod., 2020b). Teorija etiologije tega podtipa je podprta z visokim delezem zensk s fokalno
adenomiozo v zunanjem miometriju na dorzalni (hrbtni) strani maternice in pridruzeno
globoko infiltrativno endometriozo (angl. deep infiltrating endometriosis) (Chapron in sod.,
2017; Khan in sod., 2019).

1.1.4.1.3 Podtip III ali intramuralna adenomioza (angl. intramural adenomyosis)

Podtip oznacuje prisotnost adenomioznega tkiva v centralnem miometriju, ki ga obdaja
neposkodovano misi¢no tkivo; poskodovan ni notranji miometrij niti seroza (Kishi in sod.,
2012). Do nastanka tega podtipa adenomioze naj bi prisSlo zaradi de novo transformacije
pluripotentnih embrionalnih ostankov Miillerjevih vodov, ki so napa¢no locirani v miometriju
(Ferenczy, 1998). Druga teorija nastanka tega podtipa adenomioze se povezuje z
diferenciacijo odraslih endometrijskih mati¢nih celic, ki naj bi migrirale v miometrij. Pri tej
teoriji naj bi endometrijske progenitorne epitelijske celice in mezenhimske maticne celice
preckale bazalno plast endometrija in se nato v miometriju dalje delile in diferencirale v
epitelijske oz. stromalne celice (Zhai in sod., 2020b).

1.1.4.1.4 Podtip IV ali nedolocena adenomioza (angl. indeterminate adenomyosis)

Podtip oznacuje hudo obliko adenomioze in sestoji iz kombinacij podtipov I-III (Kishi in
sod., 2012).

1.1.4.2 Vpliv na plodnost

S prelaganjem nosecnosti na kasnejSe reproduktivno obdobje je adenomioza pogosto zaznana
v diagnosti¢nih postopkih zdravljenja neplodnosti (Maheshwari in sod., 2012). Puente in sod.
(2016) so z uporabo TVUZ diagnosticirali adenomiozo pri 24,4 % Zensk (n = 248/1015), ki so
se med leti 2009 in 2013 zdravile za neplodnostjo. Od tega jih je imelo 167 (67,3 %) blago,
56 (22,6 %) zmerno in 25 (10,1 %) hudo obliko adenomioze. Adenomioza je bila v vi§ji meri
znalilno zastopana med Zenskami starejSimi od 40 let (29,7 %; n = 94/316) kot pa med
mlajSimi od 40 let (22,0 %; n = 154/699). Adenomioza je bila pogostejSa pri Zenskah s
pridruzeno endometriozo (35,1 %; n = 34/97) in/ali miomi (18,0 %; n = 48/266). Hashim in
sod. (2020) pa so porocali o 7,5 % (n = 24/320) delezu na novo diagnosticirane adenomioze
med mladimi neplodnimi Zenskami (Hashim in sod., 2020). Razlike o porocanih deleZih
pojavnosti adenomioze v populacijah bi lahko bile posledica Se neoblikovanih popolnih
kriterijev za njeno ultrazvo¢no diagnozo (Bazot in Darai, 2018).

Puente in sod. (2016) so porocali, da je adenomioza pogostejSa pri zenskah, ki so imele
ponavljajoce neuspesne poizkuse vgnezdenja zarodkov (angl. recurrent implantation failure)
(34,7 %; n = 107/308), ponavljajoce splave (38,2 %; n = 26/68) in neuspesne predhodne
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postopke oploditve z biomedicinsko pomoc¢jo (OBMP), (34,7 %, n = 107/305). Avtorji so
zakljucili, da adenomioza negativno vpliva na plodnost bolnice (Puente in sod., 2016).
Podobno so porocali tudi drugi raziskovalci (Salim in sod., 2012; Thalluri in Tremellen, 2012;
Puente in sod., 2016; Sharma in sod., 2019). Po drugi strani pa nekatere raziskave teh povezav
niso zaznale (Mijatovic in sod., 2010; Costello in sod., 2011; Benaglia in sod., 2014).
Vercellini in sod. (2014) so na podlagi meta analize osmih klini¢nih raziskav napovedali 28 %
manjso verjetnost za uspesno nosecnost v postopkih OBMP pri Zenskah z adenomiozo kot pa
brez adenomioze. Tudi meta analiza, ki so jo opravili Horton in sod. (2019), povezuje
adenomiozo maternice z zmanjSanimi stopnjami vgnezdenja zarodkov, nosecnosti in rojstvi
otrok ter z zviSano stopnjo splavov.

1.1.4.3 Dejavniki vpliva na endometrijsko receptivnost

Molekularnih raziskav o vplivu adenomioze na plodnost je malo. Vecina jih je opravljena na
posameznem ali manjSem Stevilu kandidatnih genov in/ali pripadajocih proteinih, kar smo
povzeli v nasi objavljeni raziskavi (Prasnikar in sod., 2020b). V nadaljevanju je nastetih ve¢
strukturnih in molekularnih nepravilnosti, s katerimi naj bi adenomiozne lezije negativno
vplivale na plodnost bolnice.

e Poskodovan notranji miometrij. Prisotnost adenomioznih lezij bi lahko wvplivala na
kréenja maternice. Posledi¢no bi to lahko oviralo tako potovanje semencic proti
jajecevodoma kot tudi invazijo zarodka v endometrij (Mehasseb in sod., 2010a; Zhang in
sod., 2015).

e Prekomerne vrednosti prostih radikalov v maternici. Prisotnost adenomioznih lezij naj bi
vodilo v zviSane vrednosti prostih radikalov. Le-to naj bi sprozilo vnetni odziv in nadaljnjo
aktivacijo makrofagov in celic T, ki S8kodujejo spolnim celicam, ovirajo razvoj zarodka in
sprozijo splav (Ota in sod., 1998a). V primerjavi s kontrolnimi skupinami so v endometriju
zensk z adenomiozo zaznali poviSane vrednosti razli€nih encimov, ki tvorijo ali
odstranjujejo proste radikale: superoksid dismutazo (Ota in sod., 1999), glutationin
peroksidazo (Ota in sod., 2000), ksantin oksidazo (Ota in sod., 2001a), katalazo (Ota in
sod., 2002) in sintazo duSikovega oksida (Ota in sod., 1998b). V endometriju Zensk z
adenomiozo so porocali o poviSanih ravneh izraZzanja vnetnih citokinov (Sotnikova in sod.,
2002; Ulukus E.C. in sod., 2005) kot tudi zviSani citotoksi¢nosti maternicnih celic NK
(uNK) (Yang in sod., 2004).

e Lokalno povisana koncentracija E2 v maternici. Nenormalno delovanje CYP19A1 v EVEA
in EKEA vodi v izrazanje od E2 odvisnih genov in s tem ovira pravilno molekularno
delovanje endometrija tekom menstruacijskega ciklusa (Maia in sod., 2006; Mehasseb in
sod., 2011).
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e Prekomerno oziljenje endometrija. Prekomerno izrazanje regulatornih dejavnikov (VEGEF,
E2, eNOS in prostaglandini), vkljuenih v proliferacijo zilnih celic, vodi v prekomerno
oziljenje endometrija v P in S fazi. To naj bi bil tudi vzrok hudih menstruacijskih krvavitev
oz. hipermenoreje pri Zenskah z adenomiozo (Ota in Tanaka, 2003; Vannuccini in sod.,
2017).

Pri Zenskah z adenomiozo so v primerjavi z Zenskami brez adenomioze porocali o znizanem
izrazanju nekaterih genov in proteinov (navedeni spodaj), ki se povezujejo z vlogo pri
endometrijski receptivnosti in decidualizaciji strome.

e ITGB3 in SPPP1 (angl. secreted phosphoprotein 1, pogosto uporabljen sinonim
osteopontin). Znizano izrazanje na ravni gena in proteina tega integrina in njegovega
liganda je bilo povezano z zmanjSano adhezijsko kapaciteto decidue za vezavo zarodka
(Xiao in sod., 2013).

e LIF in LIFR. Znizano izrazanje tega citokina in pripadajocega receptorja je bilo povezano
z ovirano fosforilacijo in nadaljnjo aktivacijo signalne poti STAT3. Ovirana pot STAT3 pa
naj bi zavrla prekinitev medceli¢nih stikov v lumnu endometrijskega epitelija, kar ovira
proces vgenzdenja zarodka (Yen in sod., 2016).

e [L-10. Tudi zmanjSano izrazanje protivnetnega citokina IL-10 je bilo povezano z ovirano
aktivacijo signalne poti STAT3. Posledicno naj bi se zmanjSala stopnja izrazanja
prepisovalnega dejavnika HOXA10, kar zniZa izraZanje njegovih pripadajoc¢ih genov,
povezanih s tvorbo pinopodov (pomembni dejavniki adhezije zarodka) in genov,
povezanih s procesom decidualizacije strome (Fischer in sod., 2011; Wang in sod., 2018).

e Prepisovalni dejavniki z vlogo pri decidualizaciji. Peng in sod. (2021) so z analizo svezih
vzorcev biopsij endometrija med Zenskami z in brez adenomioze zaznali znacilno
zmanjSano izraZanje genov za prepisovalne dejavnike HOXA10, FOXO01 (angl. forkhead
box protein OI), KLF5 (angl. Krueppel-like factor 5), CEBPB (angl. CCAAT/enhancer-
binding protein beta) in HAND2 (angl. heart- and neural crest derivatives-expressed
protein 2). Na primarni kulturi decidualiziranih ESC (dESC), ki so jih pridobili iz Zensk z
adenomiozo, pa so zaznali spremenjene vrednosti izloc¢anih citokinov CXCL-1, -2, -3, IL-
6, -8, SSP1, CCL-2, -12, -20 in VEGFA ter spremenjeno razmerje med izrazanjem
encimov preoblikovanja zunajceli¢nega matriksa MMP9 in TIMPI (Peng in sod., 2021).

e miR-21. ZmanjSano izrazanje tega transkripta je bilo povezano s posledi¢nim prekomernim

izrazanjem gena KLFI2 in zniZzanim izrazanjem gena za jedrni receptor NR4Al (angl.
nuclear receptor subfamily 4 group A member 1). To pa naj bi dalje vodilo v znizano
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izrazanje pripadajocih PRL in IGFBPI (molekularna dejavnika decidualizacije) (Yan in
sod., 2019).

1.1.5 Omske raziskave endometrija pri razli¢nih ginekoloskih stanjih

Iz Priloge B, v kateri so zbrane objavljene molekularne raziskave adenomioze, se kaze
kompleksnost bioloskih in celicnih procesov patofiziologije endometrija pri tej bolezni.
Kompleksen pa je tudi fizioloski razvoj endometrija tekom menstruacijskega ciklusa
(Makieva in sod., 2018). Zato je na podlagi analize posameznih kandidatnih lokusov tezko
opredeliti, ali je spremenjeno endometrijsko izraZzanje vzrok ali posledica prisotnosti
adenomioze. Molekularno kompleksnost endometrija je tako smiselno raziskovati z omskimi
pristopi, ki omogocajo globalno (angl. genome-wide) molekularno analizo tkiva (Altmie in
sod., 2014). Izraz omika se nanasa na uporabo visoko zmogljivih (angl. high-throughput)
tehnik, ki lahko v bioloSkem vzorcu preiskujejo razlike v genomu (doloc¢evanje raznolikosti v
DNA zaporedju; genomika), epigenomu (doloCanje epigenetskih sprememb DNA;
epigenomika), transkriptomu (dolo¢evanje sestave in obseznosti izrazanja genov iz genoma
pod posebnimi pogoji ali v dolo¢enem casovnem obdobju; transkriptomika), proteomu
(doloCevanje sestave in razseznosti proteinov pod posebnimi pogoji ali v dolocenem
c¢asovnem obdobju) in metabolomu (dolofevanje raznolikosti v sestavi in razseZnosti
metabolitov; metabolomika) (Pirih in Kunej, 2017).

Tehnologija analize transkriptoma je do danes moc¢no napredovala, saj je iz uporabe
mikromrez, ki temelji na tehnologiji hibridizacije, presla na tehnologijo sekvenciranja
naslednje generacije (NGS) (Zhao in sod., 2014). Tehnologija RNA-seq omogoca tvorbo ve¢
milijonov kratkih RNA od¢itkov, ki se nato s pomocjo bioinformatskih programov poravnajo
na referencni genom, referenCne transkripte ali na novo sestavljene referencne genome. Na
tak naCin je mogocCe preveriti izrazanje vseh transkriptov in bolje oceniti njihovo stopnjo
izrazanja v preiskovanem vzorcu (Wang Z. in sod., 2009). Z nadaljnjimi obogatitvenimi
analizami spremenjeno izraZzenih genov med preiskovanima skupinama pa je mogoce
ugotoviti njihovo vlogo v bioloskih sistemih. Obogatitvene analize genov je mogoce izvesti z
razliénimi bioinformacijskimi orodji, kot je npr. DAVID (Huang in sod., 2009), ClueGO
(Bindea in sod., 2009) in CluePedia (Bindea in sod., 2013), ki delujejo na podlagi algoritmov,
statisti¢nih testov in bioloSkega znanja razlicnih podatkovnih zbirk. Najbolj je razSirjena
uporaba zbirke Gene Ontology (GO), s katero je mogoce za preiskovane gene pridobiti
podatke o treh ontologijah: bioloski proces (angl. biological process, GO-BP), celi¢na
komponenta (angl. cellular component, GO-CC) in molekularna vloga (angl. molecular
function, GO-MF) (Ashburner in sod., 2000). Z dodatnimi zbirkami, kot sta npr. KEGG
(Kanehisa in sod., 2017) in Reactome (Fabregat in sod., 2016) pa je mogoce analizirati
preiskovane gene za dodatne obogatene bioloske poti in reakcije.
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1.1.5.1 Endometrijska receptivnost (zdrava maternica)

Namen omskih raziskav fizioloSkega razvoja endometrija v SS fazi menstruacijskega ciklusa
je prepoznati genske druzine in pripadajoCe signalne poti, ki sodelujejo v procesih
endometrijske receptivnosti (Borthwick in sod., 2003; Kao in sod., 2003b; Diaz-Gimeno in
sod., 2011; Altmée in sod., 2012; Sigurgeirsson in sod., 2017; Yu in sod., 2021). Altmée in
sod. (2017) so iz devetih raziskav, ki so primerjale transkriptom vzorcev endometrija med
receptivnim (LH+7) in nereceptivnim (LH+2) stanjem, zbrali poro¢ane spremenjeno izraZzene
gene ter med njimi identificirali 57 mocnejSih kandidatov endometrijske receptivnosti
(Altmie in sod., 2017). Te gene so vkljucili v komercialni diagnosticni test za dolocevanje
pojava receptivne faze (SS faza) v menstruacijskem ciklusu endometrija (Saare in sod., 2019).
Poznavanje personaliziranega Casa optimalne endometrijske receptivnosti posamezne zenske
omogoca nacrtovanje optimalnega ¢asa prenosa zarodka v maternico s postopki OBMP. Na
tak nacin naj bi se zagotovila sinhrona komunikacija med zarodkom in endometrijem matere,
kar bi zviSalo moZnost zanositve. S pomocjo transkriptomskih raziskav in algoritmov
strojnega ucenja se na trziscu pojavlja vse ve¢ taksnih testov (Diaz-Gimeno in sod., 2011;
Enciso in sod., 2018; Haouzi in sod., 2021; Zhang in sod., 2021), saj nizka stopnja vgnezditve
kljub visoko kvalitetnim zarodkom ostaja eden izmed izzivov zdravljenja neplodnosti
(Edwards, 1995; Ruiz-Alonso in sod., 2013; Wyns in sod., 2020).

1.1.5.2 Adenomioza

S pregledom literature smo zasledili Sest transkriptomskih raziskav endometrija med
Zzenskami z in brez adenomioze (Martinez-Conejero in sod., 2011; Herndon in sod., 2016;
Jiang J.F. in sod., 2016; Dior in sod., 2018; Xiang in sod., 2019; Liu in sod., 2021). Vecina jih
je bila opravljenih na vzorcih endometrija P faze menstruacijskega ciklusa (Herndon in sod.,
2016; Jiang J.F. in sod., 2016; Xiang in sod., 2019) z namenom raziskovanja patofiziologije
adenomioze. Herndon in sod. (2016) so identificirane spremenjeno izrazene gene povezali s
sodelovanjem v bioloSkih poteh apoptoze, odzivom na steroidne hormone in preoblikovanjem
zunajcelicnega matriksa (Herndon in sod., 2016). Xiang in sod. (2019) so spremenjeno
izrazene gene povezali s celi¢no rastjo in proliferacijo, celiénim gibanjem in spremenjenim
uravnavanjem signalnih poti IL-6 in ERK/MAPK (Xiang in sod., 2019). Jiang J.F. in sod.
(2016) pa so poleg mRNA analizirali tudi profil izrazanja dolgih nekodirajo¢ih RNA
(IncRNA) in izpostavili nekaj kandidatnih IncRNA z vplivom na stopnjo izrazanja
pripadajocih genov (Xiang in sod., 2019). Pri raziskavi, ki so jo opravili Liu in sod. (2021) in
je podrobneje predstavljena v poglavju 1.1.4.1.1, pa datiranje endometrija ni bilo zabeleZeno
(Liu in sod., 2021). Omenjene raziskave so bile opravljene pri naprednih oblikah adenomioze,
pri bolnicah srednjih 40 let ali starejsih.

Vpliv adenomioze na molekularno ozadje endometrijske receptivnosti pri Zenskah v rodni
dobi pa sta dolocevali le dve transkriptomski raziskavi, ena na Zenskah z ultrazvo¢no
potrjenimi znaki adenomioze (Martinez-Conejero in sod., 2011) in druga pri Zenskah s
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pridruzeno endometriozo (Dior in sod., 2018). Martinez-Conejero in sod. (2011) so z metodo
mikromrez zaznali 34 genov spremenjenega endometrijskega izrazanja med adenomiozno in
kontrolno skupino, katerih vloge pa takrat niso povezovali z vplivom na endometrijsko
receptivnost.

1.1.5.3 Sorodna bolezen endometrioza

V primerjavi z adenomiozo je bilo veC omskih raziskav endometrija opravljenih pri
endometriozi. Te raziskave smo zbrali in njihove podatke uporabili v nasi raziskavi (Prasnikar
in sod., 2020a). Endometrioza je sorodna patologija adenomiozi (Benagiano in sod., 2014),
kjer pa se endometriju podobno tkivo nahaja na ektopi¢nih mestih izven maternice, tj. v
trebusni votlini in v mali medenici (Del Frate in sod., 2006). Po mednarodni statisti¢ni
razvrstitvi bolezni in z njimi povezanimi zdravstvenimi tezavami (ICD-10, 2019) je
adenomioza razvrs¢ena kot »endometrioza maternice«. Adenomioza in endometrioza sta pri
bolnicah pogosto sopojavni (Kunz in sod., 2005). Meuleman in sod. (2009) so ocenili, da za
endometriozo trpi okoli 47 % (n = 104/221) zensk, ki se zdravijo za neplodnostjo s parterji z
normalnim izvidom spermiograma. Nakazuje se negativen vpliv endometrioze na plodnost
bolnice (Strathy in sod., 1982; Macer in Taylor, 2012).

V omskih raziskavah endometrija v pricakovanem c¢asu receptivnosti med Zenskami z in brez
endometrioze so bili identificirani Stevilni spremenjeno izrazeni geni (Kao in sod., 2003a;
Burney in sod., 2007; Tamaresis in sod., 2014; Houshdaran in sod., 2016), miRNA (Zhou in
sod., 2016) in proteini (Stephens in sod., 2010). Kao in sod. (2003a) so med 206 spremenjeno
izrazenimi geni identificirali tudi gene zmanjSane stopnje izrazanja, ki sodelujejo pri celi¢ni
adheziji in pri izloCanju proteinov endometrijskega epitelija. Avtorji so zakljucili, da lahko
endometrij pri endometriozi predstavlja toksi¢no okolje, ki zaradi porusenega delovanja
imunskega sistema in zviSanega vnetnega ter apoptoznega odziva ovira vezavo zarodka (Kao
in sod., 2003a). Burney in sod. (2007) so pri Zenskah z endometriozo opazili spremenjeno
uravnavanje prehoda endometrija iz P v S fazo menstruacijskega ciklusa. V vzorcih
endometrija SS faze so namre¢ zaznali poviSano izraZanje genov, vkljucenih v procesa sinteze
DNA in celi¢ne mitoze, kar je znacilnost P faze. Avtorji so predlagali, da je endometrij Zensk
z endometriozo odporen na delovanje P4, kar posledi¢no vpliva na izrazanje od P4 odvisnih
genov. To pa bi lahko dalje oviralo decidualizacijo strome in stanje receptivnosti (Burney in
sod., 2007). Tamaresis in sod. (2014) so spremenjeno izrazene gene povezali z aktivacijo
imunskih celic, aktivnostjo citokinov, spremenjeno signalno potjo steroidnih hormonov in s
spremenjenimi signalnimi potmi rastnega dejavnika, Wnt, MAPK in NFKB (Tamaresis in
sod., 2014). Zhou in sod. (2016) so poleg endometrijskih transkriptov mRNA izvedli tudi
profiliranje transkriptov miRNA in identificirali zviSano izrazanje miR-196a pri
endometriozni skupini. Na kulturi dESC, ki so jih pridobili iz Zensk z endometriozo, so
pokazali, da lahko poviSane vrednosti miR-196a zavirajo izraZzanje gena izooblike beta PGR
(pogosto uporabljen simbol v literaturi PGR-B) preko vezave na njegovo 3'-neprevedno regijo
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(angl. untranslated region, UTR). Avtorji so zakljucili, da bi lahko bilo spremenjeno izrazanje
miRNA eden od mehanizmov progesteronske odpornosti endometrija pri endometriozi (Zhou
in sod., 2016). Houshdaran in sod. (2016) so vzorcem endometrija hkrati dolocevali DNA
metilom in transkriptom. Pokazali so, da lahko endometrioza vpliva na mehanizme
preoblikovanja kromatina in spremeni vzorce metilacije CpG otoCkov. Spremembe v
metilaciji DNA so dalje povezali s spremenjeno izrazenimi geni, ki sodelujejo v celi¢ni
delitvi, angiogenezi, vnetnemu in imunskemu odzivu ter v odzivu na steroidne hormone
(Houshdaran in sod., 2016). Stephens in sod. (2010) pa so s proteomsko analizo pokazali, da v
endometriju zensk z endometriozo potekajo potranslacijske modifikacije, ki vodijo v
specifi¢ne izooblike proteinov.

1.2 NAMEN RAZISKAVE IN DELOVNE HIPOTEZE

Namen naloge je bil s pristopi sistemske biologije razsiriti znanje o molekularnem ozadju
endometrijske receptivnosti za vgnezdenje zarodka pri slabo raziskani adenomiozi.

Delovni hipotezi sta bili:

Hipoteza 1: Vzorca izrazanja genov endometrija v stanju receptivnosti se razlikujeta med
skupinama preiskovank z adenomiozo in preiskovank brez adenomioze.

Hipoteza 2: Izrazanje genov z domnevno vlogo sodelovanja pri vzpostavitvi receptivnega
stanja in genov povezanih s patofiziologijo adenomioze je spremenjeno pri preiskovankah z
adenomiozo.

1.3 CILII

Cilji doktorske disertacije so bili:

1. Z metodo RNA-seq sekvencirati transkriptom endometrija v pricakovanem stanju
receptivnosti Zenskam z ultrazvocno diagnozo adenomioze in kontrolni skupini Zensk
brez patologij maternice.

2. Iz znanstvenih ¢lankov pridobiti gene, nekodirajoce RNA (ncRNA) in proteine, ki se
povezujejo s spremenjenim izrazanjem v endometriju Zensk z adenomiozo v primerjavi z
Zenskami brez adenomioze.

3. Iz znanstvenih c¢lankov pridobiti gene, ncRNA in proteine, ki se povezujejo s
spremenjenim izrazanjem v endometriju Zensk z endometriozo v primerjavi z Zenskami
brez endometrioze.

4. Integrirati rezultate izvedene analize RNA-seq s trenutnim znanjem molekularnega
ozadja endometrijske receptivnosti pri normalnih in patoloskih stanjih.
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2 ZNANSTVENA DELA

Doktorska disertacija je sestavljena iz treh originalnih znanstvenih clankov in ostalega
povezovalnega dela (preverjanje hipoteze 2 in izdelava koekspresijske mreze IncRNA-
mRNA). Slika 1 prikazuje graficen povzetek poteka raziskave doktorske disertacije. Uporabili
smo pristope sistemske biologije (sinteza objavljenih podatkov s pregleda literature, izvedba
analize RNA-seq in integracija rezultatov RNA-seq s pridobljenimi podatki iz literature), da
smo identificirali kandidatne bioloSke poti in gene, povezane s spremenjeno endometrijsko
receptivnostjo pri adenomiozi.

Iz znanstvene literature smo pridobili podatke o transkriptih in proteinih, ki se povezujejo z
endometrijskim izraZzanjem v stanju receptivnosti pri razlicnih ginekoloskih stanjih
(adenomioza, endometrioza in zdrava maternica) ter s spremenjenim izrazanjem Vv
proliferacijskem endometriju pri adenomiozi. Heterogeno poimenovanje lokusov smo
poenotili po genski nomenklaturi podatkovne zbirke HGNC (HUGO, 2019). Oblikovali smo
sete genov (Priloga A), povezane z endometrijsko receptivnostjo pri adenomiozi (42 genov),
endometriozi (173 genov) in zdravi maternici (seta 151 in 60 genov) ter seta, povezana s
patofiziologijo endomertija pri adenomiozi (seta 78 in 518 genov). Genske sete smo obogatili,
da smo identificirali kandidatne poti ali gene, povezane s patofiziologijo oz. spremenjeno
endometrijsko receptivnostjo pri adenomiozi.

Izvedli smo analize izrazanja na vzorcih endometrija, ki so bili pridobljeni v pri¢akovanem
stanju receptivnosti (med dnevi LH+7 in LH+9) zensk z in brez ultrazvo¢no potrjene
adenomioze. Kvantifikacijo Sestih izbranih kandidatnih genov (IL10, IL6, LIF, SOCS3, JUNB
in FOS) smo izvedli z metodo kvantitativnega PCR (qPCR) in sekvenciranjem transkriptoma
(mRNA in IncRNA) z metodo RNA-seq. Kandidatne gene za qPCR smo izbrali na podlagi
anotiranja v bioloskih poteh signalizacija z IL in signalizacija z IL4 in ILI13, ki smo ju
identificirali z obogatitvenimi analizami oblikovanih setov z 42 (adenomioza), 173
(endometrioza) in 151 (zdrava maternica) geni. Zaznali smo zniZano izraZanje izbranih genov
pri adenomiozni v primerjavi s kontrolno skupino, a je bila razlika statisticno neznacilna.
Analizo RNA-seq endometrija v priCakovanem stanju receptivnosti med adenomiozno in
kontrolno skupino Zensk smo izvedli z 10 vzorci vsake skupine. Identificirali smo 909
spremenjeno izrazenih genov (p < 0,05; popravek vrednosti p (FDR > 0,05) in §tiri obogatene
bioloSke poti (Bonferroni vrednost p < 0,05). Te poti so bile nespecifi¢ne, zato jim nismo
mogli pripisat podporne literature v povezavi z biologijo endometrija. Uporabljenim vzorcem
za RNA-seq endometrija smo dodatno datirali fazo menstruacijskega ciklusa ob casu
vzorcenja biopsije. Natancno datiranje je bilo izvedeno z novim komercialnim molekularnim
orodjem beREADY"™, ki na podlagi vzorca izrazanja izbranih genov omogoéa personalizirano
datiranje stanja receptivnosti. Od skupno 20 vzorcev je bilo 13 vzorcev datiranih v receptivno
fazo, dva v zgodnjo in pet v pozno receptivno fazo. S ponovno primerjavo transkriptomskih
podatkov samo 13 potrjeno receptivnih vzorcev endometrija med adenomiozno (n = 8) in
kontrolno (n = 5) skupino smo zaznali 382 spremenjeno izrazenth genov
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(p < 0,05; FDR > 0,05). Ti geni so bili obogateni v 33 poteh (Bonferroni vrednost p < 0,05),
od tega jih je bilo kar 19 povezanih z odzivom na delovanje interferonov (IFN). Zaznali pa
smo tudi obogateno pot, povezano s celicno adhezijo. Med 382 spremenjeno izrazenimi geni
je bilo tudi 23 IncRNA. Tem IncRNA smo racunali Pearsonov korelacijski koeficient, da smo
dolocili znacilne korelacije s preostalimi transkripti podatkovnega seta RNA-seq. Izdelali smo
koekspresijsko mrezo mRNA-IncRNA in prepoznali transkripta IncRNA DRAIC in CADM3-
AS1 kot pomembni vozlis¢i s pretezno negativno korelacijo na izrazanje ciljnih transkriptov
mRNA, ki so bili obogateni v poteh, povezanih s celicno adhezijo.

Z obogatitveno analizo smo integrirali set 382 genov, povezanih z endometrijsko
receptivnostjo nasSe adenomiozne skupine, z genskimi seti, ki smo jih oblikovali na podlagi
sinteze lokusov s pregleda literature in poenotenjem njihove nomenklature (adenomioza 42
genov, endometrioza 173 genov in zdrava maternica 151 genov). Osredotocili smo se na
obogatene poti, kjer so anotirani geni izhajali iz vseh uporabljenih setov. Na tak nacin smo
identificirali poti, povezane s preurejanjem zunajcelicnega matriksa, s celiénim odzivom na
VEGF, uravnavanjem reproduktivnega procesa in signalizacijo z IL ter IFN. Te poti in
anotirane gene poleg mehanizmov odziva na IFN predlagamo kot mocnejSe kandidate
spremenjenih procesov endometrijske receptivnosti pri adenomiozi.

Na podlagi obogatitvenih analiz setov 78, 518, 42 in 60 genov pa smo identificirali 52
mocnejSih kandidatnih genov patofiziologije ter 10 mocnejSih kandidatov spremenjene
endometrijske receptivnosti pri adenomiozi.
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SKLEP: Na podlagi rezultatov analize eksperimentalnih podatkov RNA-seq (mehanizmi odziva na IFN) in analiz zdruzenih podatkov iz literature
(signalizacija z IL) se spremenjena endometrijska receptivnost pri adenomiozi kaze na ravni signalizacije s citokini imunskega sistema

Slika 1: Grafi¢ni povzetek raziskave doktorske disertacije. Kandidatne poti in gene spremenjene
endometrijske receptivnosti pri adenomiozi smo identificirali s pristopi sistemske biologije: pregled literature za
pridobivanje genetskih vzrokov spremenjenega izrazanja v endometriju; bioinformacijske analize zdruzenih list
genov; analiza RNA-seq za primerjavo transkriptoma endometrija med adenomiozno in kontrolno skupino;
integracija spremenjeno izrazenih genov nase adenomiozne skupine s podatki iz literature. Uporabljene kratice:
HGNC = Odbor za nomenlaturo genov HUGO; IL = interlevkin; IFN = interferon; LH = luteinizirajo¢i hormon;
GO = genska ontologija; totRNA = totalna RNA; IncRNA = dolga nekodirajo¢éa RNA

Figure 1: Graphical abstract of doctoral dissertation research. Candidate pathways and genes of altered
endometrial receptivity in adenomyosis were identified using systems biology approaches: the literature mining
to retrieve genetic causes associated with altered endometrial expression; bioinformatics analyses of synthesized
gene lists; RNA-seq analysis to compare endometrial transcriptome between the adenomyosis group and the
control group; integration of the identified differentially expressed genes of our adenomyosis group with data
from the literature. Abbreviations used: HGNC = HUGO Gene Nomenclature Committee; IL = interleukin; IFN
= interferon; LH = luteinising hormone; GO = Gene Ontology; totRNA = total RNA; IncRNA = long noncoding
RNA.
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2.1 OBJAVLIJENA ZNANSTVENA DELA

2.1.1 Molekularni podpis evtopi¢nega endometrija pri endometriozi na podlagi
veComske integracijske sinteze

Prasnikar E., Knez J., Kovaci¢ B., Kunej T. 2020. Molecular signature of eutopic
endometrium in endometriosis based on the multi-omics integrative synthesis. Journal of
Assisted Reproduction and Genetics, 37: 1593-1611

Namen: Zdruziti podatke omskih raziskav o molekularnem podpisu evtopi¢nega endometrija
pri endometriozi glede na fazo menstruacijskega ciklusa. Metode: 1z raziskav smo pridobili
podatke o genetskih vzrokih spremenjenega izrazanja v endometriju Zensk z endometriozo.
Poimenovanje pridobljenih spremenjeno izrazenih transkriptov  RNA in proteinov smo
poenotili po nomenklaturnem sistemu zbirke HGNC. Gene smo dalje razvrscali glede na fazo
menstruacijskega ciklusa, v kateri je bila izvedena analiza endometrija v izvorni raziskavi, in
sicer: M, proliferacijska (P), sekrecijska (S), ZS, SS in PS faza ter nenavedena faza (NN), ce
datiranje endometrija ni bilo izvedeno. Sete genov smo obogatili z bioinformacijskim orodjem
DAVID. Rezultati: Iz literature smo pridobili 21 raziskav, kjer so porocali o molekularnih
spremembah endometrija pri endometriozi. Od skupno 21 je bilo 13 raziskav opravljenih na
transkriptomski, 6 na proteomski in 2 na epigenomski ravni. Pridobljene podatke smo zbrali v
katalog s skupno 670 genetskimi vzroki in za 591 vzrokov pridobili uradne genske simbole.
Gene smo razvrstili po fazah, tj. M =3, P = 188, S = 81, ZS = 82, SS = 173, PS = 36 in
NN = 28. Med obogatenimi potmi smo identificirali pot signalizacije estrogena, organizacija
zunajcelicnega matriksa in kemotaksa endotelijskih celic. Nasa raziskava je pokazala, da je
znanje biologije endometrija razdrobljeno zaradi heterogenosti objavljenih podatkov. Kljub
temu smo identificirali 15 genov, ki so bili v vsaj dveh raziskavah iste faze menstruacijskega
ciklusa porocani kot spremenjeno izraZeni in 33 bioloskih poti zbirke GO-BP ali KEGG, ki so
bile znacilno obogatene v ve¢ fazah ciklusa. Zakljuc¢ki: Vecomski vpogled v molekularne
vzorce endometrioze bi lahko prispeval k identifikaciji patoloskih mehanizmov, ki vplivajo na
plodnost taksnih bolnic.

OMOM

To delo je ponujeno pod licenco Creative Commons Attribution 4.0 International (CC BY
4.0).
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Abstract

Purpose To synthesise data from genome-wide studies reporting molecular signature of eutopic endometrium through the phases
of the menstrual cycle in endometriosis.

Methods Extraction of data from publications reporting genetic signatures characterising endometrium associated with endo-
metriosis. The nomenclature of extracted differentially expressed transcripts and proteins was adopted according to the HUGO
Gene Nomenclature Committee (HGNC). Loci were further sorted according to the different phases of the menstrual cycle, i.c.
menstrual (M), proliferative (P), secretory (S), early-secretory (ES), mid-secretory (MS), late-secretory (LS), and not specified
(N/S) if the endometrial dating was not available. Enrichment analysis was performed using the DAVID bioinformatics tool.
Results Altered molecular changes were reported by 21 studies, including 13 performed at the transcriptomic, 6 at proteomic, and
2 at epigenomic level. Extracted data resulted in a catalogue of total 670 genetic causes with available 591 official gene symbols,
ie. M=3, P=188, S=81, ES=82, MS=173, LS=36, and N/S=28. Enriched pathways included oestrogen signalling
pathway, extracellular matrix organization, and endothelial cell chemotaxis. Our study revealed that knowledge of endometrium
biology in endometriosis is fragmented due to heterogeneity of published data. However, 15 genes reported as dysregulated by at
least two studies within the same phase and 33 significantly enriched GO-BP terms/KEGG pathways associated with different
phases of the menstrual cycle were identified.

Conclusions A multi-omics insight into molecular patterns underlying endometriosis could contribute towards identification of
endometrial pathological mechanisms that impact fertility capacities of women with endometriosis.

Keywords Endometriosis - Expression signature - Gene set enrichment analysis (GSEA) - Genome-wide study - Multi-omics data
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WOI Window of implantation

N/S Not specified

ART Assisted reproductive techniques
Introduction

Endometriosis is a common disease where tissue similar to
normal endometrium (ectopic endometrium) grows outside
of the uterus. Most commonly affected sites are the pelvic
peritoneum, ovaries, uterosacral ligaments, pouch of
Douglas, and the rectovaginal septum [1]. Endometriosis at-
fects approximately 10% of women in their reproductive age.
The condition is more common in women suffering with
chronic pelvic pain and infertility. Although associated with
several shortcomings, the most commonly used classification
system is the revised American Society for Reproductive
Medicine classification [2]. According to this, endometriosis
is classified into sub-phenotypic stages from I to [V (minimal-
severe), based on lesion number and size, presence of adhe-
sions, and ovarian vs peritoneal involvement [3]. The diagno-
sis is made by direct surgical visualisation with histological
confirmation of the endometrial tissue in biopsied lesions [4].
The nature of disease is often progressive, with gradually
worsening pain which can lead to absence from social and
work obligations [5]. This can result in significant burden to
healthcare systems [6]. Non-invasive diagnostic testing could
provide earlier diagnosis and improve disease management
for these women [7]. Measurable biologic markers
(biomarkers) from eutopic endometrium (an innermost lining
layer of the uterus) and body fluids are currently the most
promising non-invasive diagnostic approaches [8].

The most widely accepted aetiology of endometriosis is
Sampson theory [9], whereby retrograde menstrual bleeding
from the Fallopian tubes to the peritoneal cavity leads to mi-
gration, attachment, and growth of endometrial tissues at ec-
topic sites. However, retrograde menstrual bleeding by itself
does not always lead to development of endometriosis, and
multiple dysregulated mechanisms in the eutopic endometri-
um potentially govern pathophysiology in endometriosis.
These include altered processes of apoptosis,
immunosurveillance, adhesion, steroid responsiveness, tissue
remodelling, neovascularisation, and enhanced inflammatory
response [10], thus providing a source for biomarker identifi-
cation [11].

The endometrium periodically undergoes morphological
changes caused by fluctuations in the ovarian steroid hor-
mones. Each menstrual cycle starts with the M-phase (days
1-4 in a normal 28-day cycle), characterised by shedding of
the endometrial tissue. This is followed by the P-phase (days
4-14 in a normal 28-day cycle), during which higher levels of
oestrogen stimulate the proliferation of the stroma and glands,
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resulting in thickening of the endometrium. After ovulation,
progesterone levels start to rise in the ES-phase (days 15-201n
a normal 28-day cycle), stimulating the glands to secret gly-
cogen and mucus. In the MS-phase (days 21-24 in a normal
28-day cycle), the window of implantation (WOI) opens,
representing the optimal time for blastocyst implantation.
This coincides with the differentiation of the endometrial stro-
mal cells into decidual cells, known as decidualisation. In the
absence of pregnancy, the endometrial tissue starts to degrade
in the LS-phase (days 25-28 in a normal 28-day cycle),
[12—14]. Therefore, changes in the endometrium through the
menstrual cycle phases are reflected in the changes in tran-
scriptome [15-17] and regulation patterns [18]. Consequently,
differentially expressed transcripts or proteins may shed light
on the important biological processes occurring at the time
endometrial biopsy samples are collected. Integrating multi-
omics data can provide insights into the underlying physio-
logical and pathophysiological mechanisms [19].

Due to endometrial periodical transitions through the cycle,
endometrial dating of tissue biopsies from women with and
without endometriosis may play an important role in identifi-
cation of the molecular patterns specific for endometriosis
[20]. Although candidate endometrial biomarkers from
genome-wide studies associated with endometriosis were
reviewed [21], dysregulated molecular patterns of eutopic en-
dometrium throughout the menstrual cycle among studies
have not yet been integrated. Data synthesis of differentially
expressed transcripts and proteins may provide an additional
insight into endometrial molecular signature in women with
endometriosis.

The aim of this study was therefore to (1) screen for pub-
lished genome-wide studies reporting genetic causes
distinguishing eutopic endometrium between women with
and without endometriosis, (2) develop a catalogue of genetic
causes (MRNAs, ncRNAs, and proteins) associated with al-
tered molecular patterns in eutopic endometrium in women
with endometriosis, (3) modify the gene nomenclature of ex-
tracted loci according to the HGNC system, (4) sort genes
according to the phases of the menstrual cycle, and (5) per-
form gene set enrichment analysis (GSEA) associated with
cach phase of the menstrual cycle.

Material and methods

Workflow of the study is presented in Fig. 1.

Literature screening and data extraction

Original publications with genome-wide approach were re-
trieved from PubMed database [22] using keyword “endome-

triosis” with combination of terms including “eutopic endo-
”, “molecular dysregulation”, “gene expression”,

s

EERT
s

metrium
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Fig. 1 Workflow of the study

Literature screening:
* PubMed (1999 - 2018) keywords: "endometriosis” +
combination “gene expression”, “eutopic endometrium”,
“biomarkers”, “transcriptomics”, “proteomics”, ...
» Reference list of review or original studies.

e Expression analysis in
endometrial cell culture.
* Proteomic studies providing

v

A 4

only difference in spectral
intensities of peptide peaks.

* Genome-wide study design.
* Comparison of molecular patterns in eutopic endometrium of women with and without

endometriosis in the same phase of the menstrual cycle.
T

* Significant associations identified.
+ Expression analysis / validation.

= No expression analysis / validation.

)

(- Reported negative association.

)

4

Classification of studies according to omics level and data
extractions from publications (genetic, clinical data and
methodology)

A 4

21 included studies: Table 1

)

( 7 excluded studies: Supplementary file S2 J

The nomenclature adoption for 720 genes

= 623 genes sorted according to the phases of the
menstrual cycle: Supplementary file S3.1
T
.

15 repeated genes

UniProt,
UniGene, Enlsembl miRBase| UniProt,
NCBI / BioMart] NCBI

vV

647 HGNC symbols
'

Gene catalogue:
Supplementary file S1

»

“transcriptomics”, “omics”, “proteomics”, “epigenomics”,
“genomics”, and “biomarkers”. The time span of the literature
screening was set from 1999 to December 2018. Some studies
were additionally identified using the reference list of review
or retrieved articles. We performed literature screening for
studies that compared eutopic endometrium of women with
and without endometriosis in the same phase of the menstrual
cycle. We screened for studies performed at the genomic
(DNA), transcriptomic (mRNAs, miRNAs, IncRNAs), prote-
omic, and epigenomic levels. Proteomic studies including the
measuring of different spectral intensities of the peptide peaks
and the peaks which could not be associated with candidate
proteins were excluded. High-throughput data obtained from
in vitro experiments using treated primary human endometrial
cells were also excluded. Only studies published in English
language were included.

within the same v
menstrual phase 574 genes for
by at least two GSEA, DAVID tool
studies: Table 2
0
'
h
h [ Overall GSEA results: Supplementary file S4 ]

Statistically significant (p < 0.05) 373
GO terms and 36 KEGG pathways

\ A\

33 GO-BP terms and KEGG
pathways associated with
more than two menstrual
phases: Table 3

Top enriched GO-BP,

CC, -MF terms and KEGG

pathways: Supplementary
file $3.2

The following data was extracted from publications:
indications for endometrial tissue sample collection for
case and control study groups, stage and type of endome-
triosis and other uterine/pelvis pathologies of the case
group, gynaecological condition of women in the control
group, clinical symptoms of pelvic pain and/or infertility
for both groups, age of participants, endometrial dating
(phase of the menstrual cycle) and number of endometrial
tissue samples used for genome-wide analysis, procedures
for processing of endometrial tissue samples (collection,
storage, and nucleic acid/protein isolation), platform used
for genome-wide analysis, cut-off values for expression/
methylation change identification, genetic causes associat-
ed with endometriosis, determined expression/methylation
fold change of transcripts/proteins, and corresponding sig-
nificance values.
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Adoption of HGNC gene nomenclature for the
development of the catalogue

The gene catalogue was developed from the extracted data of
published studies associated with altered expression at the
RNA and protein levels in eutopic endometrium of endome-
triosis. Up to 15 differentially expressed (either up- and down-
regulated) transcripts (mRNAs, IncRNAs, and sncRNs) and
proteins associated with specific phase of the menstrual cycle,
fold change of expression with statistical significance value if
available were extracted from publications.

The nomenclature of genes coding for transcripts and pro-
teins reported to be dysregulated in endometriosis was
adopted according to the HGNC nomenclature system (ver-
sion updated February, 25th 2019). HGNC database (https://
www.genenames.org/) is the resource for approved human
gene nomenclature [23]. In addition, corresponding Gene ID
numbers were obtained from the National Centre for
Biotechnology Information (NCBI) database, release 230.
NCBI is the resource that provides biological information
and data [22]. Workflow of nomenclature editing for each
type of extracted loci is described further. The identification
name or synonym for each extracted mRNA transcript was
entered into the UniProt Knowledgebase (UniProtKB), re-
lease 2019_2, and/or HGNC database. UniProtKB (https://
www.uniprot.org/) is a source of sequences and annotations
for over 120 million proteins [24] which also provide web
links to HGNC database. Gene symbols for transcripts
marked with the expression sequence tag (EST) clusters with
prefix “Hs.” (Homo sapiens) were retrieved from NCBI’s
UniGene database. In July 2019, UniGene web pages retired,
but UniGene cluster numbers are matched with gene records.
For example, NCBI Gene database (https://www.ncbi.nlm.
nih.gov/gene) provided BPIFBI for “Hs.65551" that was
extracted from the study performed by Burney et al. [25]. To
obtain gene symbols for IncRNAs, the SeqName IDs of
IncRNA transcripts were uploaded into the Ensembl/
BioMart tool (version 96) (https://www.ensembl.org/
biomart/martview/). BioMart is a web-based tool that provides
access to the gene annotation of Ensembl data [26]. For ex-
ample, Ensembl/BioMart returned MAP4K3-DT gene for the
transcript “ENST00000451547”, obtained from the study per-
formed by Wang et al. [27]. To obtain the official gene sym-
bols for miRNAs, the MiRBase MIMAT accession number or
miRNAs strand-specifying -3p and -5p suffixes of each
miRNA transcript was entered into the miRBase database,
release 22. The miRBase database (http://www.mirbase.org/)
provides microRNA sequences and annotation [28]. In cases
where the mature miRNA without an available ID number
was obtained from the reference source, gene names for both
stem loop sequences were included in the gene catalogue as
they result in the mature miRNA with the same sequences. For
example, extracted transcript “hsa-miR-138-5p” from the

@ Springer

study performed by Zhou et al. [29] provided M/R138-1 and
MIRI38-2 genes by the miRBase. Synonyms, names, or
UniProt accession IDs of proteins were entered into the
UniProtKB database to retrieve the gene symbol. When
Genlnfo Identifier or “GI” number was available, then the
NCBI protein database was used to obtain gene symbol or
Gene ID number. For example, extracted “gi|825,671" from
the study performed by Rai et al. [30] was entered into NCBI
protein database, which further provided web link to the
HGNC database from where NPM/ gene was obtained.

Gene set enrichment analysis

All genes from developed catalogue regardless of clinical and
experimental characteristics from extracted studies were fur-
ther sorted according to the phases of the menstrual cycle (M,
P, S, ES, MS, and LS) and N/S, when information regarding
endometrial dating was missing. Extracted transcripts and pro-
tems with no confirmed differences in the expression levels
after validation of the source references were excluded from
gene sorting. Gene set enrichment analysis (also named func-
tional enrichment analysis) was performed for each list of
genes associated with specific phases of the menstrual cycle
using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) Bioinformatics Resource (re-
lease 6.8). DAVID is a bioinformatics tool that accepts gene
list and performs functional analysis using background algo-
rithms and knowledge of annotation databases, including
Kyoto Encyclopedia of Genes and Genomes (KEGG),
BioCarta, Enzyme nomenclature database and Reactome, to
understand biological meaning behind the genes of interest
[31]. In the present GSEA, Gene Ontology (GO) terms such
as biological process (BP), cellular component (CC), molecu-
lar function (MF), and KEGG pathways specific to Homo
sapiens with a p <0.05 were considered as statistically signif-
icant. GO [32] and KEGG [33] are databases that collect
knowledge regarding the function of gene products and their
roles in the biological system and phenotypes.

Results
The main findings of the present study are overviewed in Fig. 2.
Classification of retrieved studies

The database mining (Fig. 3) provided 28 genome-wide stud-
ies that analysed the eutopic endometrium in women with and
without endometriosis. The analysis of the obtained data re-
vealed that datasets are heterogeneous and included dysregu-
lation of expression patterns at the transcriptomics and prote-
omics levels. Additionally, some of the transcriptomics stud-
ies reported expression of both mRNAs and ncRNAs
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Endometriotic lesion

Fig. 2 Study overview and main
results. Different omics levels of
studies that analysed eutopic
endometrium in women with and
without endometriosis. Identified
enriched pathways associated
with the phases of the menstrual
cycle characterising eutopic

Eutopic endometrium

» The number of included studies according to
the omics level

Epigenomics: 2 Proteomics: 6

Transcriptomics: 13

endometrium of endometriosis

v across phases of the menstrual cycle

M phase

S phase

MS phase

..................... . ...

The number of endometrisis (E) and
control (C) samples for each omics level

LS phase

Orics leval P phase ES phase N/S
E/C E/C E/C B E/C E/C =45
Epigenomics 0/0 4/6 0/0 715 6/5 0s0 7
Transcriptomics:
- mRNAs 0/0 46/ 50 4/5 24/15 48/40 11/9
- SNCRNAs 0/0 23/24 Q/0 4/3 3/3 /0
SINERILS 0/0 5/5 0/0 0/0 0/0 3/3
Proteomics 6/6 12412 36/4 0/0 4/4 /0
Window of |,

limplantation’
=

Menstrual | The number
Top enriched pathways
cycle phase | of genes
M phase 3
’
s ays.
1P phase 188 Estrogen and TNF signalling pathways. Movement of cell or subcellular
d component.
8 ; Cell-cell adhesion, ECM-receptor interaction, PI3K-Akt signalling
15 phase: 81
] i pathway. Movement of cell or subcellular component.
'
: + - ESphase 82 Negative regulation of growth, focal adhesion, female pregnancy.
I .
sa=py Endothelial cell chemotaxis, inflammatory response, negative regulation
: - MS phase 173 of apoptotic process, lymphocyte / monocyte chemotaxis, Toll-like
i receptor signalling
V
' -LSphase 36 Extracellular matrix organization, axonogenesis, pathways in cancer.
'
furs % U/

(sncRNAs or IncRNAs); therefore, these datasets were con-
sidered as transcriptomics and ncRNomics studies. Some re-
trieved studies reported dysregulation of sncRNAs only, and
therefore these studies fell into both the transcriptomics and
ncRNomics levels. Some studies also overlapped with
epigenomics, because they reported aberrant DNA
methylome and associated gene expression levels.

Out of 28, 21 studies that reported an association of altered
molecular patterns related to eutopic endometrium with endo-
metriosis were further used for the development of the cata-
logue. Eight out of 21 studies were performed at the tran-
scriptomics level: five [25, 34-37] profiled only mRNAs,
two [27, 38] profiled mRNAs and IncRNAs, and one [29]
reported dysregulation of mRNAs and sncRNAs (miRNAs
and snoRNAs). Five additional studies analysed dysregulation
of sncRNAs only [39-43]. Six [30, 44-48] out of 21 studies

were performed at the proteomics level. Additionally, we also
included differentially expressed protein-coding genes from
two epigenomics studies [49, 50], which reported altered
mRNA expression levels of differentially methylated genes.
Studies included in the present analysis are listed in Table 1.
Figure 4 presents data extraction (differentially expressed
transcripts and proteins) for multi-omics integration.

Out of 28, seven studies were not included in the catalogue
development because they did not meet the inclusion criteria of
the present study (no expression analysis or data not available,
expression analysis performed using separated cell types, plat-
forms with limited number of target genes, and negative associ-
ation reported), [51-57]. Although not included in the developed
catalogue, these studies contribute in understanding of endome-
trial biology in endometriosis and are therefore summarised in
Supplementary file S2.
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PubMed
12/1999 - 12/2018

Articles retrieved (n = 30)

Y

Articles divided on
research articles and
review articles

A 4

Review articles excluded (n = 2)

N
Research article
retrieved (n=28)

A 4

Inclusion/exclusion
criteria applied 2.

s

1. Negative association reported between dysregulated patterns in
eutopic endometrium and endometriosis (n = 3)

No provided datasets of differentially expressed genes (n= 1)
No expression analysis performed (n = 1)

4. No genome-wide platforms applied (n = 2)

N

Articles included (n = 21)

Fig. 3 Workflow of the database mining

Description of the gene catalogue

From 21 publications, 760 dysregulated transcripts (mRNAs,
IncRNAs, and sncRNAs) and proteins in endometriosis were
extracted and were used for the gene catalogue development.
Among 760 genetic causes, 37, 425, 169, and 129 were asso-
ciated with endometriosis at the epigenomics, transcriptomics,
ncRNomics, and proteomics level, respectively. The gene cat-
alogue is provided in Supplementary file S1. After nomencla-
ture editing according to HGNC database, 647 official gene
symbols were retrieved. The official gene coding for 113 dys-
regulated transcripts/proteins is currently not available.
Among 647, 24 genes were excluded since additional valida-
tion analysis using qPCR, immunohistochemistry, or western
blot did not confirm genome-wide screening findings.
Therefore, the final set of genes included 623 genes: 33,
368, 103, and 119 genes associated with endometriosis at
the epigenomics, transcriptomics, ncRNomics, and proteo-
mics level, respectively. Sorting of these 623 genes according
to phases of the menstrual cycle resulted in 3, 200, 87, 87, 181,
37, and 28 genes associated with M-, P-, S-, ES-, MS-, LS-
phase, and N/S, respectively. Analysis of the catalogue re-
vealed that same genes were associated with different

@ Springer

menstrual phases or were associated with the same phase n
different studies. Among 623 genes, 72 genes were repeated 2
times (55 genes) or at least 3 times (17 genes) in the same or in
different phases of the menstrual cycle. For example, FOS was
associated with the MS-phase by two different studies [29, 37]
as well as with S- [34], P-, and ES-phases [37]. Eleven genes
were repeated within the same menstrual phase in the same
study. For example, two transcripts of SNORD3A gene were
reported by Cui et al. [38] and two isoforms of the VIM pro-
tein were shown to be up- and down-regulated [30]. Among
72 repeated genes, there are 61 genes that were repeated in
different phases of the menstrual cycle. For example, down-
regulated MIR374B was associated with P-phase [43] and
with MS-phase [29]. A list of 72 repeated genes with associ-
ated phase of the menstrual cycle, omics level, and source
reference are presented in Supplementary file S5. Table 2 in-
cludes 15 genes associated with the same phase of the men-
strual cycle by more than one study, for example up-regulated
CCNI in the MS-phase [29, 37]. Removing duplicated genes
from the same phase of the menstrual cycle resulted in 591
unique phase-specific genes,i.e. M=3,P=188,5S=81,ES=
82, MS=173, LS=36, and N/S =28 (Supplementary file
83.1),
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Fig.4 Omics levels of extracted data used for the development of the gene catalogue. CpG islands present sites of methylation. mRNA, messenger RNA;
miRNA, micro RNA; snoRNA, small nucleolar RNA; IncRNA, long non-coding RNA

Gene set enrichment analysis

A total of 591 unique genes sorted according to the phases of the
menstrual cycle were used for GSEA. A set of 574 genes was
identified by DAVID bioinformatics tool. The number of genes
included in the GSEA and results of functional analysis are
summarised in Table 3 (GO-BP, -CC, -MF terms, and KEGG
pathways). The highest number of statistically significant
enriched terms was obtained by GO-BP analysis (207), followed
by GO-CC (93), GO-MF (73), and KEGG (36), however the
majority of identified enriched pathways do not reach the
Bonferroni correction value. The top 10 enriched GO-BP, -CC,
-MF, and KEGG pathways terms with corresponding annotated
genes ranked by lowest p values and Bonferroni correction for
each phase of the menstrual cycle is listed in the Supplementary
file S3.2, while a complete list of GSEA results is provided in the
Supplementary file S4. The pathway most significantly associat-
ed with P- (p= 5.25E-07) and S- (p= 8.11E-08) phases was
maovement of cell or subcellular component. In addition,
oestrogen signalling pathway (p=0.03) and TNF signalling
pathway (p = 0.04) were associated with P-phase. PI3K-Akt sig-
nalling pathway (p= 1.47E-05) was enriched by genes associat-
ed with the S-phase. Negative regulation of growth (p=6.41E-
05) was associated with the ES-phase. Endothelial cell
chemotaxis (p=3.85E-05), inflammatory response (p =4.50E-
05), and chemokine-mediated signalling pathway (p=2.39E-
04) were associated with the MS-phase. Extracellular matrix
organization (p=1.88E-04) and pathways in cancer (p=0.03)

were enriched by LS-phase gene list. The study also revealed that
same pathways were associated with different phases of the men-
strual cycle (Table 4). Among 243 statistically significant
enriched GO-BP and KEGG pathways, 30 GO-BP and 3
KEGG pathways were associated with at least two phases. For
example, negative regulation of apoptotic process was associat-
ed with four phases, i.e. P (p=0.0004), S (p=0.0001), ES (p=
0.0411), and MS (p=0.0003).

Discussion

In the present study, we developed a catalogue of genes reported
to have altered molecular pattems in eutopic endometrium in
endometriosis. The analysis of 21 studies including 39 women
with endometriosis and 236 women without endometriosis re-
vealed that the reported datasets are heterogeneous. Obtained
data from publications included dysregulated molecular pattems
at diverse omics levels, L.e. transcriptomics (mRNAs, sncRNAs,
and IncRNAs), proteomics, and epigenomics (dysregulated
expressed genes associated with altered methylation level). The
nomenclature editing of extracted data was beyond of a single
omics level, therefore, the official HGNC nomenclature system
for human genes was adopted which enabled downstream
GSEA. Sorting of the obtained 591 unique genes resulted in 7
groups according to the phases of the menstrual cycle and further
enrichment functional analysis was performed.

Table 2 Genes associated with the same phase of the menstrual cycle in at least two studies

The phase of the menstrual cycle P-phase S-phase ES-phase MS-phase LS-phase
Repeated gene symbols and source references ~ ACTB [30, 44], ACTB [30, 44], ANLN [25,37]. CCNI [37,29], /
ANXA4 [30, 34], HSP90ABI [44,47], / CRISP3 [25,37), /
BPIFBI [25, 38], VIM [30, 47, 44]. / EGRI [37,29], /
EPHXI [34, 37), / / FOS[29, 37], /
MUCSB [34,37.38], / / FOSB[29,37), /
PRDX2 [30, 4], / / TRPMG6 [25,37).  /
VIM [30, 44]. / / / /
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Table 4 Biological pathways associated with in at least two phases of the menstrual cycle. Only pathways with p <0.05 values are shown

Enriched GO-BP and KEGG pathways term p values
P-phase S-phase ES- MS- LS-
phase phase phase
GO:0001816~cytokine production 0.0178 f / 0.0163 /
GO:0006457~protein folding 0.0037 9.9496E-07 / / /
GO:0006928~movement of cell or subcellular component 5.2510E-07 8.1149E-08 / / /
G0:0006986~response to unfolded protein 0.0466 3.0744E-05 / / i
G0:0007267~cell-cell signalling 0.0186 / / 0.0152 /
GO:0007565~female pregnancy ! / 0.0005 0.0331 /
GO:0007568~ageing ! / 0.0050 0.0413 /
GO:0009409~response to cold 0.0352 0.0104 / / /
GO:0030049~muscle filament sliding 0.0389 0.0115 / / /
G0:0030198~extracellular matrix organization / 2.0573E-05 / / 0.0002
G0:0032496~response to lipopolysaccharide 6.3165E-05 0.0334 ! / !
GO:0032570~response to progesterone 0.0408 0.0115 0.0376 /
GO:0034599~cellular response to oxidative stress 0.0157 0.0308 / / /
GO:0035914~skeletal muscle cell differentiation / 0.0187 i 0.0006 /
GO:0042060~wound healing / 0.0462 i 0.0252 !
G0:0042493~response to drug 0.0037 0.0098 0.0003 0.0330 !
G0:0043066~negative regulation of apoptotic process 0.0004 0.0001 0.0411 0.0003 /
G0:0043 154-negative regulation of cysteine-type endopeptidase 0.0032 / 0.0171 !
activity involved in apoptotic process

GO:0043627~response to oestrogen 0.0164 0.0317 / / /
GO:0045454~cell redox homeostasis 0.0004 0.0432 / / /
G0:0045944~positive regulation of transcription from RNA polymerase II promoter  0.0310 / / 0.0007 /
G0:0050729~positive regulation of inflammatory response 0.0222 / / 0.0003 /
G0O:0050819~negative regulation of coagulation 0.0404 0.0213 / /
GO:005082 1~protein stabilisation 0.0009 0.0003 / /
GO:005159 1~response to cAMP 0.0064 0.0166 / 0.0056 /
GO:0051607~defence response to virus 0.0473 / / 0.0413 /
GO:005188 1~regulation of mitochondrial membrane potential 0.0220 0.0064 / /
GO:0070527~platelet aggregation 0.0046 2.7906E-05 / !
GO:0071356~cellular response to tumour necrosis factor 0.0129 ! / 0.0018 /
GO:1901998~toxin transport 0.0352 0.0104 / / /
hsa04668:TNF signalling pathway 0.0399 ! / 0.0083 /
hsa04915:Oestrogen signalling pathway 0.0312 0.0297 / / /
hsa05200:Pathways in cancer / 0.0047 / 0.0164 0.0345

/, pathway not enriched; P, proliferative; S, secretory; ES, early-secretory; MS, mid-secretory, LS, late-secretory; GO-BP, Gene Ontology Biological

Processes; KEGG, Kyoto Encyclopedia of Genes and Genomes

The nomenclature editing and analysis of the gene
catalogue

From the literature survey, we gathered mRNA and ncRNA
transcripts and proteins, and developed the catalogue by man-
ually editing their gene nomenclature. Menstrual phase—
specific sorting of 623 genes revealed that 15 genes were
repeated within the same phase of the menstrual cycle since
dysregulated expression was reported by at least two studies

@ Springer

(Table 2), therefore, could present stronger candidate bio-
markers associated with affected endometrial function in en-
dometriosis. Repeated genes associated with P-phase (ACTB,
ANXA4, BPIFB1, EPHXI, MUC5B, PRDX2, and VIM) could
ndicate stronger genetic causes associated with pathophysiol-
ogy of endometriosis. Repeated genes from the MS-phase
(CCN1, CRISP3, EGRI, FOS, FOSB, and TRPM6) could be
associated with affected receptivity in endometriosis.
However, independent validation studies are now needed to
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verify these hypotheses. Most of the data in the catalogue
included dysregulated mRNA transcripts which were supple-
mented with approved HGNC gene symbols. However, ex-
tracted data from publication also included proteins and genes
coding for epigenetic regulators (sncRNA and IncRNAs)
which were also supplemented by the corresponding HGNC
gene symbols. In case of epigenetics marks (altered DNA
methylation), gene symbol of the associated differentially
expressed gene was added to the catalogue. Adopted gene
nomenclature of reported RNA transcripts and proteins with
altered expression levels in endometriosis at various omics
levels enabled downstream analysis, since most bioinformat-
ics tools require the input of official gene symbols. LncRNAs
whose official gene symbols are not yet available, were also
listed in the gene catalogue. Since the HGNC nomenclature is
continuously updated, this catalogue will enable re-analysis of
the gene list in the future.

Types of omics data in the gene catalogue

Five genes (ANXA4, CDA, CDK10, DST, and HSPY90ABI)
from the catalogue were reported to be associated with endo-
metriosis at two omics levels, for example ANXA4 gene at
transcriptomics [34] and ANXA4 at proteomics level [30].
As reported previously, there is no complete correlation be-
tween transcriptome (expressed portion of the genome) and
proteome (expressed protein set from genome). This is be-
cause post-transcriptional mechanisms such as miRNA-
mediated regulation impact gene expression by degrading
their target mRNAs or/and inhibiting their further translation
[58]. Additionally, alternative splicing of precursor mRNA
[59] and post-translational modifications [60] result in several
protein isoforms. The potential role of epigenetic mechanisms
in endometriosis should be further investigated, since it may
provide an insight into the molecular basis of altered expres-
sion. Wang et al. [27] reported an association between the
altered expression levels of AC002454.1 antisense IncRNA
and target CDK6 mRNA in endometriosis. In addition, com-
bined analyses of both, mRNAs and ncRNAs by Zhou et al.
[29] and Cui et al. [38], reported an association of differential-
ly expressed sncRNAs and IncRNAs with their putative
mRNA targets. Epigenomics studies by Nagvi et al. [49] and
Houshdaran et al. [50] also provided molecular explanation
for observed difference in gene expression levels due to the
associated aberrant DNA methylation status.

Functional enrichment analysis by synthesised data

Functional enrichment analysis using genes sorted according to
the phases of the menstrual cycle identified GO terms and
KEGG pathways, potentially related with pathogenesis of endo-
metriosis as well with affected physiological processes required
for normal endometrial function and receptivity. Among top

significantly enriched pathways, oestrogen signalling pathway
was associated with P-phase. This is in correlation with Makieva
et al. [14] who reviewed the important contribution of the
oestradiol to the downstream pathways which enhance mitotic
activity causing the thickening of the functional layer in P-phase
of normo-ovulatory women [14]. Further, negative regulation of
growth and GI/S transition of the mitotic cell cycle associated
with the ES-phase and MAPK (mitogen activated protein kinase)
signalling pathway associated by the S-phase gene set could
indicate endometrial dysfunction in endometriosis. This 1s in
accordance with the published studies [61, 62]. Velarde et al.
demonstrated increased MAPK and ERK kinase 1/2 signalling
cascade that inhibited cAMP-dependent cell cycle regulation in
endometrial stromal fibroblasts from women with endometriosis
which was further associated with potential persistence of endo-
metrial cell proliferation from P- to S-phase [61]. Similarly,
Yotova et al. have shown association of higher Ras/B-Raf/
MAPK signalling activity with increased proliferation and mi-
gration rates in primary eutopic endometrial stromal cells of
patients with endometriosis [62].

Extracellular matrix organization (ECM), ECM-receptor
interaction, and focal adhesion pathways that were found to
be associated with the S-phase gene list could also be related
with pathophysiological mechanisms in endometriosis. In the
literature, increased levels of metalloproteinases with a role in
rearrangement of the ECM [63] and up-regulated levels of
combined adhesion molecule ITGAV/ITGB3 integrin [64]
were associated with greater invasiveness and susceptibility
of sloughed menstrual cells being implanted at ectopic sites in
endometriosis. In the present study, the pathways in cancer
was associated with S-, MS-, and LS-phases. Although not
statistically significant, the MicroRNAs in cancer was
enriched with P-phase sub-group of genes. Sapalidies et al.
reviewed genetic and epigenetic interactions that may contrib-
ute to the rare event of malignant transformation of the endo-
metriosis lesions [65]. In the present analysis, also the PI3K-
Akt signalling pathway was found to be associated with the S-
phase group of genes. This is in accordance with the study by
Kim et al. [66] who found that increased activation of AKT
pathway in Pren”™ and PR** Pten* mice with autologous
implantation of human endometrial tissue promoted develop-
ment of ectopic lesions. Identified antigen processing and
presentation pathway associated with the S-phase in the pres-
ent study may indicate an association of endometriosis with
another pathogenetic mechanisms. Matarese et al. [67]
reviewed endometriosis as a chronic inflammatory disease
where the immune system induces autoimmunity which fa-
vours endometrioitic lesions formation.

In the present study, cell-cell adhesion pathway enriched
by S-phase gene list may characterise affected endometrial
receptivity in endometriosis. Khorram and Lessey [68] asso-
ciated decreased expression levels of ITGAS5/ITGB3 integrin
during the WOI in endometriosis women with an

@ Springer
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unfavourable environment for embryo implantation.
Furthermore, endothelial cell chemotaxis, inflammatory
response, monocyte chemotaxis, and lymphocyte chemotaxis
pathways associated with the MS-phase may also characterise
affected receptivity. This is in accordance with the study by
Lee et al. [69] where the role of chemokines and cytokines in
recruitment of innate and adaptive immune cells for successful
embryo implantation was reviewed.

Some pathways overlapped across different phases of the
menstrual cycle. A total of 33 GO-BP and KEGG pathway
terms (Table 4) were found to be associated in different phase-
specific gene lists. For example, oestrogen signalling pathway

was associated with P- and S-phases, negative regulation of

apoptotic process was associated with P-, S-, ES-, and MS-
phases, cell-cell signalling was associated with P- and MS-
phases, and female pregnancy was associated with ES- and
MS-phases. These pathways could indicate stronger potential
for pathway-based identification of biomarkers associated
with endometrial function in endometriosis.

The heterogeneity of retrieved studies

Studies that were included in the present integrative analysis
exhibit heterogeneity at various levels, i.e. study design, recruit-
ment criteria for participating women, sample size, procedures
of endometrial tissue processing, analysed omics level, plat-
forms for genome-wide profiling, and data presentation.
Different techniques for endometrial tissue sampling, preserva-
tion, and extraction protocols were used. Also, the number of
used endometrial samples and applied platforms for genome-
wide profiling varies across the studies. Studies had heteroge-
neous enrolment criteria for participating women, Le. different
types and stages of endometriosis often with coexisted uterus/
pelvic pathologies, different gynaecological conditions of con-
trol women as well as symptoms of chronic pelvic pain and/or
infertility. In addition, indications for endometrium tissue sam-
ple collection were heterogeneous, including endometrial biop-
sy, laparoscopy, hysteroscopy, or hysterectomy.

In the present GSEA, all extracted genes across 21 studies
were included, regardless of the type and stage of endometri-
osis, coexisting uterine/pelvic pathologies and symptoms of
chronic pelvic pain and/or infertility. Therefore, identified
enriched terms should be interpreted with caution. It was sug-
gested by Painter et al. [70] that severe endometriosis may have
different genetic origin compared with mild endometriosis, be-
cause most significant single nucleotide polymorphisms
(SNPs) were associated with stage ITI/IV endometriosis in
genome-wide association study (GWAS). In addition, tran-
scriptomics studies [37, 71] distinguished endometrial expres-
sion signature between mild and severe endometriosis. Some
studies recruited women with endometriosis complicated with
additional uterine/pelvic pathologies and/or infertility in case
group [25, 37, 41, 47]. It has been reported [72, 73] that non-

@ Springer

endometriosis gynaecological pathologies and infertility impact
endometrial expression patterns as well. Hever et al. [72] dis-
tinguished endometrial transcriptome signatures according to
the presence of adenomyosis and fibroids, while Koot et al.
[73] observed unique endometrium gene expression signature
during the MS-phase in women with recurrent implantation
failure (RIF) and associated endometrium dysfunction as one
of the determining factors of infertility in reproductive tech-
nique (ART) treatments. Burney et al. [40] segregated endome-
triosis cases and control women with leiomyomas on the basis
of endometrial miRNAs expression patterns when applied un-
supervised hierarchical clustering. However, one endometriosis
case was clustered together with controls since this patient had
coexisting leiomyoma [40].

Some studies recruited women with leiomyomas,
adenomyosis, uterine adhesions, menorrhagia, dysmenorrhoea,
chronic pelvic pain, and/or infertility in the control group, which
could limit identification of loci specific for endometriosis [25,
37, 45, 47, 41]. Tamaresis et al. demonstrated that different
uterine/pelvic pathologies leave their own fingerprints in the en-
dometrial transcriptome signature when comparing four different
groups of women, 1.e. mild-, severe endometriosis, healthy wom-
en, and women with non-endometriosis uterine/pelvic patholo-
gies, including leiomyomas, adenomyosis, benign ovarian cysts,
and endometrial polyps [37].

The catalogue developed in our study including assembled
genetic data (Supplementary file S1) with characteristics of
corresponding extracted studies (Table 1) now enables re-
searchers to perform additional downstream bioinformatics
analyses according to different sorting criteria (experimental
characteristics and clinical data). For example, data sorting
can be performed according to stage or type of endometriosis
or coexisting gynaecological conditions.

Guidelines for study design harmonisation

World Endometriosis Research Foundation (WERF)
Endometriosis Phenome and Biobanking Harmonisation
Project (EPHect) tends to overcome study design variabilities
n endometriosis research. Harmonisation of standard operat-
ing procedures (SOPs) for sampling, processing, and
storaging of endometrium tissue biopsies from participating
women would reduce biases and measurement errors, provid-
mg detailed surgical characterisation, including determination
of the menstrual phase at the time of eutopic endometrium
sample collection from women with and without endometri-
osis, surgical and clinical phenotypic presentation of lesions
[20]. In addition, documented nonsurgical aspects, including
information on chronic pelvic pain, subfertility, reproductive
history, menstrual history and hormone therapies used, med-
ical and surgical history, and personal information would im-
prove comparison across studies and enable large-scale col-
laborative research [74]. While WERF EPHect provides
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directions for harmonised workflow across studies to identify
reliable loci specific for sub-types of patients with endometri-
osis, it is recommended for reporting to use standardised
HGNC nomenclature for gene symbols and names in publica-
tions which will facilitate data integration across studies and
data exchange among researchers.

Limitations of the study

Besides contributing to the research field, the present study also
has some limitations: (1) The gene catalogue was constructed
from the top differentially expressed transcripts and proteins
measured by high-throughput methodologies; thus, most of them
were not further validated, and may therefore suffer from biases
that could impact GSEA. (2) An unequal distribution of studies
performed across omics levels, higher number of transcriptomics
studies in comparison with epigenomics and proteomics studies.
(3) An unequal distribution of studies performed across phases of
the menstrual cycle is observed. For example, low ncRNomics
types of studies performed through the S-phase consequently
provided no enriched pathways associated with miRNA catego-
ries in specific sub-phases of S-phase. (4) The phase determina-
tion of the menstrual cycle can be subjective, which may lead to
incorrect sorting into phase-specific gene lists and influence the
GSEA. Endometrial dating from extracted publications was
mainly determined by histological examination of an endometrial
biopsy or was categorised based on self-reported date of last
menstrual period and cycle day at the time of sampling. In addi-
tion, some publications provided stage of the menstrual cycle
with general S-phase, while others provided specific sub-
phases of S-phase (ES-, MS-, or LS-phase). (5) Variability in
indications for endometrial tissue sample collection in participat-
ing women often complicated with non-endometriosis uterine/
pelvic pathologies and/or infertility may impact molecular pat-
terns in endometriosis cases. (6) Some of the articles which do
not include a term “genome-wide study™ in the title or keywords
might have been missed from our literature screening and should
be included in the next update study.

Conclusions

This study presents the first multi-omics data synthesis of reported
altered molecular patterns associated with eutopic endometrium in
endometriosis. Editing of heterogeneous nomenclature of reported
genetic information resulted in the gene catalogue, which was fur-
ther sorted according to the phases of the menstrual cycle.
Functional enrichment analysis was applied to study the role of
obtained genes in eutopic endometrium of endometriosis. The find-
ings present a source of stronger candidate genes and pathways for
further experiments in endometriosis. It is expected that current gene
catalogue of endometriosis will expand by future studies. All report-
ed data from additional omics levels (e.g. interactomics,

microbiomics) should be captured to deepen insight into endome-
trial organisation in endometriosis. Identified pathophysiological
and physiological mechanisms in eutopic endometrium of endome-
triosis could contribute to better diagnosis and treatment of women
with endometriosis, and could increase the chances of successful
pregnancy in infertile women seeking ART treatments.
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Executive summary of the study

1. The impact of endometriosis on the eutopic endometrium is not
well defined. It has been shown that dysregulation of eutopic endometri-
um can lead to the development of endometriotic lesion, which may affect
endometrial function and receptivity for embryo implantation.

2. The catalogue development of 670 transcripts and proteins reported
to be dysregulated in endometriosis. Data was extracted from 21 pub-
lished studies, performed at transcriptomics, ncRNomics, proteomics,
and epigenomics levels.

3. A total of 591 genes with available official human gene nomencla-
ture were sorted according to the menstrual phases, i.e. M-, P-, S-, ES-,
MS-, LS, and N/S.

4. The study revealed some stronger candidate loci and pathways
associated with endometrial function in endometriosis. For example, six
genes were reported to have altered molecular signature in the MS-phase
by at least two studies indicating potential effect on receptivity in endo-
metriosis. Additionally, some pathways (response to progesterone, neg-
ative regulation of apoptotic process, and cell-cell adhesion) were
enriched in different phases of menstrual cycle.

5. The present study provides a multi-omics view of molecular mech-
anisms underlying endometriosis that can facilitate the development of
novel diagnostic and therapeutic concepts.

6. The World Endometriosis Research Foundation (WERF)
Endometriosis Phenome and Biobanking Harmonisation Project
(EPHect) guidelines for clinical performance and HGNC nomenclature
should be followed for harmonisation of future multi-omics research in
endometriosis.
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2.1.2 Dolocanje molekularnega ozadja endometrijske receptivnosti pri adenomiozi

Prasnikar E., Kunej T., Repnik K., Poto¢nik U., Knez J., Kovaci¢ B. 2020. Determining the
molecular background of endometrial receptivity in adenomyosis. Biomolecules, 10, 9: 1311,
doi: 10.3390/biom10091311: 25 str.

Ozadje: Adenomioza je ginekoloska patologija z omejenimi dokazi o negativnem vplivu na
endometrijsko receptivnost za vgnezdenje zarodka. Pogosto se povezuje z endometriozo, za
katero je bilo dokazano, da vpliva na spremenjen vzorec izraZzanja genov v endometriju.
Posledi¢no bi lahko kandidatni geni, ki so bili prepoznani pri endometriozi, sluzili kot vir za
preucevanje delovanja endometrija pri adenomiozi. Metode: Iz pregleda literature smo
pridobili transkripte RNA / proteine, ki se povezujejo z endometrijsko receptivnostjo pri
zenskah z adenomiozo, Zenskah z endometriozo in zdravimi Zenskami. Poimenovanje lokusov
smo poenotili po nomenklaturi zbirke HGNC. Pridobljene sete genov smo z aplikacijo
STRING programa Cytoscape in z orodjem Reactome analizirali za obogatene bioloske poti,
da smo lahko izbrali kandidatne gene spremenjene endometrijske receptivnosti pri
adenomiozi. Izbranim genom smo z metodo qPCR preverili stopnjo izrazanja na vzorcih
endometrija zensk z (n = 9) in brez (n = 13) adenomioze. Rezultati: Z obogatitvenima
analizama zbranih 173, 42 in 151 genov, povezanih z endometriozo, adenomiozo oz. zdravo
maternico, smo identificirali prekrivajoci se poti signalizacija z interlevkini in signalizacija z
interlevkinom-4 in interlevkinom-13. Pripadajoce anotirane gene LIF, JUNB, IL6, FOS, IL10
in SOCS3 smo izbrali za kvantifikacijo. Izbrani geni so bili izraZeni v zmanjSani stopnji v
adenomiozni v primerjavi s kontrolno skupino, vendar je bila razlika statisticno neznacilna.
Zakljucki: Izvedli smo prvo integracijsko analizo, kjer smo na podlagi podatkov
endometrijske receptivnosti zdravih Zensk in Zensk z endometriozo predlagali kandidatne poti
in gene spremenjene endometrijske receptivnosti pri Zenskah z adenomiozo.

(OO
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Abstract: Background: Adenomyosis is a gynaecological condition with limited evidence of negative
impact to endometrial receptivity. It is commonly associated with endometriosis, which has been
shown to alter endometrial expression patterns. Therefore, the candidate genes identified in
endometriosis could serve as a source to study endometrial function in adenomyosis. Methods:
Transcripts/proteins associated with endometrial receptivity in women with adenomyosis or
endometriosis and healthy women were obtained from publications and their nomenclature
was adopted according to the HUGO Gene Nomenclature Committee (HGNC). Retrieved genes
were analysed for enriched pathways using Cytoscape/Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) and Reactome tools to prioritise candidates for endometrial receptivity.
These were used for validation on women with (n = 9) and without (n = 13) adenomyosis.
Results: Functional enrichment analysis of 173, 42 and 151 genes associated with endometriosis,
adenomyosis and healthy women, respectively, revealed signalling by interleukins and interleukin-4
and interleukin-13 signalling pathways, from which annotated LIF, JUNB, IL6, FOS, IL10 and SOCS3
were prioritised. Selected genes showed downregulated expression levels in adenomyosis compared
to the control group, but without statistical significance. Conclusion: This is the first integrative study
providing putative candidate genes and pathways characterising endometrial receptivity in women
with adenomyosis in comparison to healthy women and women with endometriosis.

Keywords: adenomyosis; candidate genes; endometrial receptivity; endometriosis; gene expression;
gene set enrichment analysis (GSEA); multi-omics; protein—protein interaction network (PPIN)

1. Introduction

Embryo implantation, characterised by synchronised interaction between vital embryo and
maternal receptive endometrium [1], is restricted to the short time window of implantation (WOI), which
appears in the mid-secretory (MS) phase of the menstrual cycle [2]. Endometrial-associated factor [3]
could have a role in repeated embryo implantation failure (RIF), which prolongs assisted reproductive
technique (ART) treatment, causing psychological trauma to infertile couples [4]. Therefore, omics
technologies have been applied to identify potential biomarkers of uterine receptivity, which could

Biomolecules 2020, 10, 1311; doi:10.3390/biom 10091311 www.mdpi.com/journal/biomolecules
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contribute to tailored infertility treatment [3]. Based on the knowledge from omics studies, the first
clinical test for endometrial receptivity, the so-called “Endometrial receptivity array” (ERA, Igenomix,
Spain), was developed. The ERA test is designed to evaluate a personalised WOI on a basis of
transcriptomic signature of endometrial biopsy. Since WOI could be displaced during the secretory (S)
phase in some infertile women, the ERA test tends to determine optimal timing of embryo transfer in
ART treatments [5].

Adenomyosis is a gynaecological pathology where tissue similar to endometrium (ectopic
endometrium) is located within the myometrium, the smooth musculature of the uterus [6]. Advances
in high-resolution transvaginal ultrasound (TVUS) and magnetic resonance imaging (MRI) contribute
to the common detection of adenomyosis in infertility diagnosis [7]. No exact criteria for sonographic
features of adenomyosis are established [6], so the prevalence in a population of infertile patients is not
exactly known. Puente et al. [8] diagnosed adenomyosis in 24.4% (n = 248/1015) and Hashim et al. [9]
in 7.5% (n = 24/320) of women seeking ART treatment. Salim et al. [10] associated adenomyosis with a
negative impact on endometrial receptivity when women underwent the first cycle of ART treatment.
Lower pregnancy (22.2% vs. 47.2%) and higher miscarriage (50.0% vs. 2.8%) rates were observed in
women with diagnosed adenomyosis compared to women exhibiting anovulatory menstrual cycles,
endometriosis, or unexplained, tubal or male factor subfertility [10]. Higher rates of RIF (34.7%
vs. 24.4%) between women with and without adenomyosis were also observed by Puente et al. [3].
In addition, a 28% decrease in the probability of clinical pregnancy in women with vs. without
adenomyosis was predicted with the use of meta-analysis [11]. On the other hand, the molecular
mechanism of hampered endometrial receptivity in adenomyosis is not well understood and mainly
based on candidate gene/protein designed studies [12,13].

Adenomyosis is classified as “Endometriosis of uterus” according to the International Statistical
Classification of Diseases and Related Health Problems 10th Revision (ICD-10) World Health Organisation
(WHO) version for 2019 (https:/icd.who.int/browse10/2019/en). Adenomyosis commonly coexists with
endometriosis [14], which is characterised by ectopic endometrium located outside of the uterine cavity. The
prevalence of endometriosis in infertile women with normospermic partners is estimated to be 47% (n =
104/221) [15], and it has been shown to alter the molecular patterns of endometrial receptivity. Numerous
differentially expressed transcripts and proteins were identified using genome-wide profiling of endometrial
samples during windows of receptivity in women with and without endometriosis [16-20]. Therefore, the
reported altered endometrial signatures from pathophysiologically similar endometriosis provide a source of
candidate genes to study receptivity in adenomyosis.

Biological network maps and functional enrichment analyses enable prioritisation of candidate
genes for validation experiments in target tissue [21,22]. The network-based approach provides
insight into the global molecular organisation of studied biological components (protein-coding or
functional RNAs, proteins and metabolites). Nodes of the network present biological components,
while edges present their physical relationships (protein—protein or RNA-DNA interactions, regulatory
relationships between genes and transcription factors, binding, activation, inhibition, etc.) [21]. In the
functional enrichment-based approach, a list of biological components is analysed by bioinformatics
tools that use biological knowledge base, statistical testing, mathematical analyses and computational
algorithms to recognise their relationship patterns [22]. In the present study, candidate genes for
endometrial expression validation in adenomyosis were prioritised on the basis of gene set enrichment
analysis (GSEA) using reported molecular signatures characterising endometrial receptivity.

Therefore, the aims of the present study were to (1) screen for reported transcripts/proteins
associated with endometrial receptivity in adenomyosis, endometriosis and healthy women; (2) edit
the nomenclature of extracted transcripts/proteins to develop gene lists specific for adenomyosis,
endometriosis and healthy groups; (3) obtain enriched pathways associated with retrieved genes using
bioinformatics network and functional enrichment-based approaches; (4) prioritise candidate genes for
validation experiment; and (5) analyse expression patterns of selected genes in endometrial biopsy
samples collected during expected windows of receptivity in women with and without adenomyosis.
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2. Materials and Methods

The workflow of the study is presented in Scheme 1.

A literature search in PubMed (2000 - 2020), keywords:
P ———— adenomyosis + eutopic endometrioum, gene
! expression, biomarkers, transcriptomic, proteomic,

epigenomic, window of implantation and recepti
[ Retrieved articles (n = 54) | i ¥ el
T
v
Inclusion criteria applied: --»  Reported experimental results
Candidate gene/protein or genome-wide studies Ak according to the phase of the
analysing eutopic endometrium during the windows of menstrtml cycle

receptivity in women with and without adenomyosis '

v
| MS-phase or sampling between
1. P-phase (n=9) b 4 days LH+6 and LH+9
2. S-phase (n=1) ( .................. ' '
3. S- and P-phases (n = 28) A"
4. Phase N/S, (n=9) I Included articles (n = 7), Table 1 I
T
W

Extracted transcripts/proteins with
reported altered expression levels in
adenomyosis cases

Women with unsuccessful fresh orfand frozen
embryo transfer

hd

miRNA ( mRNA l protein ]
Ultrasonographically Normal with male-factor| L) - -

confirmed adenomyosis| |subfertility or secondary

(n=9) sterility (n = 13) |miHBose U:g$| UniProt |
T T
1
v

Endometrial biopsy sampling during the window of
receptivity 44 genes adopted according to the
. HGNC nomenclature system

Statistically insignificant
downregulation of
selected genes in the
adenomyosis group

Scheme 1. Workflow and main results of the study. Main steps included literature mining, bioinformatics
prioritisation of candidate genes and validation expression analysis of endometrial biopsy samples
from women with and without adenomyosis. Legend: GSEA = gene set enrichment analysis, ERA =
endometrial receptivity array, HGNC = Hugo Gene Nomenclature Committee, STRING = Search Tool
for the Retrieval of Interacting Genes/Protein, P = the proliferative phase of the menstrual cycle, S = the
secretory phase, MS = the mid-secretory phase, N/S = not specified, LH = luteinising hormone. LH+6
and LH+9 refer to the WOI which is between six and nine days after LH surge.

2.1. Identification of Relevant Studies for Development of Gene List

The development of the gene list associated with altered endometrial molecular patterns
in adenomyosis was based on a literature search conducted in the PubMed literature database.
Combinations of the keywords “adenomyosis” and “eutopic endometrium”, “gene expression,”
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“proteomic, epigenomic, window of implantation,” “receptivity,” and
“biomarkers” were used. The search was conducted from 2000 until January 2020.
The gene list associated with endometrial receptivity in endometriosis was adopted from our

transcriptomic,

previous integrative study of published genome-wide studies [23]. Briefly, top reported transcripts
(protein-coding and functional RNAs) and proteins with altered expression patterns in the endometria
of women with endometriosis were synthesised in the gene catalogue. Retrieved genes were further
sorted according to the phases of the menstrual cycle. For the present analysis, genes from the MS-phase
were extracted [23].

Gene sets characterising endometrial receptivity in healthy women were provided from two
publications based on transcriptomics experiments: 238 genes from a genomic diagnostic ERA test [5]
and 57 genes from a meta-analysis of nine transcriptomics studies [24].

The nomenclature of extracted transcripts and proteins from the literature survey was adopted
according to the HUGO Gene Nomenclature Committee (HGNC) database (last updated 4 May
2020) [25] which is assigned to provide official symbols for human genes. Editing of the nomenclature
across studies enabled downstream bioinformatics analysis for prioritisation of candidate genes for the
validation experiment.

2.2. GSEA Using Retrieved Genes Associated with Adenomyosis, Endometriosis and Healthy Endometrium

The interaction of all retrieved genes was determined in the global network approach and was
further clustered to distinguish molecular patterns in women with uterine disorders (endometriosis and
adenomyosis) compared to healthy women. Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) is a database which enables assessment and integration of protein—protein interactions
of submitted biological components, such as genes [26]. The developed gene lists associated with
endometrial receptivity in adenomyosis, endometriosis and healthy groups were projected into the
protein—protein interaction network (PPIN) using the Cytoscape 3.8.0. software platform [27,28] and
STRING app. The ClusterMaker2 app was further applied for identification of clusters with tightly
connected proteins within the obtained network. The Markov cluster (MCL) algorithm was set to 2.5
for inflation value and the overall STRING confidence score was used as the array source. Obtained
clusters with more than 10 nodes were analysed using STRING functional enrichment analysis (or
GSEA). Obtained pathways with a false discovery rate (FDR) of <0.05 were considered for statistical
significance. Annotated nodes to the top eight overrepresented terms of Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Reactome pathways were visualised using a split
donut chart after redundant terms were removed using STRING app filtering.

2.3. GSEA Using Retrieved Genes Associated with Adenomyosis and Endometriosis Endometrium

Molecular knowledge from well-studied endometriosis was used as a model to identify putative
pathways characterising endometrial receptivity in poorly studied adenomyosis. The GSEA in the
Reactome bioinformatics tool version 72, released on 16 March 2020 [29] was applied for overlapping
enriched pathways between retrieved genes associated with adenomyosis and endometriosis. Reactome
is a database that provides a pathway over-representation (enrichment) analysis of submitted genes. The
tool also provides a graphical map where known biological processes and pathways in human biology
are visualised in hierarchical order [29]. Obtained enriched pathways with statistical significance (p <
0.05) were considered for overlap between the two gene lists.

2.4. Participating Women

The experimental protocol was approved by the National Ethics Committee of the Republic of
Slovenia (0120-259/2018/16) and the study was conducted in accordance with the Helsinki Declaration of
175, as revised in 2013. Written informed consent was obtained from every participant prior to inclusion
in the study. Participating women with unsuccessful fresh or/and frozen embryo transfer during
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ART treatment were recruited from the Department of Reproductive Medicine and Gynaecological
Endocrinology, University Medical Centre Maribor, Maribor, Slovenia.

Women with sonographic markers of adenomyosis according to a TVUS diagnostic infertility
workup were recruited for the adenomyosis group. Women with normal TVUS findings and no
history of adenomyosis, myoma, endometriosis or polycystic ovary syndrome (PCOS) who underwent
ART due to male factor of subfertility or expose secondary sterility were recruited for the control
group. An additional TVUS examination using Voluson E8 (GE Healthcare Austria GmbH & Co
OG, Zipf, Austria) of the uterus and pelvis in all participating women was performed on the day of
eutopic endometrium biopsy sample collection. Sonographic criteria for adenomyosis diagnosis were
asymmetrical myometrial thickening not caused by the presence of fibroids, linear striations, parallel
shadowing, myometrial cysts, hyperechoic islands and/or the presence of adenomyoma [30].

2.5. Clinical Data

Clinical data of age, body mass index (BMI), sterility (primary = never pregnant, secondary
= achieved pregnancy), number of ART treatments before enrolling in the study and male factor
subfertility based on evaluated spermatozoa concentration and morphology according to the WHO
Laboratory Manual for the Examination and Processing of Human Semen, fifth edition [31] were
obtained from the electronic medical records stored in our Meditex IVF database (Critex GmbH,
Regensburg, Germany). Endometrial thickness was determined by TVUS examination prior to
endometrial biopsy.

2.6. Endometrial Biopsy Sample Collection

Endometrial biopsy samples were obtained from the uterine cavity during the natural menstrual
cycle using a Probet endometrial suction curette (Gynetics Medical Products N.V., Lommmel, Belgium).
The luteinising hormone (LH) peak was determined by urinary LH ovulation rapid test cassettes
(Hangzhou AllTest Biotech Co., Ltd, Hangzhou, PR. China). Sampling was performed between
days LH+6 and LH+9 (LH = 0 is the day of LH surge) corresponding to expected WOI. Two
anovulatory women, one in the adenomyosis and second in the control group, received human
chorionic gonadotropin (hCG) (Ovitrelle, Merck Europe B.V., Amsterdam, The Netherlands) to trigger
ovulation. Sampling was calculated according to the day of hCG administration (hCG = 0) on day
hCG+6 or hCG+7. The endometrial biopsy was immediately placed in RNAlater solution (catalog
number AM7021, Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) and stored overnight at +4
°C, then transferred to —80 °C until total RNA isolation.

2.7. Total RNA Isolation

Whole endometrial tissue sample was used for total RNA isolation using the miRNeasy Mini Kit
(catalog number 217004, Qiagen GmbH, Hilden, Germany) according to the protocol recommended
by the manufacturer. The kit also enables isolation of miRNA fraction, but that was not used in
this study. Concentration and purity for each RNA sample were determined spectrophotometrically
using Synergy2 (BioTek Instruments, Winooski, VT, USA). The RNA integrity number (RIN) for each
sample was assessed by RNA Nano 6000 Assay Kit (catalog number 5067-1511, Agilent Technologies,
Waldbronn, Germany) on the 2100 Bioanalyzer System (Agilent Technologies, Waldbronn, Germany).

2.8. Gene Expression Analysis by Quantitative PCR (qPCR)

Total RNA was first reverse-transcribed to 1 ug cDNA using a SuperScript IV Vilo Master Mix
(catalog number 11756050, Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) according to the
manufacturer’s instructions. Selected mRNAs, with corresponding hydrolysis probe IDs (catalog
number 4331182, Life Technologies Corporation, Pleasanton, CA, USA) were: FOS (Hs99999140_m1),
LIF (Hs01055668_m1), JUNB (Hs00357891_s1), SOCS3 (Hs01000485_g1), IL6 (Hs00174131_m1) and IL10
(Hs00961622_m1). Glycealdehyde-3-phosphate dehydrogenase (GAPDH; Hs02786624_g1) and 185
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ribosomal RNA (185 rRNA; Hs99999901_s1) were used as reference genes. The final qPCR reaction
mixture with 10 uL volume was as follows: 5 uL of 2x diluted TagMan Gene Expression Master Mix
(catalog number 4369016, Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania), 0.5 uL of 20x
diluted selected hydrolysis probe assay, 2.5 uL of nuclease-free water and 2 ul of 10x diluted cDNA
template. In each run, RNase-free water without cDNA (no-template controls) and mRNA added in
reverse transcription reaction mix without reverse transcriptase (no reverse transcription controls) were
included as negative controls. Quantification was performed by a LightCycler480 instrument (Roche,
Basel, Switzerland). The qPCR protocol was as follows: uracil-N-glycosylase (UNG) incubation at 50
°C for 2 min and polymerase activation at 95 °C for 10 min, followed by 45 cycles of denaturation at 95
°C for 15 s then annealing and extension at 60 °C for 1 min. Each sample was analysed in duplicate
and average quantification cycle (Cq) values were used for calculations.

Final results were presented as fold differences in gene expression relative to the normalised
calibrator, calculated by the 27887 method [32]. For each studied sample, the geometrical mean
of GAPDH and 185 rRNA (Cqsgmple,r) Was used for normalisation and ACq values were further
calculated as follows: ACqsampte = Clsamplesgene of interest = Csample,r- The value of calibrator (ACqcaibrator)
for each gene of interest was determined as the average of retrieved ACqg; ) values from all samples
investigated with qPCR, including case and control study groups, and was used in the following
formula: AACqsample = ACqsample — ACqcatibrator-

2.9. Statistical Analysis

Age, body mass index (BMI), endometrial thickness, number of previous ART treatments and
fold change of gene expression levels are presented as medians with 95% confidence interval (CI).
Non-parametric Mann-Whitney testing using SPSS 25.0 software (IBM Corporation, Armonk, NY,
USA) was applied to compare study groups for statistically significant differences. The significance
level was equal to <0.05.

3. Results

The workflow of the literature mining and the main results are presented in Scheme 1.
Bioinformatics prioritisation and validation of candidate genes is visualised in graphical abstract in
Figure 1. The literature search and HGNC nomenclature provided genes associated with endometrial
receptivity in adenomyosis, endometriosis and healthy women. These were further used for functional
enrichment analysis to prioritise candidate genes for the validation experiment. Selected genes were
analysed for expression levels in endometrial biopsy samples collected during the expected window of
receptivity in women with and without adenomyosis who underwent ART treatment.

3.1. Developed Gene Lists

The literature search associated with adenomyosis provided 54 studies, further divided according
to the phase of the menstrual cycle (Scheme 1). Articles with candidate protein/gene and genome-wide
study designs that analysed eutopic endometrium in women with and without adenomyosis during
expected endometrial receptivity (LH timed to the WOI or MS-phase of the menstrual cycle) were
further considered. Among 54 retrieved studies, 47 were excluded from the present analysis because
they were performed in S or proliferative (P) phase, or the phase of the menstrual cycle was not specified.
Among the 54 studies, six candidate gene/protein [12,13,33-36] and 1 genome-wide study [37] were
included in gene list development. Extracted transcripts (nRNAs and ncRNAs) and proteins reported
to be differentially expressed in adenomyosis cases are listed in Table 1, and their corresponding
official humane gene symbols were provided according to the HGNC database. Of the total 44
retrieved genes, two (LIF and HOXA10) were repeated among studies. The final gene list included 42
unique genes associated with endometrial receptivity in adenomyosis. In addition, Table 1 provides
information regarding composition and sample size of adenomyosis and control groups and indication
of endometrial samples collection.
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ENDOMETRIQSIS A literature search and the ADENOMYOSIS
adoption of HGNC
nomenclature system

Endometriotic lesion

(ectopic endometrium) (ectopic endometrium)

Window of implantation

Ovulation

menstrual

prolitarative phise early-secretory /mid-secretory late-secretory
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PPIN of candidate genes
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Validation experiment 5

| iune
| wros
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qPCR

The fold change of selected genes

Figure 1. Graphical abstract of the study. Literature screening and HGNC nomenclature provided
genes associated with endometrial receptivity that were further analysed for enriched pathways. Six
candidate genes for experimental validation in adenomyosis were prioritised. Two selected genes
originated from the adenomyosis group of 42 genes, and four from the endometriosis group of 173
genes. Protein—protein interaction network (PPIN) of selected genes is visualised using STRING
database. Candidate genes were further validated in endometrial biopsy samples collected during
window of receptivity in women with and without adenomyosis. Legend: GSEA = gene set enrichment
analysis, STRING = Search Tool for the Retrieval of Interacting Genes/Protein. PPIN = Protein—protein
interaction network, HGNC = Hugo Gene Nomenclature Committee.
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Table 1. Retrieved studies reporting altered expression levels of transcripts/proteins in endometrial samples during frame of receptivity in women with adenomyosis.
Nomenclature (gene symbol and approved gene name) of extracted data was edited according to the HUGO Gene Nomenclature Committee (HGNC) database.
Letters A and C refer to adenomyosis and control women/group, respectively. Symbols T and | refer to reported up- and down-regulated, respectively, expression
level of genes and proteins when compared adenomyosis with the control group in the source reference.

Biotype of Biological Dﬂl}:ﬁﬁegeuﬁiggl'::‘ i
Study Design Assessed Entities gul Indication and Procedure Inclusion Criteria and Inclusion Criteria and
: " A " . The HGNC Approved Gene Adenomyosis (A) % e AT Source
of Retrieved Biological Entity Assessed in G for Endometrial Tissue & ition of A, D Comp of C. 1 of
z : ene Symbol Name Compared to Control (C) % - g N Reference
Studies in Source Source G T Samples Collection (n) of Participants Participants.
i = e - roup, (Statistical
Significance)
miRNA miR-21 MIR21 microRNA 21 ~50% | (p < 0.001) Endometrial biopsy between  Confirmed 2 of 5 =1 normal pregnancy
protein KLF12 KLF12 Kruppel like factor 12 ~2-fold T (p < 0.001) days 19 and 23 of the sonographic features of A. and/or delivery. [36]
Nuclear receptor menstrual cycle Aged 31.4 = 0.7 years. Aged 30.4 £ 0.6 years.
protein NR4A1 NR4A1 subfamily 4 group A ~50% | (p < 0.001) n=12 n=12
member 1
Candidat? protein IL-10 IL10 Intetleukin 10 40% | (p <0.001) - il bt i LELE? >2 of 5 sonographic features  Tubal factor infertility.
pens/protein ndomcts:a biopsy I LERS  f A, clindcdl symptoms Aged 40 years or [35]
using an endometrial curette .
(secondary and progressive younger.
dysmenorrhea, menorrhagia n=23
and menostaxis), and clinical
signs (homogenous
enlargement of local uplift of
protein HOXA10 HOXA10 Homeobox A10 ~50% | (p < 0.001) the uterus, firmness and
Pileiin Signal transducer and tenderness).
R AT p(Y705)-STAT3 STAT3 activator of =50% | (p < 0.001) Aged 40 years or younger.
presE oY transcription 3 n=23
.3 01). i :
2 fo.]d lmRN"’.‘ i c000) Laparoscopically assisted
Protein | according to 8
3 vaginal hysterectomy
LIF receptor subunit Hs 2 (LAVH) or myomectom " "
mRNA, protein LIFR LIFR z }; 5 - glandular cells 436 in A 3 ic Y 1es) b Y Diagnosed A preoperatively - Intramural or 13
2P vs. 923 in C (p < 0.001). :fjpal't ‘;’9 “:';';’ EI’S)h eEWEEn  \ith clinical symptomsand  subserosal leiomyoma, Z
L el ol 278 0y A Sove Liand caobthe ultrasonogram. A confirmed n=16.
57.7 in C (p < 0.001). menstrual cycle. postoperatively by - Submucosal
0.15-fold | mRNA (p < 0.01). pathologist. leiomyoma, 1 = 3.
protein | according to the Aged 39.8 + 0.8 years. Aged 41.2 + 0.5 years.
3 3 H-score: - Diffuse A,n=5.
mRNA, protein LIF LIE LiFinterleukin6 = o101 dular cells 615 in A - Focal A,n=4.

family cytokine

vs. 231.8in C (p < 0.001).
- stromal cells: 40.7 in A vs.
1354 in C (p < 0.001).
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Table 1. Cont.
oy T,
Study Design Assessed Entities 5 Indication and Procedure Inclusion Criteria and Inclusion Criteria and
3 3 2 . 2 The HGNC Approved Gene Adenomyosis (A) L 3 Gt i Source
of Retrieved Biological Entity Assessed in for Endometrial Tissue Composition of A. Number Composition of C. n of
. i Gene Symbol Name Compared to Control (C) i o i Reference
Studies in Source Source H Samples Collection (n) of Participants Participants.
Group, (Statistical
Reference Reference Pl
Significance)
A group: hysterectomy for
dysmenorrhea, hysteroscopy
and diagnostic curettage for
history of infertility.
C group: testing for tubal
mRNA |: Median value 6.2  patency or hysterectomy for
o s inAvs. 215inC (p <001).  pathological changes of the
mRNA, protein Integrin 33 ITGB3 Tegr m;bumr beta protein | according to the cervix. Enlarged uterus revealed by  Born at least 1 child 134]
E H-score: 20in A vs. 27inC  Ultrasound monitoring of MRI and/or high level of and used some form of -
(p < 0.05). menstrual cycle for serum CA125, contraception with:
endometrial sampling Aged 40.1 £ 2.7 years. - tubal factor of
between days 7 and 9 - Dysmenorrhea, n = 11. infertility or
following ovulation. - History of infertility, n = - pathological changes
Histologically confirmed 17. of the cervix.
mid-late secretory phase. Aged 40.9 + 2.1 years.
mRNA |: Median value 12.2 n=27
) Secrated in A v_s, 24.2in C_{p < 0.01).
mRNA, protein OPN SPP1 hsehemrateiil protein | according to the
el s H-score: 2.1in A vs. 27in C
(p < 0.05).
Laparoscopy for tubal Preoperative A diagnosis on
ligation, testing for tubal clinical presentation,
patency, or women without  enlarged uterus determined  Fertile with:
. i endometriosis who had by TVUS and/or high values - tubal ligation
BT protiia LIF LIE LIF interleukin 6 Hﬁnh'?%gﬁnfézg;‘ﬁec hysterectomy for of CA125. A confirmed by - pathologic changes [12]
P family cytokine g (p ; 0.05), i pathological changes of the  two histopathologists. of the cervix
S cervix. Aged 40.3 £ 2.7 years. Aged 40.9 £ 2.6 years.
Endometrial sampling by Total n = 28 with: n=27
curettage and dating - infertility. n = 21 orfand
determined by histology. dysmenorrhea. n = 11.
A group: hysterectomy for
h)’permerlurrlhea or adnexal eitile Witk
mass. A confirmed by Ivi
histopathology. P b
1 according to the H-score: c Tiystasscistn i Aged between 25 to 52 years  prolapse or,
protein HOXA10 HOXA10 Homeobox A10 14inAvs. 21inC(p < i{‘i’c“g- a}: e“;i ’:’;r‘” old. - benign adnexal mass. [33]
0.001). B SRR LLE n=19 Aged between 25 to 52
benign adnexal mass.
Hi . years old.
istologically confirmed
y Totaln =12

MS-phase of the menstrual
cycle
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Table 1. Cont.
Biotype of Biological Repocted UP_[T! £
& i P Down-(}) Regulation in T i ik e
Study Design A Entit i Indication and Procedure Inclusion Criteria and Inclusion Criteria and
: " 5 - 4 The HGNC Approved Gene Adenomyosis (A) i i R Source
of Retrieved Biological Entity Assessed in for Endometrial Tissue Composition of A. Number Composition of C. n of
2 2 Gene Symbol Name Compared to Control (C) 2 2453 i Reference
Studies in Source Source i Samples Collection (n) of Participants Participants.
Group, (Statistical
Reference Reference Rk
Significance)
Systematic TVUS to detect
ovulation. When a follicle of
i 5 17-18 mm was detected, LH
mRNA TMPRSSIIB  TMPRSS11g  lansmembranc Hashldchange (0N e by
serine protease 118 (pfp* = 0.0421) 5 :
urinary test. Endometrial
biopsies sampling in LH+7
using Pipelle catheter,
Chromodomain 31.8 FC 1 (0.00000)
mRNA CHD5 CHDS5 helicase DNA Confirmed by gPCR
binding protein 5 validation
mRNA SST $sT Somatostatin WerCT 50.0350)_ Confirmed
by qPCR validation
SPC25 component of
mRNA SPBC25 SPC25 NDC80 kinetochore 9.8 FC 1 (0.0367)
complex
Ekiﬁ_itm:lg:dripalr A diagnosed by MRI and Your{g wotieh .w1lh
mRNA FLJ20105 ERCCEL e 9.1 FC 1 (0.0496) TVUS reguiar menses, no
assembly checkpoint N L uterine or endocrine
helicase ) TEVT PIFERANG 5 anomalies, proven
5 ; 2 S - Two term pregnancies, n = g
S mRNA AKRIB10 AKR1B10 Ald_u keto reductase 8.7 FC T (0.0317) _(_un_ﬁrmed fertility (previous [37)
family 1 member B10 by qPCR validation - Asingle pregnancy, =1 spontanecus pregnancy
mRNA CDKN3 CDKN3 Cyclin dependent 80 FC 1 (0.0406) - Two early miscarriages,n 2t term). Normal
kinase inhibitor 3 g - results in a uterine
ATPase Na+/K+ . X o S - ultrasonography.
mRNA ATP1A2 ATP1A2 transporting subunit 92 ¢ T {0.04069 Confirmed Amismagt = n=6
alpha 2 by qPCR validation
mRNA MB MB Myoglobin 58 FC 1(0.0262)
Potassium
mRNA KCNA4 KCNA4 Voltage-gated chanriel 55 FC 1 (0.0255)
subfamily A member
4
mRNA MMP20 MMP20 Matrix 5.1 FC 1 (0.0468)
metallopeptidase 20 o i
mRNA FNDC1 FNDCI Fibronectin type Il 5.0FC 1 (0.0464)
domain containing 1
mRNA TUBAL3 TUBAL3 Tubulin alpha like 3 4.9 FC 1 (0.0425)
mRNA SPINK2 SPINK2 Serine peptidase 48 FC 1 (0.0406)

inhibitor Kazal type 2
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Table 1. Cont.
Biotype of Biological Dul:::-‘:itlel‘: UE'I:E:‘: i
Study Design Assessed Entities o Indication and Procedure Inclusion Criteria and Inclusion Criteria and
§ 3 4 ¥ " i The HGNC Approved Gene Adenomyosis (A) g tat N sas Source
of Retrieved Biological Entity Assessed in for Endometrial Tissue C ition of A. P Composition of C. n of
3 7 Gene Symbol Name Compared to Control (C) 2 i = Reference
Studies in Source Source i Samples Collection (n) of Participants Participants.
Group, (Statistical
Reference Reference s
Significance)
Collagen type XI
mRNA COL11A1 COL11A1 alpha 1 chain 4.6 FC T (0.0493)
mRNA LOC220115 / 4.1 FC T (0.0278)
mRNA LIFH LIPH Lipase H 39 FC T (0.0358)
c ZNF295 antisense
IncRNA C21orf121 ZNF295-A51 RNA 1 3.5FC 1(0.0343)
- Pregnancy specific =
mRENA PSGe PsGe beta-1-glycoprotein & 3.3 FC T(0.0280)
Chromosome 3 open
mRNA C3orf33 C3orf33 s st 3.2 FC T (0.0475)
mRNA MDACI TMEM190 Transmembrane 2.4 FC T (0.0275)
protein 190
Collagen type VII
mRNA COL8A1 COLBA1 Wit 1 i 2.2 FC 1 (0.0488)
mRNA LTF LTF Lactotransferrin 1.9 FC T (0.0340)
mRNA SULTIEL SULTIE1 o L8FC T (0.0410)
family 1E member 1
mRNA TBX15 TBX15 T-box transcription 1.7 FC 1 (0.0340)
factor 15
ATPase H+/K+
mRNA ATP12A ATP12A e et —5.1 FC | {0.0340)
non-gastric alpha2
subunit
mRNA LOC401233 i —3.8 FC | (0.0000)
mRNA CLDN4 CLDN4 Claudin 4 =3.7 FC | (0.0488)
Chromosome 15 open "
mRNA LOCE43338 Cl5orf62 reading frame 62 =3.2 FC | (0.0450)
Secretoglobin family py
mRNA SCGB2A2 SCGB2A2 2k menbesd 3.1 FC | (0.0233)
mRNA TCN1 TCN1 Transcobalamin 1 =2.6 FC | (0.0220)
- G protein-coupled s
mRNA GPR78 GPR78 receptor 78 1.7 | (0.0175)
Calcium
mRNA CACNAIE CACNAIE voltage-gated channel =1.6 FC | (0.0471)
subunit alphal E
Cytochrome P450
mRNA CYP3A7 CYP3A7 family 3 subfamily A -1.2 FC | (0.0433)
member 7

Legend: LH+7 = the seven day after luteinising hormone (LH) surge. TVUS = transvaginal ultrasound. MRI = magnetic resonance imaging. CA125 = cancer antigen 125 biomarker. MS =
the mid-secretory phase of the menstrual cycle. FC = a fold change. H-score = a method of assessing staining intensity in immunohistochemistry. miRNA = micro RNA. mRNA =
messenger RNA. IncRNA = long-noncoding RNA. * pfp = statistical values presented as percentage of false positives..
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The gene list associated with endometrial receptivity in endometriosis included 173 unique
genes obtained from our previous multi-omics analysis [23]. Retrieved genes originated from six
genome-wide studies, including 1 at the proteomics level [38], three at the transcriptomics level [16-18],
one at the transcriptomics and ncRNomics level [19] and one at the epigenomics level, providing
differentially expressed genes associated with altered methylation level [20].

The list associated with endometrial receptivity in healthy women included 151 unique genes.
From the meta-analysis [24], 39 genes were extracted because they were experimentally validated
and confirmed to exhibit altered expression patterns in endometrial samples LH+8 compared to
LH+2. From the ERA test [5], 143 genes were extracted because they were validated by RT-PCR,
included in a test as gold standard biomarkers of receptivity, or belonged to the endometrial receptivity
transcriptomic signature. Of the total 182 genes, 31 overlapped between studies.

The retrieved 42 genes associated with endometrial receptivity in women with adenomyosis (A
= 42), 173 in women with endometriosis (E = 173) and 151 in healthy women (H = 151) are listed in
Table 2.

Figure 2 visualises these genes in adenomyosis, endometriosis and healthy groups connected with
edges presenting the study design/omics level that was applied in the source publications that reported
altered endometrial expression levels of associated genes. SPP1, LIF, TCN1 and CLDN4 were common
to adenomyosis and healthy groups of genes, while ANXA2, EDNRS, MMP26, DEPP1, ABCC3, CDA
and SLC1A1 were common to endometriosis and healthy groups. NR4A1 repeated in adenomyosis
and endometriosis, while SCGB2A2 was on all three genes lists.

Table 2. Gene lists associated with endometrial receptivity in women with adenomyosis or
endometriosis and healthy women. Altered endometrial expression levels of genes and proteins
in women with adenomyosis and endometriosis during the window of receptivity and biomarkers of
uterine receptivity were retrieved from the literature survey. The gene nomenclature of extracted data
was edited according to the HUGO Gene Nomenclature Committee (HGNC) database.

Group of Women Gene List

AKR1B10, ATP12A, ATP1A2, C150rf62, C30rf33, CACNAIE, CDKN3,
CHD5, CLDN4, COL11A1, COL8A1, CYP3A7, ERCC6L, FNDC1, GPR78,
HOXA10, IL10, ITGB3, KCNA4, KLF12, LIF, LIFR, LIPH, LTF, MB, MIR21,
MMP20, NR4A1, PSG6, SCGB2A2, SPC25, SPINK2, SPP1, §ST, STAT3,
SULT1E1, TBX15, TCN1, TMEM190, TMPRSS11B, TUBALS3,
ZNF295-AS1.

ABCB11, ABCC3, ACKR1, ACO2, ADGRF1, AFF4, AGT, AIMP1, ALPI,
AMY1A, AMY2A, AMY2B, ANXA2, ANXA5, AOC1, ATF3, BST2, C1QA,
CIQTNF6, CA1, CA12, CASP5, CCBE1, CCL3, CCL3L1, CCL3L3, CCLS,
CCN1, CCTS, CDA, CDK5R1, CELF1, COL12A1, CORO1B, CRABPI,
CRISP3, CST7, CTSW, CWH43, CXCL2, CYP3A5, DDIT4L, DDX17,
DEPP1, DLG5, DNAJC3, DST, EDNRB, EGR1, EGR2, EGR3, EIF1, EIF4A1,
EIF4A2, ENPP3, FMN2, FOS, FOSB, GALP, GSN, GUCY1B1, GZMA,
HACD1, HOXA9, HPCAL4, HSPI0B1, FNA21, IL6, IMMT, JUNB, KCNK2,
KRIT1, KRT18, KRT5, KRTAP19-2, LAMA3, LCK, LONRF2, LPP. LRRD1,
LTB4R2, LUZP1, MALL, MAP4, MAPKS, MET, MIR135A1, MIR138-1,

Endometriosis MIR138-2, MIR1915, MIR194-2, MIR196A1, MIR196A2, MIR219B, MIR22,
MIR26B, MIR3196, MIR339, MIR365B, MIR3686, MIR374B, MIR4251,
MIR4252, MIR4254, MIR4425, MIR4723, MIR505, MIR542, MIR548AA2,
MIR548AP, MIR548T, MIR5585, MIR921, MMP26, MUC7, MYL12A,
NCR1, NEAT1, NFAT5, NR4A1, NR4A3, PAXS, PCSK5, PCYOX1, PDHB,
PER1, PITX1, PLEK, PLEKHA2, POMZP3, PRDX6, PRIM2, PRRC2C,
PTAFR, RAB9BP1, RBBP4, RGS1, RIF1, RIN1, RNF150, RNH1, RSRP1,
S100A3, S100A8, SAP30L, SCG2, SCGB2A2, SEMA3C, SERPINBS, SHE,
SLA, SLC15A4, SLC1A1, SLC44A2, SMG1, SOCS3, SON, SP3P, TAF6L,
TGEB3, THRAP3, TRIM15, TRPM6, TUBAIC, VDACIP1, VEGEA, VHL,
VIM, YBX1, YBX1P2, YWHAE, ZFP36, ZIC2.

Adenomyosis
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Table 2. Cont.

Group of Women Gene List

ABCC3, ACADSB, ADAMTS1, ALPL, AMIGO2, ANG, ANO1, ANXA2,
ANXA4, AOX1, APOD, ARG2, ARID5B, ASPM, ATP1B1, ATP6VOE2,
ATP6V1A, BARD1, BCL6, BUB1B, C1R, C4BPA, CAPN6, CATSPERB,
CCNB2, CDA, CDC20, CDK1, CENPE, CEP55, CFD, CLDN4, CLU,
COL16A1, COMP, CP, CRABP2, CSRP2, CTNNA2, CXCL13, CXCL14,
DDX52, DEFB1, DEPP1, DEPTOR, DKK1, DLGAP5, DPP4, DYNLT3,
ECI2, ECM1, EDN3, EDNRB, EFNA1, ENPEP, EPHB3, FANCI, FOSL2,
FXYD2, G0S2, GABARAPL1, GADD45A, GALNT12, GALNT4, GASI,
GAST, GBP2, GDF15, GPX3, GREM2, HABP2, HEY2, HLA-DOB, HPSE,

Healthy D4, IDO1, IL15, IMPA2, KCNG1, KIF11, KIF20A, KIF4A, KMO, KRT7,
LAMBS, LIF, LMCD1, LMOD1, LRRC17, LYPD3, MAOA, MAP2K6,
MFAP2, MEAP5, MMP26, MPPED2, MSX1, MT1G, MT1H, MT2A,
MTCL1, NDC80, NDRG1, NDRG2, NNMT, NRG2, OLFM1, OLFM4,
PAEP, PAQR4, PBK, PENK, PLA1A, PLAAT3, PLAAT4, PMEPA1, POLD4,
POSTN, PRC1, PRKCQ, PRR15L, PRUNE2, PTPRR, RASSF2, RETREGI,
RNASE4, RPRM, S100A1, S100A4, S100P, SCGB2A2, SERPINAS,
SERPING1, SFRP4, SLC1A1, SNX10, S5OD2, SORD, SOX17, SPDEE, 5PP1,
SYNE2, TACC3, TAGLN, TBC1D2, TCN1, THBD, TMSB15A, TOP2A,
TRH, TSPANS.

Figure 2. Retrieved genes associated with endometrial receptivity in women with adenomyosis (A =
42) or endometriosis (E = 173) and healthy women (H = 151) and overlap across groups. Colour of
edges between genes represents the type of study design/omics level from which genes with reported
molecular dysregulation were retrieved through literature mining: green, candidate protein/gene study
design; black, transcriptomics study design; yellow, proteomics study design; red, epigenomics study
design; and violet, ncRNomics study design.
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3.2. Enriched Pathways after PPIN Clustering

Projection of all retrieved genes resulted in a PPIN with 315 nodes and 1130 edges. Network
clustering (workflow presented in Supplementary Figure 51) resulted in three clusters containing
more than 10 nodes, named cluster 1, cluster 2 and cluster 3. Figure 3 presents pathways associated
with nodes in clusters 1, 2 and 3 after removal of redundant enriched terms. Cluster 1 included 210
edges and 46 nodes that were mapped to all three gene lists: adenomyosis (A = 4), endometriosis
(E = 28) and healthy (H = 14). Functional enrichment analysis of cluster 1 provided 102 enriched
terms of GO processes, KEGG and Reactome pathways, including response to organic substance,
regulation of signalling receptor activity, inflammatory response, signalling by interleukins and cell
chemotaxis. Cluster 2 included 26 nodes which were mainly mapped to the healthy gene list (H = 19)
and was connected with 225 edges. Three and four nodes were mapped to adenomyosis (A = 3) and
endometriosis (E = 4) gene lists, respectively. Enrichment functional analysis of cluster 2 provided 54
enriched terms of GO processes and Reactome pathways. Most enriched terms were associated with
cell cycle and mitosis, including mitotic cell cycle, nuclear division, MHC class II antigen presentation
and regulation of mitotic cell cycle. Cluster 3 was constructed from 11 nodes, mapped to endometriosis
(E = 7) and healthy (H = 4) gene lists, and connected with 12 edges. Four enriched KEGG pathways
were associated with cluster 3, including Rap1 signalling pathway and MicroRNAs in cancer. Complete
GSEA results of all three clusters are presented in Supplementary Table S1.

3.3. Qverlapping Enriched Pathways between Adenomyosis and Endometriosis Gene Lists

GSEA was applied to identify overlapping pathways between genes associated with endometrial
receptivity in adenomyosis and endometriosis. Altogether, 56 enriched pathways associated with
endometriosis and 45 with adenomyosis were provided, which are listed in Supplementary Table S2.
Table 3 lists five overlapping pathways: gene and protein expression by JAK-STAT signalling after
interleukin-12 stimulation, interleukin-10 signalling, interleukin-4 and interleukin-13 signalling, neutrophil
degranulation and PTK6 activation of STAT3, together with annotated genes, p-value and FDR.

3.4. Prioritisation of Candidate Genes for Validation Experiment

Candidate genes were prioritised from the obtained enriched pathways with a similar biological
role. Signalling by interleukins (R-HSA-449147) associated with cluster 1 (annotated as LIF, LIFR,
STAT3, IL15, JUNB, FOS, SOCS3, ANXA2, BCL6, IL6, IL10, CXCL2, CCL3 and CCL3L3) and interleukin-4
and interleukin-13 signalling (R-HSA-6785807) enriched by both adenomyosis and endometriosis
gene lists (annotated as IL10, STAT3, LIF, SOCS3, IL6, VIM, FOS, JUNB, VEGFA and HSP90B1) were
highlighted as source pathways for candidate genes selection. According to the Reactome pathway
database, selected pathways are hierarchically sorted within immune response. Six annotated genes
were selected for validation analysis: LIF interleukin 6 family cytokine (LIF) and interleukin 10 (IL10),
originating from the adenomyosis gene list, and JunB proto-oncogene, AP-1 transcription factor subunit
(JUNB), interleukin 6 (IL6), Fos proto-oncogene, AP-1 transcription factor subunit (FOS) and suppressor
of cytokine signalling 3 (SOCS3) from the endometriosis gene list (Figure 1).
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Figure 3. Clusters with more than 10 nodes obtained from PPIN associated with endometrial receptivity
in women with adenomyosis or endometriosis and healthy women. GSEA was applied for enriched
pathways and annotated nodes were coloured in split donut charts. Signalling by interleukins pathway
(marked in bold) from cluster 1 served as a source for prioritisation of genes for validation experiment.
Complete PPIN is provided in Supplementary Figure S1. STRING database projected retrieved gene
symbols ADGRFI, HACD1, GUCY1B1, CCN1, TMSB15A and RETREGI in the PPIN as GPR110, PTPLA,
GUCY1B3, CCNA2, TMSNB and FAM134B, respectively.

3.5. Patients

A total of 22 women between 29 and 42 years old involved in ART treatment were classified to the
study groups: ultrasonographically confirmed adenomyosis group (1 = 9) and control group with male
factor subfertility or secondary sterility (17 = 13). The most frequently observed sonographic finding
in adenomyosis cases was asymmetrical myometrial thickening (88.9% of cases). One adenomyosis
patient was diagnosed with coexisting myoma. Two women in the control group were diagnosed
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with small myoma (7 mm) or bilateral hydrosalpinx. No differences between the composition of study
groups were observed, except that endometrial thickness was statistically significantly lower in the
adenomyosis group that the control group (7.3 vs. 9.2 mm (p = 0.030)). Demographic and clinical
characteristics of the study groups are presented in Table 4.

3.6. Expression Patterns of Candidate Genes

Isolated total RNA from endometrial biopsy samples collected during the window of receptivity
were used to verify whether selected candidate genes LIF, SOCS3, FOS, JUNB, IL6 and IL10 were
differentially expressed between adenomyosis and control groups. The Azgn/Azg ratios and RIN values
of all RNA samples were above 2.0 and >8, therefore the samples were suitable for further expression
analysis with gPCR. No statistically significant differences in gene expression levels between study
groups were observed. However, median values (Table 5) indicate downregulation of selected genes
in the adenomyosis group. Expression patterns of selected genes relative to normalised calibrator in
adenomyosis and control groups are presented in Figure 4. Gene expression levels between study
groups remained statistically insignificant when women with coexisting uterine pathologies from case
and control groups were excluded from the calculation (data not shown).

,IL6 JLIF
6
o 5
4
2
3
i 2
—
0 o
Adenomyosis Control Adenomyosis Control
] IL10 % SOCS3
3 3
2 2
1 1
0 o
Adenomyosis Control Adenomyosis Control
4 JUNB , FOS
2
1
1 .
0 0
Adenomyosis Control Adenomyosis Control

Figure 4. Relative expression levels of selected candidate genes in adenomyosis and control study
groups. Selected genes were normalised to expression level of GAPDH and 185 rRNA reference genes.
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Table 3. Retrieved overlapping enriched pathways after gene set enrichment analysis (GSEA) between adenomyosis and endometriosis gene lists. Interleukin-4 and
interleukin-13 signalling (marked in bold) served as a source for prioritisation of annotated genes for validation experiment.

Adenomyosis Endometriosis
Number of " <
Reactome Pathway ID Total Afpniated Reactinn p-Value FDR-Value Annotated Genes Reaction p-Value FDR-Value
; Genes Count Count
Reactions
R-HSA-8950505: Gene and
protein expression by
JAK_STAT signalling after 36 IL10 1 0.043 0.197 CAI, ANXA2 2 0.043 0.450
Interleukin-12 stimulation
R-HSA-6783783: IL10, STAT3, g _,  IL6,CCL3L1, CCL3L3, i g
Interleukin-10 signalling = LIF o gy 538x102  Lrire CCl3, CXCL2 2 6.08 % 10 23510
R-HSA-6785807: SOCS3, 1L6, VIM, e
Interleukin-4 and 46 i O’I‘?EATS’ 19 2.60 %1073 0.086 FOS, JUNB, VEGFA, 5 1'37Ex0}}0 0.015
interleukin-13 signalling HSP90B1 4
CDA, AOC1, GSN,
TN, LIPH, CRISPS, PTAFR,
KL RIG: Neutopal 10 N 7 0.020 0.197 CXCL2, PRDX6, 9 0.014 0360
degranulation CACNAIE,
MMP20. LTF CCTS8, DNAJC3, BST2,
4 SLC15A4, SCG2,
KCNK2, S100A8
R-HSA-8849474: PTK6
activation of STAT3 9 STAT3 6 0.031 0.197 50CS3 3 0.007 0.281
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Table 4. Comparison of study groups. Values reported as median (95% confidence interval (CI) for median).

Adenomyosis Group Control Group

Clinical Characteristics =9 (0 =13) p-Value *
Age (years) 33[32;39] 36 [32; 39] 0.946
BMI (kg/m?) 294 [17.8; 34.6] 22.8[19.6;24.0] 0.057
Endometrial thickness (mm) 73[4.6;9.7] 9.2[7.4;13.0] 0.030
Number of previous ART 2[1;3] 2[1;4] 0.387

Female sterility:
primary 5 9 0.522
secondary 4 +

* Values of statistical significance were obtained by Mann-Whitney U test.

Table 5. The fold change of selected genes in study groups. Values reported as median (95% CI for median).

Adenomyosis Group Control Group

Candidate Gene (n=9) (= 13) p-Value
IL6 0.664 [0.402; 1.589] 1.054 [0.533; 2.224] 0.333
LIF 0.761 [0.140; 4.317] 2.717 [0.423; 6.870] 0.262
IL10 0.716 [0.295; 2.080] 1.081 [0.523; 1.995] 0.193
S0Cs3 0.597 [0.223; 2.780] 1.446 [0.935; 3.283] 0.301
JUNB 1.106 [0.419; 1.557] 1.242 [0.714; 1.953] 0.526
FOS 0.844 [0.420; 1.657] 1.120 [0.509; 1.705] 0.271

p-values were calculated by non-parametric Mann-Whitney U test.

4. Discussion

In the present study, prioritisation of candidate genes for an endometrial validation experiment
in poorly studied adenomyosis was based on bioinformatics integration of published endometrial
expression signatures associated with endometrial receptivity (Scheme 1). A literature survey and the
HGNC nomenclature system provided 42 genes associated with endometrial receptivity in adenomyosis.
In addition, 173 and 151 genes, respectively, were obtained from well-studied endometriosis patients
and healthy women. General and more specific putative dysregulated endometrial pathways in women
with adenomyosis were identified using retrieved genes and GSEA applied in Cytoscape/STRING
app and Reactome tool. Six candidate genes annotated in selected pathways of immune cytokine
signalling were further experimentally validated for expression patterns during the receptivity window
in women with and without adenomyosis who underwent ART treatment.

4.1. Integration of Reported Signatures and Highlighted Enriched Pathways

Endometrium is highly active tissue under the control of fluctuating steroid sex hormones which
enable tissue growth, shedding and regeneration in a cyclic manner [39]. The knowledge of biological
events contributing to the ability of endometrium to become receptive to an embryo is limited, with
an overlap of simultaneously reported up- and downregulated genes across transcriptomics studies
performed in healthy women [24], and those coexisting uterine pathologies, such as endometriosis [2,23]
and adenomyosis [40].

In the present study, we attempted to identify additional genes with altered expression patterns
in women with adenomyosis based on published data regarding endometrial receptivity. Therefore,
retrieved genes associated with reported altered molecular expression patterns during the window
of endometrial receptivity in women with adenomyosis and endometriosis were integrated in the
PPIN context together with biomarkers of uterine receptivity assumed to characterise healthy women.
Further PPIN clustering and downstream GSEA performed by the Cytoscape/STRING app provided
the signalling by interleukins pathway within cluster 1 (Figure 3). Annotated nodes in this pathway
originated from gene lists associated with adenomyosis, endometriosis and healthy women as well. This
could mean that the signalling by interleukins characterising endometrial receptivity in healthy women
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might be dysregulated in women with endometriosis and adenomyosis. A more specific putative
pathway regarding dysregulated interleukin signalling was identified based on overlapping enriched
pathways between 42 and 173 genes associated with adenomyosis and better-studied endometriosis,
respectively. In that way, the overlapping interleukin-4 and interleukin-13 signalling pathway was
identified after GSEA was applied in the Reactome tool (Table 3).

According to the Reactome pathway database, enriched signalling by interleukins and interleukin-4
and interleukin-13 signalling pathways exposing similar biological role, i.e., immune cytokine signalling.
Chaouat et al. pointed out the important role of immune cytokines in embryo implantation [41].
According to the literature, regulation of the local immune response protects the embryo from
maternal immunity. During the S-phase, the decidua stimulates an influx of diverse immune cell
populations in the endometrium tissue, including uterine natural killer (uNK) cells, lymphocytes and
macrophages [39,42]. IL-4 and IL-13, together with IL-5, IL-9 and IL-10, belong to the type 2 cytokines,
which are secreted from helper T (Th) lymphocytes. In general, these interleukins stimulate embryo
implantation and trophoblast invasion, therefore, assumed to be protective for pregnancy [43]. Based
on highlighted enriched pathways from the present GSEA, it was hypothesised that dysregulated
patterns of affected endometrial receptivity in women with adenomyosis are associated with protective
interleukins for embryo implantation.

Only published genome-wide studies were considered for present integrative analysis of genes
associated with endometrial receptivity in women with endometriosis and healthy women. However,
Enciso et al. [44] suggested an additional panel of 40 candidate genes as putative biomarkers for rapid
determination of uterine receptivity status by qPCR. Authors discussed that only 7 out of 40 genes is in
common with the ERA test [44]. To additionally verify the biomarker potential of those 40 candidate
genes we performed pathway enrichment analysis using the Reactome tool. The top retrieved enriched
pathway was interleukin-4 and interleukin-13 signalling with p = 4.38 X 10~ and FDR = 1.26 x 107%,
which is in the accordance with our bioinformatics results. The interleukin-4 and interleukin-13
signalling contains 211 entities taking part in 46 reactions, according to the Reactome pathway database,
meaning it could present a great pool of candidate genes for endometrial receptivity. Despite LIF,
IL6, IL10, JUNB, FOS and SOCS3 showing no statistically altered expression patterns between study
groups, their lower expression levels were observed in the adenomyosis group. Therefore, STAT3,
VIM, VEGFA and HSP90B1 that were also annotated in interleukin-4 and interleukin-13 signalling in
the present GSEA need to be validated to verify potential downregulation of this pathway in women
with adenomyosis.

Candidate genes of the present expression analysis were prioritised on the basis of enrichment
analysis using genetic loci that were gathered from different omics levels. However, limited correlation
between transcriptomics and proteomics levels has been observed previously. Namely, Vogel and
Marcotte [45] discussed that there is only 40% correlation between relative mRNA abundances and
corresponding protein concentration in mammals as a consequence of post-transcriptional, translation
and protein degradation regulation [45]. Therefore, in the future studies it is necessary to extend the
research to regulatory mechanisms occurring downstream synthesised mRNA.

4.2. The Role of Selected Genes in Reproductive Biology

Prioritised candidate genes of the present study have been widely studied in the field of
reproductive biology. LIF is a glycoprotein cytokine which enhances decidualisation in humans and
mice. It is considered as a biomarker of endometrial receptivity [46]. When human endometrial
Ishikawa cells and epithelial ECC-1 cells from endometrial adenocarcinoma were treated with LIF,
higher expression levels of ITGAV, ITGB3 and ITGB5 adhesion molecules were observed; these are
required for attachment of the embryo trophoblast to the receptive endometrial surface [47]. Serafini
et al. reported a 6.4-fold higher chance of pregnancy in women with stronger immunohistochemical
staining for LIF in secretory endometrium biopsy samples prior to ART treatment [48]. Downregulation
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of endometrial LIF mRNA and protein observed in women with adenomyosis [12,13] and unexplained
infertility [49] was associated with affected receptivity.

IL-10 is an anti-inflammatory cytokine which acts as a negative regulator of macrophage and
T lymphocyte cell activation [50]. It is upregulated during early pregnancy to maintain maternal
immunotolerance for the embryo [51]. Wang et al. reported downregulation of secreted IL-10 during
endometrial receptivity in adenomyosis [35].

IL-6 is a pro- and anti-inflammatory cytokine involved in acute phase response, B cell maturation,
macrophages and type 1/2 Th cell differentiation [52]. In regulatory menstruating women, expression of
endometrial IL-6 is assumed to be low in the P- and ES-phases; then, it gradually rises in the MS-phase
and reaches peak expression in the LS-phase [53]. Higher levels of endometrial IL-6 during the WOI
in controlled ovarian stimulation (COS) cycles were observed in women with adenomyosis [54]. In
addition, upregulation of IL6 was observed in primary culture of endometrial stromal cells (ESCs) from
women with adenomyosis after co-culture with macrophages. The findings were further associated
with a potential gain of proliferative ability of ectopic endometrial implants [55]. On the other hand,
its downregulation in the L5-phase was associated with its role in endometriosis pathogenesis [56].

FOS and JUNB are subunits which dimerise to form a transcriptomic factor complex, activator
protein 1 (AP-1). AP-1 regulates the expression of downstream genes with roles in cell cycle regulation,
including proliferation, differentiation, apoptosis and response to stress [57]. Raimundo et al. associated
downregulation of the FOS-JUNB pathway with altered differentiation of smooth muscle progenitor
cells and development of myomas [58]. Baiyong et al. demonstrated that dysregulation of JUNB can
turn on the differentiation of Th lymphocyte populations. Naive CD4 T lymphocytes were first isolated
from JUNB-positive transgenic mice and further differentiated in the Th1 cell population. However,
overexpression of JUNB prioritised the synthesis of cytokine 1L-4, which is normally exclusive to
Th2 population cells [59]. In women with endometriosis, upregulation of [UNB mRNA [18,60], FOS
mRNA [18] and FOS protein [61] in secretory endometrium was reported. On the other hand, Morsch
et al. observed no difference in phosphorylated levels of FOS when comparing women with and
without endometriosis [62].

SOCS3 belongs to the family of intracellular proteins that supress cytokine signalling and
have a role in negative regulation of inflammatory response [63]. Dong et al. suggested that
reduced SOCS3 signalling may increase inflammatory response in placental trophoblasts leading to
preeclampsia. Overexpression of SOCS3 in placental JEG-3 cell culture caused enhanced secretion of
pregnancy-protective IL-10 [64]. Braunschweig et al. demonstrated that silencing of SOCS3 enhanced
cytotoxicity or killing activity in NK-92 cell culture, which resembles NK cells of decidua [65].

4.3. Endometrial Tissue Variability

The difference in expression patterns between study groups was not statistically significant in
the present study which might be due to whole-tissue samples used for analysis. Suhorutshenko
et al. [66] demonstrated that expression contribution of low abundant cell types in heterogeneous
tissue could be masked by more abundant types. They compared paired endometrium biopsy samples
collected in pre-receptive (early-secretory, ES) and receptive (mid-secretory, MS) states and estimated
that ES samples consisted of 65% stromal and 35% epithelial cells, while the proportion of stromal
and epithelial cells in MS samples was 46% and 54%, respectively. Further computational adjustment
of RNA sequencing data according to obtained proportions of cell types (deconvolution) identified
non statistically significant expression for approximately 74% of a total 3591 differentially expressed
transcripts that were retrieved without deconvolution, indicating on stromal and epithelial cells unique
gene expression profiles [66]. Additional molecular studies, such as in situ hybridisation (ISH) or
immunohistochemistry (IHC) staining are needed to localise potential expression patterns of selected
candidate genes or corresponding proteins specific to endometrial cell types or cellular compartments.

Only patients treated for infertility were considered eligible for the present study. To exclude for
possible confounding factors and minimise the influence of other gynaecological pathologies affecting
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the endometrium, only couples with male factor subfertility were included in the control group. Our
study shows that endometrial expression pattern could be disrupted during WOI in women with
adenomyosis and endometriosis compared to healthy controls. This could suggest lower endometrial
receptivity and embryo implantation rates in this group of women; however, this would need to be
proved in future clinical trials.

Finally, observed statistically non-significant gene expression differences between study groups
could also be due to the personal biological variations since small sample size in both groups was used.
Additional studies with larger sample size should address these limitations to determine whether
selected candidate genes are differentially expressed in women with adenomyosis.

4.4. Limitations of the Study

Despite extensive literature search and bioinformatics analysis our study has some limitations. 1.
Limited published data and heterogeneity of studies. Genes used in the present integrative study were
retrieved from the literature survey, focusing on heterogeneous studies with poor overlap of identified
molecular signatures characterising normal or affected endometrial receptivity. 2. Prioritisation of
selected genes. In the present expression analysis six candidate genes were selected, however, STAT3,
VIM, VEGFA and HSP90B1 annotated in the interleukin-4 and interleukin-13 signalling or LIFR, STAT3,
1L15, ANXA2, BCL6, CXCL2, CCL3 and CCL3L3 annotated in the signalling by interleukins were not
used for validation. 3. The present study included small sample size in both adenomyosis and control
groups. Retrieval of endometrial samples is long-lasting process since strict inclusion criteria.

4.5. Future Directions

This was a preliminary study intended to show altered endometrial expression patterns in women
with adenomyosis. As the sampling and processing of endometrial biopsies were performed in the
same manner and isolated RNA samples exhibited high RIN values, genome-wide profiling could
provide novel loci specific for adenomyosis. Understanding the molecular background of endometrial
receptivity could help determine the impact of diagnosed adenomyosis on the fertility capacity of
affected women seeking ART treatment.

5. Conclusions

The diagnosis of adenomyosis has been negatively associated with implantation rate, but
this is supported by little molecular evidence of affected endometrial receptivity. Based on data
integration, extensive bioinformatics analysis and preliminary validation experiment, our study
contributes toward understanding of molecular background characterising endometrial receptivity
in adenomyosis. Genes and pathways identified in the present enrichment analysis are a source of
stronger candidate genes for further validation analysis regarding endometrial receptivity. Identifying
and understanding endometrial molecular organisation could contribute to the development of new
concepts for personalised endometrial preparation before embryo transfer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/9/1311/s1,
Figure S1: Clustering of the PPIN which was constructed from adenomyosis, endometriosis and healthy gene lists
using Cytoscape/STRING App, Table S1: Complete results of GSEA applied in clusters 1, 2 and 3 following PPIN
clustering., Table 52: Complete results of GSEA applied in Reactome tool for overlapping pathways between
adenomyosis and endometriosis gene lists.
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2.1.3 Transkriptomika receptivnega endometrija Zensk s sonografskimi znacilnostmi
adenomioze

Prasnikar E., Kunej T., Gorenjak M., Poto¢nik U., Kovaci¢ B., Knez J. 2022. Transcriptomics
of receptive endometrium in women with sonographic features of adenomyosis. Reproductive
Biology and Endocrinology, 20, 2, doi: 10.1186/s12958-021-00871-5: 16 str.

Ozadje: Zenske z adenomiozo maternice se povezuje z ovirano endometrijsko receptivnostjo
za vgnezdenje zarodka v postopkih OBMP. Da bi identificirali molekularne vzroke, vkljucene
v ta proces, smo primerjali transkriptom endometrija tekom okna vgnezdenja med zenskami z
in brez adenomioze. Metode: Zenskam z ultrazvo¢nimi znaki adenomioze (n = 10) in
kontrolne skupine (n = 10) smo vzorc¢ili biopsije endometrija, ki so bile na podlagi vrha LH
casovno usklajene z oknom vgnezdenja. Vsak vzorec izolirane RNA endometrija smo
uporabili za dolocevanje transkriptoma z metodo RNA-seq (NovaSeq 6000, Illumina) in za
klasifikacijo receptivne faze z molekularnim orodjem za datiranje faze menstruacijskega
ciklusa (beREADY®™, CCHT). Analizo podatkov RNA-seq smo izvedli z uporabo paketov
programa Bioconductor v programskem jeziku R, pri ¢emer smo upostevali rezultate
natan¢nega datiranja vzorcev endometrija. Za identifikacijo moc¢nejSih kandidatnih bioloskih
poti spremenjene endometrijske receptivnosti pri adenomiozi smo spremenjeno izraZzene gene
naSe adenomiozne skupine integrirali s 151, 173 in 42 geni, ki smo jih pridobili iz pregleda
literature in se povezujejo z endometrijsko receptivnostjo pri zdravi maternici, endometriozi
0z. adenomiozi. Obogatitvene analize smo opravili z uporabo aplikacij ClueGO in CluePedia
v programu Cytoscape. Rezultati: Od skupno 20 vzorcev endometrija sta bila 2 datirana v
zgodnje receptivno, 13 v receptivnho in 5 v pozno receptivno fazo. S primerjavo
transkriptomskih podatkov vseh 20 vzorcev smo zaznali 909 spremenjeno izraZzenith genov
(p < 0,05; neznacilno po popravku vrednosti p) in le 4 obogatene bioloSke poti
(Bonferroni vrednost p < 0,05). S ponovno analizo transkriptomskih podatkov samo 13
vzorcev, ki so bili datirani v receptivno fazo, smo zaznali 382 spremenjeno izraZenih genov
(p < 0,05, neznailno po popravku vrednosti p) in 33 obogatenih poti
(Bonferroni vrednost p < 0,05). Te poti, ki so bile Ze predhodno povezane z biologijo
endometrija, so bile npr. izraZanje genov, induciranih z IFN in odziv na I[FN-alfa. Z
integracijo podatkov smo identificirali poti, ki kazejo na edinstven vpliv adenomioze na
molekularno organizacijo endometrija (npr. izrazanje genov, induciranih z IFN), kot tudi
motnje procesov vzpostavitve endometrijske receptivnosti (npr. organizacija zunajcelicnega
matriksa in tvorba dejavnika tumorske nekroze). Zaklju€ki: Natan¢no datiranje vzorcev
endometrija in analiza RNA-seq sta omogocila identifikacijo spremenjenega odziva na
signalizacijo z IFN kot najbolj obetaven kandidatni mehanizem ovirane endometrijske
receptivnosti pri adenomiozi.

L-; To delo je ponujeno pod licenco Creative Commons Attribution 4.0

International (CC BY 4.0).
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Transcriptomics of receptive endometrium =
in women with sonographic features
of adenomyosis

Erika Pragnikar', Tanja Kunej?, Mario Gorenjak?, Uro3 Poto¢nik®*, Borut Kovaci¢' and Jure Knez> ®

Abstract

Background: Women with uterine adenomyosis seeking assisted reproduction have been associated with compro-
mised endometrial receptivity to embryo implantation. To understand the mechanisms involved in this process, we
aimed to compare endometrial transcriptome profiles during the window of implantation (WOI) between women
with and without adenomyosis.

Methods: We obtained endometrial biopsies LH-timed to the WOI from women with sonographic features of
adenomyosis (n=10) and controls (h=10). Isolated RNA samples were subjected to RNA sequencing (RNA-seq) by
the lllumina NovaSeq 6000 platform and endometrial receptivity classification with a molecular tool for menstrual
cycle phase dating (beREADY®, CCHT). The program language R and Bioconductor packages were applied to analyse
RNA-seqg data in the setting of the result of accurate endometrial dating. To suggest robust candidate pathways, the
identified differentially expressed genes (DEGs) associated with the adenomyosis group in the receptive phase were
further integrated with 151, 173 and 42 extracted genes from published studies that were related to endometrial
receptivity in healthy uterus, endometriosis and adenomyosis, respectively. Enrichment analyses were performed
using Cytoscape ClueGO and CluePedia apps.

Results: Out of 20 endometrial samples, 2 were dated to the early receptive phase, 13 to the receptive phase and 5
to the late receptive phase. Comparison of the transcriptomics data from all 20 samples provided 909 DEGs (p<0.05;
nonsignificant after adjusted p value) in the adenomyosis group but only 4 enriched pathways (Bonferroni p value

< 0.05). The analysis of 13 samples only dated to the receptive phase provided suggestive 382 DEGs (p<0.05; non-
significant after adjusted p value) in the adenomyosis group, leading to 33 enriched pathways (Bonferroni p value <
0.05). These included pathways were already associated with endometrial biology, such as “Expression of interferon
(IFN)-induced genes”and “Response to IFN-alpha’. Data integration revealed pathways indicating a unique effect

of adenomyosis on endometrial molecular organization (e.g., “Expression of IFN-induced genes”) and its interfer-
ence with endometrial receptivity establishment (e.qg., "Extracellular matrix organization”and “Tumour necrosis factor
production”).

Conclusions: Accurate endometrial dating and RNA-seq analysis resulted in the identification of altered response to
IFN signalling as the most promising candidate of impaired uterine receptivity in adenomyosis.
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Executive summary of the study

1. Adenomyosis has been associated with lower preg-
nancy rate in infertility treatments.

2. Molecular knowledge of endometrial receptivity
in women with adenomyosis is scarce and limited
to studies with selected candidate genes and one
genome-wide study performed using microarrays.

3. Therefore, we performed the first transcriptome
sequencing of endometrial samples LH-timed
to the expected WOI (LH+7 — LH+9) between
women with (n = 10) and without (n = 10) sono-
graphic features of adenomyosis.

4. Transcriptomics data comparison of 10 adeno-
myosis cases and 10 normal controls provided
909 DEGs (p<0.05; nonsignificant after adjusted
p value), but functional enrichment analysis iden-
tified 4 pathways (Bonferroni p value < 0.05) that
were not directly associated with endometrial biol-
ogy.

5. Retrieved endometrial biopsies were applied for
the external molecular tool beREADY® (CCHT,
Estonia) to verify their receptivity status on the
basis of the gene expression signature associated
with endometrial receptivity. Out of 20 samples,
2 were classified as early receptive, 13 as receptive
and 5 as late receptive.

6. Two early- and 5 late-receptive samples were
excluded from the RNA-seq dataset to prevent
the impact of early- and late-secretory phases of
the menstrual cycle on transcriptomics analysis
associated with endometrial receptivity. The RNA-
seq dataset of the remaining 8 adenomyosis cases
and 5 control receptive endometrial samples was
reanalysed, and 382 DEGs (p < 0.05; nonsignificant
after adjusted p value) were identified, resulting in
33 enriched pathways (Bonferroni p value < 0.05)
that have already been associated with endometrial
biology.

7. The 382 identified DEGs were further integrated
with the most extensive set of genes from the lit-
erature associated with endometrial receptivity in
the healthy uterus, endometriosis (model disease
to study persistence of gynaecological pathology on
endometrial molecular organization) and adeno-
myosis to provide candidate pathways characteriz-
ing the role of adenomyosis on endometrial molec-
ular organization.

=

8. Integrative enrichment analysis provided candi-
date pathways that may indicate a unique effect of
adenomyosis on endometrial molecular organiza-
tion (e.g., “Expression of IFN-induced genes”) and
its interference with endometrial receptivity estab-
lishment (e.g., “Extracellular matrix organization’,
“Tumour necrosis factor production” and “Regula-
tion of reproductive process”).

9. Identification of robust endometrial pathways and
associated genes could lead to the development of
molecular tools for endometrial receptivity exami-
nation that would be specific for women with
adenomyosis.

10. Accurate endometrial receptivity examination in
infertile adenomyosis patients could better ver-
ify whether endometrial-associated factors are a
source of recurrent implantation failures.

Background

Adenomyosis is a common acquired uterine anomaly
characterized by the presence of endometrial glands
and stroma within the myometrium. Advances in imag-
ing techniques in the last decade have enabled the diag-
nosis of adenomyosis [1] in a large proportion of women
undergoing infertility diagnostics [2, 3]. Since subtle
sonographic signs of adenomyosis are becoming easier
to recognize, adenomyosis is diagnosed with increasing
frequency. Previous retrospective studies have shown
the association between adenomyosis and lower embryo
implantation rates and higher miscarriage rates [4—6].

Several functional and molecular aberrations could be
responsible for altered endometrial receptivity to embryo
implantation and lower fecundity in women with adeno-
myosis. It has been suggested that the disruption of the
junctional zone architecture by adenomyosis could lead
to altered contractility and interrupt endometrial recep-
tivity [7, 8]. Other suggested causes affecting endome-
trial receptivity in women with adenomyosis could be
increased levels of oxidative stress [9-11], abnormal
endometrial vascularity [12, 13] and functional disorgan-
ization at the molecular level [14-17].

In our previous study [18], we gathered proteins, genes
and functional noncoding RNAs (ncRNAs) shown to be
dysregulated in the endometrium of women with adeno-
myosis during the expected window of implantation
(WOI). Bioinformatics approaches were used to integrate
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retrieved loci with endometrial receptivity genes from the
literature associated with healthy (normal) uteri to iden-
tify candidate dysregulated mechanisms involved in the
regulation of embryo implantation in adenomyosis. In
addition, we included better characterized endometriosis
as a model disorder to study the impact of gynaecological
pathology on endometrial molecular organization [18].
Numerous published genome-wide studies associated
with the endometrial molecular background in women
with endometriosis enabled us to develop a catalogue of
genes sorted according to the phases of the menstrual
cycle [19]. Genes sorted in the mid-secretory phase corre-
sponding to the appearance of the WOI were used for the
integrative analysis mentioned above [18]. The identified
enriched “Signalling by interleukins” and “Interleukin-4
and interleukin-13 signalling” pathways were prioritized,
and the corresponding mapped LIF, SOCS3, IL10, IL6,
JUNB and FOS genes were validated. Since downregu-
lated expression levels of selected genes in adenomyosis
compared to the control group showed no statistical sig-
nificance, we assumed that comprehensive endometrial
transcriptomics profiling would be an appropriate next
step to identify adenomyosis-specific loci [18].

To date, there is only one transcriptomics study [20]
profiling the endometrium in the expected WOQOI using
microarrays, which identified 34 differentially expressed
genes (DEGs) in women with adenomyosis wishing to
conceive compared to healthy women [20]. The meth-
odological improvement of transcriptome profiling from
hybridization-based microarrays to next-generation
sequencing (NGS) platforms provides more comprehen-
sive insight into expression signatures and enables iden-
tification of minor differences between study groups [21].
Millions of reads generated by RNA sequencing (RNA-
seq) can be aligned to a reference genome, reference
transcripts or references assembled de novo for the entire
transcriptome to be surveyed. Thus, additional biological
constituents can be identified, and a more precise assess-
ment of transcript expression levels can be obtained [22].

The first aim of this study was to perform RNA-seq of
endometrial samples dated to the WOI between women
with and without sonographic features of adenomyosis to
identify DEGs. The second aim was to perform enrich-
ment analysis of identified DEGs alone and together with
endometrial receptivity genes from the literature to pro-
vide robust candidate pathways related to altered molecu-
lar background of endometrial receptivity in adenomyosis.

Methods

Study cohorts

We designed a prospective observational study includ-
ing women scheduled for medically assisted reproduc-
tion at the Department of Reproductive Medicine and
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Gynaecological Endocrinology, University Medical
Centre Maribor, Slovenia between 2018 and 2020.

The inclusion criteria were as follows: age < 42 years,
regular menstrual cycle 24 — 36 days in length, no cur-
rent hormonal treatment, controlled ovarian stimula-
tion (COS), ovulation triggering or vaginal progesterone
for luteal support at least two months prior to endo-
metrial biopsy. The exclusion criteria were anovulatory
menstrual cycles, polycystic ovary syndrome (PCOS),
previous surgical treatment of endometriosis or uterine
surgical procedures, sonographic evidence of fibroids,
endometrial polyps, hydrosalpinges, and evidence of
ovarian or deep infiltrating endometriosis (unless other-
wise noted in Table 1). In our clinic, all women undergo-
ing assisted reproductive techniques (ART) have a prior
transvaginal ultrasound (TVUS) examination, typically
performed in the proliferative phase of the menstrual
cycle. Women with echographic evidence of adenomyo-
sis were considered eligible for the study, and the con-
trol group was composed of women with normal uteri
seeking ART due to male or tubal factors of infertility.

On the day of endometrial sampling, all women under-
went TVUS performed by a single expert sonographer
(level 3 according to European Federation of Societies
for Ultrasound in Medicine and Biology). In all women,
comprehensive 2-D and 3-D ultrasound using high-range
equipment was performed with a 10 MHz transvaginal
transducer (Voluson E8 Expert, GE Health care, Austria
GmbH & Co OG, Zipf, Austria). Diagnostic criteria for
adenomyosis were based on previously published criteria
[23]. The diagnosis of adenomyosis was confirmed when
one of the following sonographic criteria was met: asym-
metrical myometrial thickening not caused by the pres-
ence of fibroids, linear endometrial striations, irregular
endometrial-myometrial junction, parallel shadowing, or
the presence of myometrial cysts or hyperechoic islands
[23]. Adenomyosis was classified as mild by subjective
assessment, but in general, it was assessed in line with
previously described principles. This was when only focal
areas of adenomyosis were seen or when adenomyosis was
present only in the inner third of the myometrium [24].

Demographic and clinical characteristics of partici-
pants, including age, body mass index (BMI), endometrial
thickness at the time of endometrial biopsy and the num-
ber of previous ART cycles, are presented as the median
(range) and were compared between study groups using
the nonparametric Mann—Whitney U-test in SPSS 25.0
software (IBM Corporation, Armonk, NY, USA). Statisti-
cal significance was set at p value < 0.05.

Endometrial sample collection

Endometrial biopsy sampling was conducted in a natu-
ral menstrual cycle, and women were scheduled for
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cycle monitoring by urinary luteinizing hormone (LH)
tests (Hangzhou AllTest Biotech Co., Ltd, Hangzhou,
PR. China). Women were scheduled for endometrial
sampling conducted by the Pipelle endometrial suc-
tion curette (the Probet, Gynetics Medical Products
N.V,, Lommel, Belgium) in the expected WOI on the
day between LH+7 to LH+9 after a participant’s LH
surge determination (day LH+0). Retrieved endometrial
samples were immediately placed in RNAlater solution
(Thermo Fisher Scientific Baltics UAB, Vilnius, Lithu-
ania), stored overnight at +4 °C and then transferred to
—80 °C until RNA isolation was performed.

Total RNA isolation and quality control

Total RNA was isolated using the miRNeasy Mini Kit
(Qiagen GmbH, Hilden, Germany) according to the man-
ufacturer’s instructions. Each whole-tissue endometrial
sample was first disrupted with a Bullet Blender Storm
Pro homogenizer (Next Advance, Inc., Troy, NY, USA)
using 1 mm zirconium oxide beads in 700 pL of QIAzol
Lysis Reagent from the miRNeasy Mini Kit. After 5 min
of incubation at room temperature, 140 pL of chloro-
form was added to the homogenate, and the solution was
shaken vigorously. The sample was then centrifuged at
12 000 rfc for 15 min at 4 °C. The upper aqueous phase
(approximately 300 pL) was transferred to a new Eppen-
dorf tube, and 1.5 volumes of ethanol were added. The
samples were then pipetted to RNA binding miRNeasy
Mini spin columns and washed using RW'T Buffer and
RPE Buffer solutions of the miRNeasy Mini Kit. Total
RNA was eluted in 50 uL of RNase-free H,0.

The quantity and purity of each RNA sample were
assessed with Synergy 2 spectrophotometric measure-
ments (BioTek Instruments, Winooski, VT, USA). RNA
integrity number (RIN) was estimated on the 2100 Bio-
analyser system (Agilent Technologies, Waldbronn,
Germany) using the RNA Nano 6000 Assay Kit (Agilent
Technologies, Waldbronn, Germany). After passing those
quality controls, each RNA sample was used for cDNA
library construction and subsequent RNA-seq and for
accurate endometrial dating of retrieved biopsies.

Accurate endometrial dating

One part of each RNA sample was shipped on dry ice
to the Competence Centre on Health Technologies,
CCHT, Tartu, Estonia, where endometrial receptiv-
ity testing was performed using the beREADY® test
[25] (https://beready.ccht.ee/). Endometrial dating was
performed according to the established protocol using
targeted allele counting by sequencing (TAC-seq) meth-
odology [26] to explore the expression levels of 57 well-
described endometrial receptivity genes [27]. The results
of the beREADY® test were provided in five phases:
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“pre-receptive’, “early-receptive”, “receptive’; “late-recep-
tive’, and “post-receptive” The purpose of endometrial
dating was to accurately classify the receptivity status of
LH-timed biopsies to remove samples that could lead
to possible biases in gene expression analysis associated
with endometrial receptivity in adenomyosis.

Library preparation and RNA-seq

Both IncRNA and mRNA 150 bp paired-end libraries were
constructed and subsequently sequenced by Novogene
Bioinformatics Technology Co., Ltd. (Hong Kong, China).
Briefly, a total amount of 2 pg of RNA per sample was used
for cDNA sequencing library preparation. Ribosomal RNA
(rRNA) was removed using the Epicentre Ribo-zeroTM
rRNA Removal Kit (Epicentre, Brooklyn, NY, USA), and
the remaining RNA was used for library generation by the
NEBNext® UltraTM Directional RNA Library Prep Kit for
lumina® (NEB, Ipswich, MA, USA). First, IRNA-depleted
RNA samples were fragmented followed by first- and
second-strand cDNA synthesis. The sequencing adaptors
were ligated, and library fragments were purified to obtain
c¢DNA fragments 150~200 bp in length. Polymerase chain
reaction (PCR) amplification of size-selected, adaptor-
ligated cDNA was performed using universal PCR primers
and index primers. Index-coded samples were clustered by
[llumina TruSeq PE Cluster Kit v3-cBot-Hs. Libraries were
sequenced on an Illumina NovaSeq 6000 platform, which
generated 150 bp paired-end reads.

RNA-seq data alignment and identification of DEGs

Raw sequence reads were trimmed by Novogene in-
house Perlscript to remove raw reads with adapter con-
tamination and reads containing poly-N and low-quality
reads. The RNA-seq data presented in this study are
deposited in the Gene Expression Omnibus (GEO) data-
base with accession number GSE185392. Provided raw
fastq files were first evaluated with FastQC v.0.11.9 soft-
ware (http://www.bioinformatics.babraham.ac.uk/proje
cts/fastqc/) to obtain a quality profile of the reads.

The statistical environment R v.4.0.2 (R Core Team
2020, Vienna, Austria) and contributed packages from
the R software repository Bioconductor (http://www.
bioconductor.org/) were used for high-throughput
sequence data analysis. Raw paired-end reads were
aligned to the UCSC Homo sapiens hgl9 reference
genome using the Rsubread v.2.2.4 R package [28, 29].
Properly mapped reads were sorted in files with binary
alignment/map (BAM) format. Mapped reads were
counted and assigned to genomic features using fea-
tureCounts [30] with the requirement that both ends
should be mapped. Counts per million (CPMs) were
calculated using the edgeR v.3.30.3 R package [31].
Genes expressed at low levels were filtered out based on
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CPMs corresponding to read counts of 10, and retained
genes were normalized using the trimmed mean of M
values method (TMM) [32]. Subsequently, mean-vari-
ance modelling at the observational level transforma-
tion (VOOM) was applied [33]. Differential expression
analysis of the adenomyosis group relative to the con-
trol group was determined in two RNA-seq datasets
using linear models and empirical Bayes implemented
in the limma v.3.44.3 R package [34]. RNA-seq datasets
were composed of libraries on the basis of the results of
endometrial dating of corresponding samples. The first
dataset contained all LH-timed samples, while the sec-
ond dataset contained only samples dated to the recep-
tive phase. Differential expression was considered for
genes with a p value < 0.05 regardless of the adjusted p
value obtained after multiple testing corrections.

Integration of identified DEGs in the adenomyosis group
with endometrial receptivity genes from the literature
Identified DEGs between adenomyosis cases and con-
trols using samples dated to the receptive phase were
applied for integrative bioinformatics analysis to pro-
vide robust candidate pathways associated with altered
molecular background of endometrial receptivity in
adenomyosis. DEGs were applied for enrichment rea-
nalysis with lists of 42, 173 and 151 genes associated
with endometrial receptivity in adenomyosis, endo-
metriosis and healthy uterus, respectively, that were
retrieved from the literature in our previous study
[18]. Genes associated with endometriosis presented a
model to study the impact of gynaecological pathology
on endometrial molecular organization. Genes asso-
ciated with a healthy uterus were used as a reference
molecular background required for endometrial recep-
tivity establishment. Two enrichment analyses were
performed using two different gene lists associated
with adenomyosis. The first adenomyosis gene list con-
tained only 382 DEGs of the present sequencing experi-
ment, while the second list combined 382 DEGs with 42
genes from the literature (in total, 424 genes). The first
enrichment analysis was performed by integrating the
adenomyosis gene list with 382 DEGs, the endometrio-
sis list with 173 genes and the healthy uterus list with
151 genes. Second, enrichment analysis was performed
using adenomyosis, healthy uterus and endometriosis
lists with 424, 151 and 173 genes, respectively. The gene
lists used are provided in Additional file 1.

Functional enrichment analyses

DEGs (p<0.05) that were identified by transcriptom-
ics data comparison of endometrial samples between
adenomyosis cases and controls were subjected to
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functional enrichment analyses using ClueGO v.2.5.8
[35] and CluePedia 1.5.8 [36] apps of Cytoscape v.3.8.2
software [37]. The same bioinformatics tools were used
for enrichment analyses employing integrated gene
lists associated with adenomyosis, endometriosis and
healthy uterus.

When analysing identified sets of DEGs associated
with the present adenomyosis groups, up- and down-
regulated genes were separately uploaded as two clus-
ters in the ClueGO app, which gave a unique colour
marker to each gene set. When performing enrich-
ment analyses of integrated gene lists associated with
different gynaecological conditions, each gene list was
uploaded as a cluster in the ClueGO app to distinguish
study groups according to colour markers of the cluster.

Each enrichment analysis was applied by repre-
sentative Gene Ontology Biological Process (GO_BP),
Reactome Pathways and Reactome Reactions ontolo-
gies. Only enriched pathways (Reactome pathways/
reactions and GO_BP terms) with corrected p values <
0.05 according to the Bonferroni step down test were
considered. The identified pathways were sorted into
groups based on their common biological role and
associated genes (kappa score) and further projected
into functionally organized networks. The size of nodes
in the generated networks was correlated with the
obtained p value. The pathway with the highest signifi-
cant value was considered to be the leading term of a
group and was therefore highlighted in the network by
a large name label and a statistical summary. The Clue-
Pedia app was further applied to visualize shared initial
genes within or between functional network groups.
The proportion of visible genes mapped to each path-
way was also determined. When more than 60% of
mapped genes originated from one of the clusters, a
pathway was shown in the network with the predefined
colour of this cluster.

Results
An overview of the study is outlined in Fig. 1.

Participant characteristics
The demographic and clinical characteristics of the
study cohorts are summarized in Table 1.

Total RNA quality

Total RNA was isolated from 20 endometrial samples,
10 from the adenomyosis group and 10 from the con-
trol group. The A260/A280 ratios and RIN values of all
RNA samples were above 2.0 and >8.5, respectively, and
were further used for endometrial dating and RNA-seq.
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Fig.1 The overview of the present study. Only ovulatory women with regular menstrual cycles were included. Endometrial biopsies, 10 in the
adenomyosis group and 10 the in control group, were conducted between 7 and 9 days post urinary LH peak corresponding to the expected WOI
Isalated RNA samples were used for RNA-seq using the lllumina NovaSeq 6000 platform and for accurate endometrial receptivity classification using
the beREADY® molecular test. When analysing transcriptomics data of all 20 LH-timed biopsies, 909 DEGs (p < 0.05, nonsignificant after corrected
p value) were associated with the adenomyosis group. Downstream functional enrichment analysis of these genes identified no strong candidate
mechanisms associated with endometrial molecular biology. According to endometrial receptivity testing, 2 out of 20 samples were classified as
early-receptive, 13 as receptive and 5 as late-receptive during the menstrual cycle. To prevent early- and late-secretory phases of the menstrual
cycle on the transcriptomics analysis associated with endometrial receptivity, samples dated to the early- and late receptive phases were omitted
from the RNA-seq dataset. The remaining transcriptomics data of 8 adenomyosis cases and 5 control samples dated to the receptive phase were
reanalysed. The 382 identified DEGs (p <0.05, nonsignificant after corrected p value) in the adenomyosis group were further enriched in more
robust candidate pathways, including “Expression of IFN-induced genes’, "Response to interferon-alpha”and “ISG15-protein conjugation”. The 382
identified DEGs were further integrated with 42, 173 and 151 genes from the literature associated with endometrial receptivity in adenomyosis,
endometriosis and healthy uterus, respectively, to propose a molecular background of endometrial receptivity under adenomyosis. Abbreviations:
DEGs = differentially expressed genes; LH = luteinizing hormone; RIN = RNA integrity number; WOI = window of implantation. The images of the
NovaSeq 6000 Sequencing System and Gynetics suction curette were obtained from official pages lllumina.com and gyneatic.com, respectively

e

Endometrial receptivity classification of LH-timed biopsies
The results of endometrial receptivity testing performed
on each endometrial RNA sample are provided in
Table 2. According to the test, 13 out of 20 samples were
classified in the receptive phase (8 adenomyosis cases
and 5 controls), 2 samples in the early receptive phase, 5
samples in the late receptive phase and zero samples in
the pre- or postreceptive phases.

The timing of endometrial biopsy and measured
receptivity status are provided for each sample, followed

by a summary of mapped RNA-seq reads and library
size after filtering for low gene expression. Abbrevia-
tions “A” refer to adenomyosis and “K” to control sam-
ples. Timing of biopsy refers to the day after luteinizing
hormone (LH) peak determination (LH+0) by urinary
LH test.

RNA-seq outcome parameters

RNA-seq of endometrial samples utilizing the Illumina
NovaSeq 6000 platform generated between 53,026,608 and
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Table 1 Adenomyosis and control group characteristics

Characteristic Adenomyosis group (N = 10) Control group (N =10) p value
Age (years) 35 (30-39) 345 (30-42) 0.621
BMI (kg/m2) 27.2(17.8-346) 21(17.3-30.1) 0.112
Endometrial thickness (mm) 7.1 (46-11.2) 8(6.2-10.1) 0.082
Number of performed ART cycles 2(1-4) 4(1-6) 0353
Women sterility status:

Primary sterility (nulligravid) 6 5

S
w

Secondary sterility (gravida or parous)
Factor of infertility:

Male 5 8
Tubal )

History of endometriosis 1 0
Idiopathic infertility 2 i

The median (range) is indicated for age, BMI, endometrial thickness and number of performed ART cycles (in vitro fertilization (IVF) and/or intracellular sperm injection
(ICSI) treatments). P values are based on Mann-Whitney U test. Primary sterility refers to women who have never been pregnant (nulligravid), and secondary sterility
refers to women who have already achieved pregnancy (gravida) or delivery (parous). Abbreviations: BMI = body mass index; ART = assisted reproductive technique

Table 2 Characteristics of endometrial RNA samples used in the study

Sample ID Day of biopsy Endometrial dating bythe  Number of mapped Proportion of mapped Library size after
sampling beREADY® test RNA-seq reads RNA-seq reads normalization
A10 LH+8 receptive 70,040,785 97.97% 25,194,593
Al12 LH+7 receptive 71,578,907 98.25% 24,095,230
A18 LH+8 receptive 59,462,597 97.85% 19,682,295
A20 LH+7 receptive 73,911,463 97.82% 26,033,066
A21 LH+8 late-receptive 66,603,640 98.34% 24,868,485
A29 LH+7 receptive 52,378,707 98.78% 19,079,266
A3l LH+7 receptive 71,617,925 98.78% 23,269,754
A3 LH+7 receptive 60,702,730 98.69% 19,575,933
A5 LH+7 receptive 63,795,289 98.02% 21,175,249
A9 LH+7 early-receptive 64,755,616 98.12% 26,091,668
K11 LH+9 receptive 60,841,108 98.02% 22,021,130
K15 LH+8 receptive 64,147,880 98.25% 23,535,991
K17 LH+8 late-receptive 64,945,168 97.84% 21,964,495
K22 LH+9 late-receptive 66,813,165 97.91% 22118116
K23 LH+8 late-receptive 50,492,938 98.76% 16,086,563
K24 LH+7 receptive 58,204,527 98.72% 17,532,809
K26 LH+9 late-receptive 55,574,782 98.87% 19,198,159
K27 LH+9 receptive 64,512,592 98.81% 19,919,022
K28 LH+7 early-receptive 57,037,427 98.63% 18,335,825
K8 LH+7 receptive 66,124,560 98.08% 25360931

75,561,205 reads per sample, with an average of 64,266,576
reads. Quality analysis of raw RNA-seq reads by FastQC
revealed that each fastq file contained reads 150 base pairs
(bp) in length with a mean per base sequence quality score
(Phred score) of 36 and thus each file was considered for
downstream bioinformatics analysis. Table 2 summarizes

the number and proportion of mapped raw reads to the
hg9 reference genome for each sample and obtained
library sizes after filtering low-expression genes.

Identified DEGs associated with adenomyosis group
Differential expression analyses were conducted using
two RNA-seq datasets constructed of samples according

71



Prasnikar E. Vzorec izrazanja genov v endometriju v stanju receptivnosti pri preiskovankah z adenomiozo.

Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2022

Prasnikar et al. Reproductive Biology and Endocrinology (2022) 20:2

to the results of endometrial receptivity testing. The
first RNA-seq dataset was composed of all 20 samples:
13 receptive, 2 early- and 5 late-receptive samples. The
second RNA-seq dataset was composed of 13 receptive
samples only, while 2 early- and 5 late-receptive samples
were omitted to exclude the influence of early- and late-
secretory phases of the menstrual cycle on endometrial
transcriptomic analysis associated with endometrial
receptivity.

Transciptomics data comparison of 10 adenomyosis
and 10 control samples resulted in 909 DEGs (p<0.05)
associated with the adenomyosis group (the entire list
of 909 DEGs is presented in Additional file 2). Accord-
ing to the HUGO Gene Nomenclature Committee
(HGNC) (version updated March 23, 2021) nomencla-
ture system (https://www.genenames.org/), different
locus types were identified, including 829 protein-cod-
ing genes (mRNAs), 27 long noncoding RNAs (IncR-
NAs), 5 microRNAs (miRNAs), 5 small nucleolar
RNAs, 28 pseudogenes, 1 complex locus constituent
and 14 loci that were not mapped in the HGNC data-
base. Among 909 DEGs, 487 genes (452 mRNAs, 11
IncRNAs and remaining other loci types) were upreg-
ulated, and 422 genes (376 mRNAs, 16 IncRNAs and
remaining other loci types) were downregulated. How-
ever, the fold change (FC) of expression levels between

Table 3 Top upregulated mRNAs and IncRNAs
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study groups was nonsignificant after the application of
multiple comparison correction.

Transcriptomics data comparison of 8 adenomyosis
cases and 5 control endometrial samples with confirmed
receptive phase provided 382 DEGs (p < 0.05) associ-
ated with the adenomyosis group (the entire list of 382
DEGs is presented in Additional file 3). According to the
HGNC nomenclature system, 323 loci were mRNAs, 23
IncRNAs, 21 pseudogenes, 4 miRNAs, 1 complex locus
constituent, 1 T cell receptor gene and 9 uncharacter-
ized. Among 382 DEGs, there were 166 upregulated (137
mRNAs, 14 IncRNAs and remaining other loci types) and
216 downregulated (186 mRNAs, 9 IncRNAs and remain-
ing other loci types) genes. However, there were no sig-
nificant DEGs between the study groups according to the
adjusted p value. Among 382 DEGs in the adenomyosis
group, up to the top 10 up- and downregulated mRNAs
and IncRNAs with the highest logFC values of expression
levels are presented in Tables 3 and 4, respectively.

Enriched pathways associated with identified DEGs

Functional enrichment analysis of 909 DEGs associated
with the adenomyosis group that were obtained from
transcriptomics comparison of all 20 endometrial sam-
ples provided only 4 enriched GO terms sorted within
2 functionally organized network groups: “Intracellular

ENTREZ ID HGNC symbol Long name Locus logFC p value
type
259289 TAS2R43 taste 2 receptor member 43 mRNA 0.9484 0.0215
4250 SCGB2A2 secretoglobin family 2 A member 2 mMRNA 09244 00150
1747 DLX3 distal-less homeobox 3 mRNA 09212 00247
54959 ODAM odontogenic, ameloblast associated mMRNA 09184 00460
353091 RAETIG retinoic acid early transcript 1G mRNA 0.8803 00346
84072 HORMAD1 HORMA domain containing 1 mMRNA 0.8581 00031
563 AZGPI alpha-2-glycoprotein 1, zinc-binding mRNA 0.8259 0.0463
100507436 MICA MHC class | polypeptide-related sequence A mRNA 08127 00203
7348 UPK1B uroplakin 1B mMRNA 0.8086 00224
158131 OR1Q1 olfactory receptor family 1 subfamily Q member 1 mMRNA 0.8077 0.0466
100505967 LINCO0645 long intergenic non-protein coding RNA 645 IncRNA 2.9900 0.0056
100130231 LINCO0861 long intergenic non-protein coding RNA 861 INncRNA 20003 00177
654412 FAM 1388 family with sequence similarity 138 member B IncRNA 1.8938 00452
100505921 GLCCI-DT GLCCN divergent transcript INncRNA 1.8543 00323
100506334 LINCO0649 long intergenic non-protein coding RNA 649 IncRNA 17910 00314
284578 MFSD4A-AST MFSD4A antisense RNA 1 IncRNA 1.6098 00022
283876 LINC00921 long intergenic non-protein coding RNA 921 INncRNA 13284 0.0443
100505625 LINCO2102 long intergenic non-protein coding RNA 2102 IncRNA 13182 0.0300
100507398 INTS6-AST INTS6 antisense RNA 1 IncRNA 12787 0.0023
93653 ST7-AS1 ST7 antisense RNA 1 IncRNA 1.2489 00120

DEGs were insignificant after multiple testing correction of the p value. Abbreviation “FC" refers to fold change of expression levels
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Table 4 Top downregulated mRNAs and IncRNAs
ENTREZ ID HGNC Long name Locus logFC p value
symbol type
169693 TMEM252 transmembrane protein 252 mMRNA -2.1611 00331
5655 KLK1O kallikrein related peptidase 10 mMRNA -1.7433 0.0010
5803 PTPRZ] protein tyrosine phosphatase receptor type Z1 mRNA -1.7022 00120
727897 MUC58 mucin 5B, oligomeric mucus/gel-forming mRNA -1.6678 0.0421
79937 CNTNAP3 contactin associated protein like 3 MRNA -1.5039 0.0096
10752 CHL1 cell adhesion molecule L1 like mRNA -1.5027 0.0391
7103 TSPANS tetraspanin 8 mRNA -1.4535 0.0070
9723 SEMA3E semaphorin 3 mRNA -14216 0.0001
10964 IFlI44 L interferon induced protein 44 like mRNA -1.3304 00416
5340 PLG plasminogen mMRNA -13219 0.0499
145837 DRAIC downregulated RNA in cancer, inhibitor of cell invasion  IncRNA -1.9848 00392
and migration
100131825 CADM3-AST CADM3 antisense RNA 1 INncRNA -16197 0.0298
100506674 MRPS30-DT MRPS30 divergent transcript INcRNA -1.2230 0.0049
641364 SLC7AT1-AST SLC7A11 antisense RNA 1 INcRNA -0.7862 0.0302
100506305 LINC00958 long intergenic non-protein coding RNA 958 IncRNA -0.6847 0.0448
100289410 MCF2 I-AST MCF2 L antisense RNA 1 INcRNA -0.6591 0.0414
386597 RNF144A-AST RNF144A antisense RNA 1 INcRNA -0.6095 0.0177
144481 SOCS52-AS1 SOCS2 antisense RNA 1 INcRNA -04608 00205
100134229 KDM7A-DT KDM7A divergent transcript INncRNA -04579 00344

DEGs were insignificant after multiple testing correction of the p value. Abbreviation “FC" refers to fold change of expression levels

lipid transport” (11 mapped genes, corrected p value
2.15 % 10”°) and “Icosanoid receptor activity” (6 mapped
genes, corrected p value 2.02 x 10°°). Sorted pathways
with associated genes in networks are presented in
Fig. 2a. The results of the enrichment analysis are sum-
marized in Additional file 4.

Functional enrichment analysis of 382 DEGs associ-
ated with the adenomyosis group that were obtained by
transcriptomics analysis of endometrial samples in the
receptive phase resulted in 33 enriched pathways, includ-
ing 20 GO_BP terms, 6 Reactome pathways and 7 Reac-
tome reactions. They were sorted into 7 network groups
to remove redundancy, which is visualized in Fig. 2b. The
highest proportion of enriched pathways was related
to mechanisms of response to interferon (IFN) signal-
ling, in particular antiviral response (presented in higher
resolution in Fig. 2c). Most of the downregulated genes
were mapped in the following network groups: “Expres-
sion of IFN-induced genes” (BST2, IFI35, IFIT1, IFITM1,
ISG15, MX1, OAS2, OAS3 and STAT1 were down- and
IRF6 was upregulated, corrected p value 2.08 x 10°®),
“Response to interferon-alpha” (BST2, EIF2AK2, IFITM1,
and LAMP3, corrected p value 8.75x 10, “ISG15-
protein conjugation” (ISGIS, UBA7 and UBE2E2, cor-
rected p value 3.02 x 10"%) and “Homophilic cell adhesion
via plasma membrane adhesion molecules” (AMIGOI,

CDH15, CDH24, CDH®6, FATI, FAT2, PALLD, PCDHA9
and PLXNB3 were down-, while CDHRI and NEC-
TIN4 were upregulated, corrected p value 5.75 x 10°%).
Upregulated genes were mapped in the specific network
group “Cysteine metabolic process” (MPST, TST and
VSIG2 were up- and SLC7A11 was downregulated, cor-
rected p value 5.62 x 10"%). Nonspecific network groups
characterized by equal proportions of mapped up- and
downregulated genes were “Diseases associated with
O-glycosylation of proteins” (ADAMTS17, ADAMTS5
and ADAMTSL2 were up-, while ADAMTSL1, MUCI3,
MUCS5B and THSD7A were downregulated, corrected
p value 4.48 x 10% and “Retina homeostasis” (AZGP1I,
CDHRI and NECTIN4 were up-, while ALPK3, ATP1B2,
CDH15 and POTE] were downregulated, corrected p
value 6.42 x 10%). The 33 identified enriched pathways
are summarized in Additional file 5.

Enriched pathways obtained by integration of identified
DEGs and endometrial receptivity genes from the literature
Only a set of 382 DEGs associated with the adenomyosis
group that were identified by transcriptomics data com-
parison of adenomyosis case and control samples dated
to the receptive phase were used for integrative enrich-
ment analyses with endometrial receptivity genes from
the literature.
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Fig.2 Networks of enriched pathways and mapped genes associated with DEGs in the adenomyosis group. (a) Sorted 4 pathways in 2 network
groups obtained by the enrichment analysis of 909 DEGs assaciated with adenomyosis group after comparing receptive, early- and late-receptive
case and control samples; (b) Sorted 33 enriched pathways within 7 network groups identified from 382 DEGs associated with adenomyaosis group
after comparing only case and control samples dated to the receptive phase; (c) The enlargement of the connected network groups “Expression

of IFN-induced genes’, “Response to interferon-alpha” and “ISG15-protein conjugation” presenting candidate pathways for future studies associated
with altered endometrial receptivity in adenomyosis. Each set of DEGs was uploaded in the Cytoscape ClueGO app as two separate clusters, where

upregulated genes were marked with violet and downregulated genes with green colour. Shape of nodes in networks attributed to ontology
sources that were applied for enrichment analysis. Enriched pathways were sorted into network groups based on their common biological role

Integration of lists with 382, 151 and 173 genes associ-
ated with adenomyosis, healthy uterus and endometrio-
sis, respectively, provided 40 enriched pathways sorted
in 11 network groups, which are presented in Fig. 3.
According to the generated network, unique fingerprints
of gynaecological pathologies on endometrial signa-
tures were observed. The identified “Expression of IFN-
induced genes’, “Negative regulation of viral process” and
“Diseases associated with O-glycosylation of proteins”
network groups were specific for the adenomyosis gene
list, while “Interleukin-10 signalling” and “ARC gene
expression” were specific for the endometriosis gene list.
In addition, nonspecific network groups, characterized
by mapped genes originating from all 3 lists associated
with gynaecological conditions, were identified, including

“Extracellular matrix organization’, “Serine-type pepti-
dase activity’, “Positive regulation of DNA-binding tran-
scription factor activity’, “Cellular response to vascular
endothelial growth factor stimulus’, “Response to cad-
mium ion” and “Regulation of reproductive process” This
could indicate the interference of adenomyosis and endo-
metriosis with molecular mechanisms required for nor-
mal endometrial receptivity. The 40 identified enriched
pathways are summarized in Additional file 6.
Integration of lists with 424 (382 DEGs of the present
sequencing experiment and 42 genes from the literature),
151 and 173 genes associated with adenomyosis, healthy
uterus and endometriosis, respectively, provided 57
enriched pathways sorted in 18 network groups, which
are presented in Fig. 4. Similar results were retrieved
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Fig.3 Integration of 382 adenomyosis-associated DEGs with endometrial receptivity genes associated with endometriosis and healthy uterus.

In total, 40 pathways sorted into 11 network groups were obtained after enrichment analysis of integrated gene lists. The adenomyosis gene list
(blue colour) included 382 DEGs associated with the adenomyosis group of the present RNA-seq analysis. The healthy uterus list (green colour) and
endometriosis list (pink colour) contained 151 and 173 genes, respectively, which were associated with endometrial receptivity in the literature

with the integration of the adenomyosis gene list with
382 DEGs alone. However, some additional nonspecific
network groups were identified, including “Interleukin-4
and Interleukin-13 signalling’, “Tumour necrosis fac-
tor production” and “Sodium ion export across plasma
membrane”. The 57 identified enriched pathways are
summarized in Additional file 7.

Discussion

Altered endometrial molecular mechanisms obstructing
successful embryo implantation in women with adeno-
myosis are poorly understood. The focus of the present
transcriptomics analysis was to apply two novel molecu-
lar approaches to identify gene expression differences in
LH-timed endometrial samples between women with
and without adenomyosis: genome-wide profiling using
RNA-seq and accurate classification of endometrial
receptivity as assessed by the molecular tool beREADY®,

measured from the same biopsy. Lists of DEGs associ-
ated with the adenomyosis group that were identified by
analysing RNA-seq datasets in the setting of the endome-
trial dating results were applied for enrichment pathway
analyses to predict their role in the context of endome-
trial molecular organization. In addition, a set of 382
DEGs obtained after transcriptomics data comparison of
confirmed receptive samples was used for further bioin-
formatics analysis. They were integrated with the most
extensive set of genes from the literature associated with
endometrial receptivity in healthy uterus, endometrio-
sis (model disease to study persistence of gynaecological
pathology on endometrial molecular organization) and
adenomyosis to predict mechanisms in which adenomyo-
sis mediates an effect on endometrial receptivity.
Recently, Devesa-Peiro et al. [38] compared avail-
able transcriptomics data and observed a greater
effect of changing phases of the menstrual cycle on the
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Fig.4 |Integration of 424 adenomyosis-associated DEGs with endometrial receptivity genes associated with endometriosis and healthy uterus.

In total, 57 enriched pathways sorted into 18 network groups were obtained after integration of adenomyosis list with 424 genes (382 DEGs of the

present experiment and 42 genes from the literature), (blue colour), endometriosis list with 173 genes (pink colour) and healthy uterus list with 151
genes (green colour)

endometrial transcriptome signature than the persis-
tence of endometrial pathologies. Accurate dating of
collected biopsies was highlighted as an important pro-
cedure when identifying endometrial biomarkers asso-
ciated with uterine abnormalities [38]. In addition,
displacement of the temporal appearance of the WOI has
been observed in some women [39, 40], meaning that the
WOI could appear earlier or later in the luteal phase, as it

is generally assumed that it is constant in all women [39, were identified by comparing transcriptomics data of
41]. In view of these data, we utilized the novel molecular ~ samples derived from receptive, early- and late-receptive
beREADY? tool [25], which reliably determines endome-  phases.

trial dating on a transcriptomics platform, and machine-
learning algorithms to assure homozygosity of LH-timed
biopsies in the present study groups. Considering the
results of endometrial receptivity testing, we excluded
early- and late-receptive samples from the RNA-seq
dataset to prevent the impact of early- and late-secretory

phases associated with physiological advancement of
endometrial maturation through the menstrual cycle,
which could bias transcriptomics analysis associated
with endometrial receptivity in adenomyosis. In that way,
we identified 382 DEGs that we believe more accurately
represent the effect of adenomyosis on the gene expres-
sion signature of endometrial receptivity compared to
909 DEGs associated with the adenomyosis group, which

Enrichment analysis using 382 DEGs also provided a
higher number of pathways tightly sorted in connected
network groups compared to analysis of 909 DEGs,
which were also more meaningful to relate with endo-
metrial molecular biology (Fig. 2b). Namely, accord-
ing to the results of the enrichment analysis of 382
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DEGs, “Expression of IFN-induced genes’, “Response
to interferon-alpha” and “ISG15-protein conjugation”
were sorted as connected processes (Fig. 2c). Popovici
et al. [42] associated increased expression levels of genes
encoding chemotactic factors, inflammatory cytokines
(including type I IFN-alpha/beta) and apoptosis-inducing
agents with a role in the recruitment of lymphocytes and
macrophages in human endometrial decidua [42]. IFNs,
as reviewed by De Veer et al. [43], are a family of multi-
functional cytokines that activate the expression of many
genes with antiviral, antiproliferative or immunosuppres-
sive effects. The signal transduction pathway of IFNs is
initiated upon IFN binding to specific cell surface recep-
tors. Downstream formed complexes of phosphorylated
proteins and transcription factors bind to IFN-stimulated
response elements (ISREs) at the promotor region of
IFN-stimulated genes (ISGs) and initiate their transcrip-
tion. There are more than 300 ISGs [43]. The ubiquitin-
like protein ISG15 is a posttranscriptional modifier that
can be in a process termed ISGylation covalently linked
to hundreds of proteins. The role of ISG15 has been asso-
ciated with cellular processes such as protein translation,
cytoskeleton dynamics, exosome secretion, autophagy,
genome stability and cancer; therefore, it presents a
potential target for therapeutic strategies [44]. ISGL5 can
exert functions as an intracellular and secreted protein.
Intracellular expression of 1SG15, which is dependent
on type I IFN-alpha/beta signalling, characterizes innate
immune responses to viral and microbial pathogens. Its
extracellular signalling can elicit secretion of cytokine
type II IFN-gamma from lymphocytes [45]. Studies in
mice suggested that ISG15 plays a role in the recruitment
of uterine natural killer (uNK) cells during early gestation,
where it is responsible for remodelling of spiral arteries to
ensure a normal blood supply to the foetus and placenta
throughout pregnancy [46]. The identified enriched path-
ways related to the response to IFN signalling could indi-
cate altered immune factors that have been associated
with adenomyosis. Tremellen and Russell [47] associated
an increased density of uNK cells and macrophages in the
functional layer of late-secretory endometrium in women
with severe adenomyosis experiencing implantation
failures with a hostile immune environment that might
interfere with successful embryo implantation [47]. In
addition, Sotnikova et al. [48] reported higher levels of
secreted proinflammatory cytokines (IFN-gamma, IFN-
alpha, tumour necrosis factor (TNF)-alpha and inter-
leukin (IL)-1 beta) in supernatant samples of cultured
mononuclear cells obtained from late-secretory endome-
trium of women with adenomyosis when compared with
healthy controls [48]. Another interesting enriched path-
way from the 382 DEGs was related to cellular adhesion,
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whose importance in the process of embryo implantation
has been described elsewhere [49].

The 382 Identified DEGs were also applied for the
integration approach to repeat our previous enrichment
pathway analysis [18] oriented to detect candidate path-
ways of affected endometrial receptivity in adenomyosis.
Integrative enrichment analysis using the adenomyosis
gene list with 382 DEGs only provided candidate path-
ways associated with endometrial receptivity establish-
ment (e.g., “Extracellular matrix organization” “Cellular
response to vascular endothelial growth factor stimulus”
and “Regulation of reproductive process”) that could
be dysregulated in adenomyosis as well as in endome-
triosis, which is in agreement with the literature [17,
50-54]. The identified specific network group “Expres-
sion of IFN-induced genes” persisted as a unique effect of
adenomyosis on endometrial molecular background after
enrichment analysis using integrated gene lists. Enriched
pathways related to activity-regulated cytoskeletal (ARC)
gene expression were specific to the endometriosis gene
list, which was used as a model to study the effect of
endometrial-associated disorders. ARC is an immediate
early gene involved in signal transduction. Its transcrip-
tion is induced by various signalling cascades, includ-
ing mitogen-activated protein kinases (MAPKs) and
extracellular signal-regulated kinases (ERKs) [55], which
have already been associated with endometrial receptiv-
ity defects in endometriosis [56]. Integrative enrichment
analysis using the adenomyosis gene list with 424 genes
provided additional candidate pathways to be associ-
ated with altered cytokine responses in adenomyosis and
endometriosis, including “interleukin-4 and interleu-
kin-13 signalling”; which was also identified in our previ-
ous study [18] and could be attributable to the Reactome
pathway database being used as an ontology source in
both studies, “regulation of TNF superfamily cytokine
production” and “interleukin-10 signalling” Altered
expression levels of some cytokines in the endometrium
during WOI have been observed in women with adeno-
myosis after COS [57] and in women with endometriosis
[58, 59]. Decidualization of endometrial stromal cells is
characterized by a changing endometrial inflammatory
environment shown as a transition from a proinflamma-
tory to an anti-inflammatory response [60, 61]. This tran-
sition has been associated with balancing endometrial
receptivity versus selectively accepting only high-quality
embryos [61]. Dysregulated balance has been associated
with the implantation of poor-quality embryos leading to
miscarriage [62]. It could be that enriched pathways asso-
ciated with the expression of IFN-induced genes indicate
dysregulated endometrial selectively, which may explain
the observed higher incidence of early pregnancy loss
in women with adenomyosis [6, 20]. However, further
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studies are needed to verify this hypothesis. The identi-
fication of robust pathways could lead to the extension of
current gene sets for endometrial receptivity examination
presented in a growing number of commercial molecular
tests [25, 63—65] that would be specific for women with
adenomyosis. Accurate endometrial receptivity exami-
nation in this group of infertile patients could better
verify whether endometrial-associated factor is a source
of recurrent implantation failures that prolong infertil-
ity treatments [66]. Furthermore, endometrial changes
in women with adenomyosis could provide not only the
relationship between pathophysiological mechanisms of
adenomyosis development [17, 67, 68] but also the patho-
genesis of the malignant transformation [69]. Recently, it
was reported that endometrial carcinoma could co-exist
or arise from adenomyosis which may be important fac-
tor in survival outcomes of the patient [70, 71].

A limitation of our study is the relatively small sam-
ple size, which prevents definitive conclusions regarding
the impact of adenomyosis on the endometrial tran-
scriptome [72]. The results could also differ if the con-
trol group is composed of women with proven fertility.
Another limitation of the present study is that the diag-
nosis of adenomyosis could only be made noninvasively
by imaging, since definitive histopathological diagno-
sis can only be made after hysterectomy. In genome-
wide studies focusing on pathophysiological aspects of
adenomyosis, the diagnosis can be based on histological
examination of specimens after hysterectomy [17, 67,
68]. However, this is only possible retrospectively and
is irrelevant in women who wish to preserve their fer-
tility. In fertility-oriented transcriptomics studies [20]
or studies including endometriosis [73], a diagnosis of
adenomyosis was noninvasive. The diagnosis of adeno-
myosis by ultrasound is challenging, and there are no
uniform ultrasonographic criteria for the diagnosis [74].
In the present study, TVUS of the uterus and pelvic cav-
ity was performed by an experienced sonographer prior
to each endometrial biopsy to confirm sonographic
evidence of adenomyosis and to exclude other pelvic
pathologies.

Conclusions

In this study, we focused on the molecular background
of infertility-related adenomyosis based on our research
and the available literature. We applied accurate endo-
metrial receptivity classification of retrieved endometrial
samples LH-timed to the expected WOI to avoid men-
strual cycle bias in downstream transcriptomics analy-
sis. The 382 DEGs identified in the adenomyosis group
using the RNA-seq dataset of only confirmed receptive
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endometrial samples resulted in 33 enriched pathways
further projected in the network from which “Expres-
sion of IFN-induced genes’, “Response to interferon-
alpha” and “ISG15-protein conjugation” were highlighted
as connected processes. Additional integration of 382
DEGs with candidate genes associated with endome-
trial receptivity in healthy uterus, endometriosis and
adenomyosis based on a literature review revealed that
cytokine signalling impairments in endometrial patholo-
gies could interfere with mechanisms of endometrial
receptivity. According to our results, an altered response
to IFN signalling is suggested as a candidate mechanism
of impaired uterine receptivity in adenomyosis that needs
to be further studied in a larger sample size.
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2.2 OSTALO POVEZOVALNO ZNANSTVENO DELO

2.2.1 Obogatitvene analize porocanih genov spremenjenega endometrijskega izrazanja
pri adenomiozi (preverjanje hipoteze 2)

2.2.1.1 Uvod

V literaturi se v povezavi z adenomiozo pogosto uporabljata izraza evtopicni in ektopicni
endometrij. Izraz evtopicni endometrij se nanasa na endometrij, ki se nahaja na pravilnem
mestu v maternici, in sicer obdaja materni¢no votlino in predstavlja ciljno tkivo za vgnezdenje
zarodka (Makieva in sod., 2018). Izraz ektopi¢ni endometrij pa se navezuje na endometriju
podobno tkivo (adenomiozno tkivo ali lezije), ki se nahaja na nepravilnih mestih v maternici,
in sicer znotraj miometrija. Spremenjena molekularna organizacija evtopicnega endometria
pri adenomiozi (EVEA) se povezuje z dvema procesoma: vloga pri patofiziologiji, ki omogoca
razvoj in napredovanje adenomioze (Vannuccini in sod., 2017) in vloga pri nepopolni
endometrijski receptivnosti in decidualizaciji strome, kar ovira vgnezdenje zarodka (Campo
in sod.,, 2012). EvEA tako predstavlja ciljno tkivo za identifikacijo molekularnih
oznacevalcev, povezanih s to boleznijo. Intenzivno iskanje endometrijskih molekularnih
oznacevalcev ze poteka pri endometriozi (Ahn in sod., 2017).

Pri iskanju endometrijskih molekularnih oznacevalcev pa je pomembno datiranje
menstruacijskega ciklusa vzorcev endometrija. PoroCajo namre¢, da imajo posamezne faze
menstruacijskega ciklusa vecji podpis na transkriptom endometrija kot pa patologije
endometrija. Za identifikacijo endometrijskih molekularnih oznacevalcev patologije je
pomembna analiza vzorcev, datiranih v isto fazo menstruacijskega ciklusa (Altmée in sod.,
2014; Devesa-Peiro in sod., 2021). Raziskave endometrija, ki so bile usmerjene v
identifikacijo mehanizmov patofiziologije endometroze (Laudanski in sod., 2013; Shi in sod.,
2014; Cui in sod., 2018) in adenomioze (Herndon in sod., 2016; Jiang J.F. in sod., 2016;
Xiang in sod., 2019), so bile opravljene v P fazi menstruacijskega ciklusa. Domneva se, da so
razlike v izrazanju genov proliferacijskega endometrija med preiskovano in kontrolno skupino
povezane s patofiziologijo bolezni, saj v tej fazi menstruacijskega ciklusa ni molekularnega
odtisa endometrijske receptivnosti na celokupen transkriptom. V P fazi namre¢ poteka
regeneracija izluS¢enega endometrija predhodnega ciklusa. To pa se spremeni po nastopu
ovulacije, ko pricne delovati hormon P4 in menstruacijski ciklus endometrija prestopi v S
fazo. V tej fazi se endometrij diferencira v deciduo in v SS fazi nastopi endometrijska
receptivnost za vgnezdenje zarodka (Makieva in sod., 2018). Razlike v izrazanju genov
endometrija SS faze med adenomiozno/endometriozno in kontrolno skupino pa se povezujejo
s spremenjeno endometrijsko receptivnostjo zaradi prisotne patologije (Kao in sod., 2003a;
Burney in sod., 2007; Martinez-Conejero in sod., 2011; Tamaresis in sod., 2014; Houshdaran
in sod., 2016; Zhou in sod., 2016; Dior in sod., 2018).

Na$ namen je bil z bioinformacijskimi analizami podatkov o porocanih genetskih vzrokih,
povezanih s spremenjenim izrazanjem v EVEA, identificirati mocnejSe kandidatne gene
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patofiziologije in mocnejSe kandidatne gene spremenjene endometrijske receptivnosti pri
adenomiozi.

2.2.1.2 Materiali in metode

Identifikacijo mo¢nejsih kandidatnih genov spremenjene Identifikacija moénejsih kandidatnih genov patofiziologije
endometrijske receptivnosti pri adenomiozi endometrija pri adenomiozi
Set genov za identifikacijo Set genov za identifikacijo moénej&in Set genov za identifikacijo Set genov za identifikacijo
biologkih poti endometrijske kandidatov spremenjene endometrijske  obogatenih bioloskih poti, povezanih mocnejsih kandidatov
receptivnosti receptivnosti pri adenomiozi s procesi patofiziologije adenomioze patofiziologije adenomioze
60 genov zbirke GO, anotiranih v 42 genov, povezanih s 78 genov, povezanih s spremenjenim 518 genov, povezanih s
procesa vgnezdenje zarodka spremenjenim endometrijskim endometrijskim izraZanjem v P fazi spremenjenim endometrijskim
(GO:0007566) infali izrazanjem v pricakovanem stanju med Zenskami z in brez adenomioze izraZzanjem v P fazi med
decidualizacija (G0:0046697) receptivnosti (SS faza) med (47 raziskav kandidatnih lokusv) Zenskami z in brez adenomioze
y Zenskami z in brez adenomioze ! (tri transkriptomske raziskave)
. (7 raziskav) ' :
v v v
68 obogatenih bioloskih 14 obogatenih 111 obogatenih biolokih 135 obogatenih
poti (p < 0,05) --> SEEEECSEREES biologkih poti poti (p<0,05) --> . bioloskih poti (p < 0,05)
upo&tevali prvih 20 : (p < 0,05) upostevali prvih 20 : --> upoétevali prvih 20
v v
Skupne poti: Skupne paoti:

* Negativna regulacija celicne proliferacije
* Organizacija zunajcelicnega matriksa
* Decidualizacija

* Pozitivno uravnavanje angiogeneze
* Negativno uravnavanje apoptoznih procesov
* Vnetni odziv

. A4
'

N1 . 52/518 anotiranih genov: ADM, AGER, ANXA1, BAG3, BCL3,
nl r T e BCL6, BIRC5, BTG, CD14 , CD44, CD74, CEBPB, CSFL, |, _
SOLBA1, MMP20, MB, TBX15 in KLF12 CXCL2, CYBB, CYR61, DUSP1, ECM1, EGR3, ELF3, EPHA2,
F3, GATA6, GSTP1, HSPAS, IER3, ITGB2, LTF, MCL1, NFKB2,
NFKBIA, NFKBID, PIML, PIM3, PLAUR. PLK3, PTGIS, PTGSL,
PYCARD, RHOB, S100A9, SELE, SERPINEL, SOCS3, SOX9,
TAC4, THBS1, TNFAIP3, TWIST1, VEGFA, VHL in ZC3H12A

Slika 2: Potek preverjanja hipoteze 2. Z orodjem DAVID smo izvedli obogatitvene analize genskih setov. Sete
smo oblikovali z zdruzevanjem podatkov (transkripti in proteini) iz pregleda literature in poenotenjem
poimenovanja po genski nomenklaturi zbirke HGNC. Gene smo sortirali glede na datirano fazo
menstruacijskega ciklusa endometrija v kateri je bila ugotovljena razlika v izraZzanju med adenomiozno in
kontrolno skupino zensk. Seta 78 in 518 genov, povezana s spremenjenim izrazanjem v endometriju P faze smo
uporabili za identifikacijo kandidatnih genov patofiziologije adenomioze. Set 42 genov, povezan s spremenjenim
izrazanjem v SS fazi, pa za identifikacijo kandidatnih genov spremenjene endometrijske receptivnosti pri
adenomiozi. Moc¢nejSe kandidatne gene smo prioritizirali na podlagi prekrivanja obogatenih bioloskih poti.
Uporabljene kratice: P faza = proliferacijska faza menstruacijskega ciklusa; SS faza = srednje sekrecijska faza
menstruacijskega ciklusa; GO = genska ontologija.

Figure 2: The overview of hypothesis 2 testing. Gene set enrichment analyses were performed using the

DAVID tool. Gene sets were developed by synthesising data (transcripts and proteins) from literature mining
and further adopting of the HGNC gene nomenclature. Genes were sorted according to the dated phase of the
menstrual cycle, in which a difference in endometrial expression levels between the adenomyosis and control
group of women was reported. The 78 and 518 gene sets associated with altered expression levels in P phase
endometrium were used to identify stronger candidates of pathophysiology in adenomyosis. The set of 42 genes
associated with altered expression in the mid secretory phase was used to identify stronger candidates of altered
endometrial receptivity in adenomyosis. The stronger candidate genes were prioritized based on the overlap of
enriched pathways. Abbreviations used: P phase = the proliferative phase of the menstrual cycle; SS phase = the
mid secretory phase of the menstrual cycle; GO = Gene Ontology.
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Iz zbirke PubMed (PubMed, 2021) smo s klju¢nimi besedami »adenomyosis« in
»pathogenesis« o0z. »molecular studies« o0z. »genetics« 0z. »gene expression« oOz.
»endometrial differences« pridobili znanstveno literaturo. Raziskave smo v Prilogi B
razvrstili glede na preucevane bioloSke procese. Iz vsake raziskave smo pridobili tudi
podatek, ce je bil le-ta podan, o datirani fazi menstruacijskega ciklusa ob Casu vzorcenja
endometrija. Poimenovanje preucevanih transkriptom mRNA in ncRNA ter proteinov smo
poenotili po genski nomenklaturi zbirke HGNC, da smo lahko glede na datirano fazo
menstruacijskega ciklusa zdruzevali podatke (gene) za obogatitvene analize.

Iz raziskav, ki so bile opravljene na svezih vzorcih endometrija (EvEA), smo zbrali gene s
statistino znacilnim spremenjenim izrazanjem v P in/ali SS fazi menstruacijskega ciklusa pri
zenskah z in brez adenomioze. Raziskave brez podatka o datiranju endometrija smo izlo¢ili iz
analize. Raziskave, ki smo jih uporabili za sestavo genskih setov, so v Prilogi B oznacene
krepko. Sestavili smo tri sete genov; dva povezana s P in enega s SS fazo. Cetrti set genov,
povezan s sploSnimi procesi vgnezdenja zarodka oz. decidualizacijo strome (SS faza), smo
pridobili iz podatkovne zbirke GO. Opis izdelave posameznega genskega seta:

e Set 60 genov, s katerim smo identificirali splosne bioloSke poti endometrijske receptivnosti
(SS faza) za uspesno vgnezdenje zarodka. Gene smo pridobili iz zbirke GO, kjer smo se
omejili na takson homo sapiens. 1z procesov vgnezdenje zarodka (GO:0007566) in
decidualizacija (GO:0046697) smo pridobili 62 oz. 33 anotiranih genov. Po odstranitvi
podvojenih genov smo pridobili unikatnih 60 genov.

e Set 42 genov, ki smo ga uporabili za identifikacijo mocnejSih kandidatnih genov
spremenjene endometrijske receptivnosti pri adenomiozi. Gene smo pridobili z zdruZzenjem
podatkov 6 raziskav kandidatnih lokusov (Xiao in sod., 2010, 2013; Fischer in sod., 2011;
Yen in sod., 2016; Wang in sod., 2018; Yan in sod., 2019) in ene transkriptomske analize
(Martinez-Conejero in sod., 2011), ki so primerjale izrazanje v endometriju v SS faze
ciklusa (pri¢akovan ¢as endometrijske receptivnosti) med Zenskami z in brez adenomioze.

e Set 78 genov, s katerim smo identificirali kandidatne poti patofiziologije endometrija pri
adenomiozi. Gene smo pridobili z zdruZevanjem podatkov 47 raziskav, ki so porocale o
spremenjenem izrazanju kandidatnih lokusov v endometriju (EvEA) P faze med Zenskami
z in brez adenomioze. V zbirki DisGeNET (DisGeNET, 2021) smo sicer nasli set genov,
povezan z adenomiozo (poimenovano kot endometriosis of uterus, C0341858). Po
podrobnem pregledu navedenih genov in podporne literature smo ugotovili, da so bili
genski simboli pogosto dodeljeni tudi kraticam razli€nih uporabljenih izrazov v besedilu
izvorne raziskave. V zbirki tudi ni navedeno, ali se spremenjeno izrazanje navedenega
gena navezuje na ektopicni (EKEA) ali evtopi¢ni (EVEA) endometrij pri adenomiozi. Ker
nas je zanimal patoloSki efekt adenomioze na ciljno tkivo vgnezdenja zarodka (EvEA),
smo ro¢no pregledali vsako raziskavo, da smo zbrali podatke le tistih raziskav, ki so se
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nanasale na spremenjeno izrazanje v evtopi¢nem endometriju med Zenskami z in brez
adenomioze.

e Set 518 genov, ki smo ga uporabili za identifikacijo mocnejSih kandidatnih genov
patofiziologije endometrija pri adenomiozi. Gene smo pridobili z zdruzevanjem podatkov
spremenjeno izrazenih genov treh transkriptomskih raziskav, ki so bile izvedene na vzorcih
endometrija (EVEA) v P fazi pri Zenskah z in brez adenomioze (Herndon in sod., 2016;
Jiang J.F. in sod., 2016; Xiang in sod., 2019).

Oblikovane genske sete smo z bioinformacijskim orodjem DAVID (Huang in sod., 2009)
obogatili za ontologijo GO BP. Iz vsakega seta smo upostevali do 20 najbolj statisticno
znacilnih poti (p < 0,05) glede na narascajoco vrednost p. Na podlagi ujemanja obogatenih
poti med setoma iste datirane faze, tj. SS (60 in 42 genov) in P (78 in 518 genov) faza, smo
anotirane gene iz seta 42 genov predlagali kot moc¢nejSe kandidate spremenjene endometrijske
receptivnosti in anotirane gene iz seta 518 genov kot mocnejSe kandidate patofiziologije.
Potek identifikacije kandidatov je predstavljen na Sliki 2.

2.2.1.3 Rezultati in diskusija

Pridobili smo 110 raziskav, v katerih so preucevali endometrij pri adenomiozi. Pridobljene
raziskave so bile opravljene na svezih humanih vzorcih evtopi¢nega (EVEA) in/ali
ektopicnega (EKEA) endometrija, celi¢nih kulturah ali na mi§jem modelu adenomioze.
Pridobljene raziskave smo zbrali in predstavili v Prilogi B. Raziskave smo razvrstili glede na
procese, povezane s patofiziologijo oz. patogenezo adenomioze: lokalna proizvodnja in
spremenjen metabolizem E2 v maternici; hiperperistaltika maternice; proces TIAR v
miometriju; kopifenje imunskih celic na mestu poskodb miometrija in v evtopicnem
endometriju; hipoksija; somatske mutacije; epigenetske spremembe; polimorfizmi; aktivacija
procesa EMT; zviSana celicna migracija; zviSana invazivnost; spremenjena organizacija
zunajceli€nega matriksa; prekomerna (nevro)angiogeneza; ovirana apoptoza; prekomerna
proliferacija; spremenjen vnetni odziv; spremenjene znotrajceli€ne signalne poti; povecan
metabolizem prostih radikalov; fibroza; moten imunoloski nadzor; spremenjeno izraZanje
integrinov in receptorjev za steroidne hormone.

Izmed 110 pridobljenih raziskav smo v sestavo genskih setov vkljucili 7 raziskav analize
endometrija v SS fazi in 50 raziskav analize endometrija v P fazi. Geni posameznih setov so
navedeni v Prilogi A. Raziskave endometrija SS faze so bile opravljena pri mlaj$ih Zenskah v
njihovem reproduktivnem obdobju. V teh raziskavah je bila adenomioza diagnosticirana z
neinvazivnimi metodami slikanja trebuha. Vecina raziskav endometrija P faze pa je bila
opravljena pri starejSih zenskah z napredno obliko adenomioze. V teh raziskavah je bila
diagnoza adenomioze postavljena na osnovi histoloskih pregledov vzorcev histerektomije. Z
rezultati obogatitvenih analiz smo med zbranimi geni identificirali mocnejSe kandidate z
vlogo pri patofiziologiji oz. pri spremenjeni endometrijski receptivnosti.
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2.2.1.3.1 Mocnejsi kandidatni geni spremenjene endometrijske receptivnosti pri adenomiozi

Mocnejse kandidatne gene spremenjene endometrijske receptivnosti pri adenomiozi smo
identificirali na podlagi treh prekrivajoCih obogatenih bioloskih poti, ki smo jih pridobili z

analizo setov 60 in 42 genov.

Preglednica 1: 20 najznacilnejSih obogatenih poti 60 genov, anotiranih v bioloSka procesa vgnezdenje
zarodka in decidualizacija v zbirki GO. Pridobljene bioloske poti so nam sluzile kot vir znanja o splos$nih

procesih endometrijske receptivnosti.

Table 1: Top 20 enriched pathways associated with 60 genes from the GO database that were annotated to
biological processes of embryo implantation and decidualization. Retrieved biological pathways served us as a
source of knowledge on the general processes of endometrial receptivity.

Bioloska pot Vred. p Anotirani geni

GO0:0007566~embryo implantation 2.55E-83 DDRI, HMX3, CALCA, EPO, PRDM14, STCI,
FBLNI, PTGS2, PCSK5, TRO, UBE2QI,
TRIM?28, STC2, BSG, SPPI, IGFBP7, H3F3B,
MMP2, MSTI, LIF, ACODI1, EMP2, MMP9,
PRLR, TGFBR2, SODI, VMPI, UBTFLI,
POLRIB, ILIB, SCGBIAl, RPL29, FKBPA4,
RECK, PPARD

GO0O:0046697~decidualization 2.85E-41 GHSR, CITED2, VDR, LIF, STCI, PTGS2,
EPOR, CYP27B1, GJB2, STC2, BSG, SPPI,
GHRL, JUNB, DEDD, CTSB, PPARD, MEN1

G0:0033280~response to vitamin D 2.83E-07 CYP27Bl1, STC2, SPPI, STCI1, PTGS2

GO:0071456~cellular response to hypoxia 1.39E-05 STC2, MSTI, STCI1, PTN, PTGS2, PPARD

G0:0043627~response to estrogen 5.59E-05 CYP27BI1, CITED2, EPO, GHRL, TGFBR2

GO:0008285~negative regulation of cell 2.62E-04 DDRI, CYP27B1, VDR, ILIB, LIF, IGFBP7,

proliferation PTGS2, MEN1

GO:0007507~heart development 2.99E-04 CITED2, PTN, PCSK5, EPOR, TGFBR2,
PPARD

GO0:0032147~activation of protein kinase 4.05E-04 CALCA, EPO, EMP2, TGFBR2

activity

GO0:0030198~extracellular matrix organization 4.09E-04 DDRI, ITGB4, BSG, SPP1, FBLNI, RECK

hsa04668:TNF signaling pathway 8.50E-04 [LIB, LIF, PTGS2, JUNB, MMP9

GO0:0007267~cell-cell signaling 0.0013 GJB2, CALCA, IL1B, NDP, ASHIL, PCSK5

GO:0010628~positive regulation of gene 0.0015 CITED2, VDR, IL1B, MST1, FBLNI, PPARD

expression

GO0:0022617~extracellular matrix disassembly 0.0019 MMP2, BSG, SPP1, MMP9

GO0:0032496~response to lipopolysaccharide 0.0019 CYP27B1, EPO, SCGBI1A1, PTGS2, JUNB

GO:0000122~negative regulation of 0.0020 TRIM28, CITED2, EPO, VDR, SCGBIAI,

transcription from RNA polymerase Il promoter PRDM 14, JUNB, PPARD, MENI

GO:0050728~negative regulation of 0.0021 GHSR, ACOD1, GHRL, PPARD

inflammatory response

hsa04060:Cytokine-cytokine receptor 0.0027 EPO, ILIB, LIF, PRLR, EPOR, TGFBR2

interaction

G0:0042493~response to drug 0.0029 SCGBI1AI, PIN, PTGS2, JUNB, SODI,
TGFBR2

G0:0007420~brain development 0.0032 HMX3, H3F3B, EPOR, TGFBR2, MEN1

GO:0030336~negative regulation of cell 0.0035 CITED2, STCI, PTN, RECK

migration
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Z obogatitvijo seta 60 genov (anotirani v bioloska procesa vgnezdenje zarodka in
decidualizacijo v zbirki GO) smo pridobili 68 statisticno znacilnih poti (p < 0,05), katerih
prvih 20 je nastetih v Preglednici 1. Z obogatitveno analizo 42 genov (zdruzeni podatki
spremenjeno izrazenih genov v endometriju SS faze med zenskami z in brez adenomioze) pa
smo pridobili 14 statisticno znacilnih bioloskih poti (p < 0,05), ki so navedene v Preglednici
2. Med prvimi 20 potmi obeh analiz so se prekrivale poti negativno uravnavanje celicne
proliferacije, organizacija zunajcelicnega matriksa in decidualizacija. Pripadajoc¢i anotirani
geni IL10, SST, STAT3, LIF, CHDS5, CDKN3, COL8AI, COLII1Al, ITGB3 in SPPI, ki
izhajajo iz seta 42 genov, predstavljajo mocnejSe kandidate spremenjene molekularne
organizacije receptivnega endometrija za vgnezditev zarodka pri adenomiozi maternice.
Identifikacija genetskih vzrokov spremenjene endometrijske receptivnosti pri adenomiozi bi
lahko vodila v razvoj molekularnega testa, ki bi na podlagi izrazanja izbranih genov omogocil
boljSo diagnostiko endometrija kot morebiten vzrok neplodnosti pri taks$nih Zzenskah.
Poznavanje molekularnih odstopanj pa bi lahko vodilo v razvoj ciljnih terapij za optimalno
pripravo endometrija pred naslednjim prenosom zarodka v maternico, da bi zvisali stopnjo
zanositve v postopkih OBMP (Revel, 2012; Altmie in sod., 2017).

Preglednica 2: Obogatene poti 42 genov, povezanih s spremenjenim izraZzanjem v endometriju v ¢asu
njegove receptivnosti (SS faza) med Zenskami z in brez adenomioze. Obogatene poti, ki so se ujemale z
obogatitveno analizo 60 genov zbirke GO, so oznacene krepko. Anotirani geni teh poti predstavljajo mocnejse
kandidatne gene spremenjene endometrijske receptivnosti pri adenomiozi.

Table 2: Enriched pathways using 42 genes associated with altered endometrial expression levels in the
time-frame of receptivity (MS phase) between women with and without adenomyosis. Enriched pathways
that matched the results of the analysis of the 60 genes from the GO database are highlighted in bold. The
annotated genes in these pathways present the stronger candidate genes of altered endometrial receptivity in
adenomyosis.

Bioloska pot Vred. Anotirani geni

p
GO:0008285~negative regulation of cell 0.0017 IL10, SST, STAT3, LIF, CHDS5, CDKN3
proliferation
GO0:0008202~steroid metabolic process 0.0040 AKRIBI10, SULTIEI, CYP347
hsa04630:Jak-STAT signaling pathway 0.0059 IL10, STAT3, LIF, LIFR
GO0:0030574~collagen catabolic process 0.0087 COLI11A1, COL8AI, MMP20
G0:0048861~leukemia inhibitory factor signaling  0.0088 LIF, LIFR
pathway
GO0:0030198~extracellular matrix organization 0.0091 COL11A41, ITGB3, SPP1, COL8AI
GO:0001503~ossification 0.013 COLI11Al, SPPI1, LTF
hsa04512:ECM-receptor interaction 0.021 COL11Al, ITGB3, SPP1
G0:0036376~sodium ion export from cell 0.022  ATPI1A42, ATPI124

GO0:0030007~cellular potassium ion homeostasis ~ 0.026 ~ ATPI1A42, ATP124

G0:0010248~establishment or maintenance of 0.028  ATPIA2, ATPI124
transmembrane electrochemical gradient

GO:0006883~cellular sodium ion homeostasis 0.041 ATPI1A2, ATP124
G0:0048545~response to steroid hormone 0.043  SST, SPPI
GO:0046697~decidualization 0.043  LIF, SPPI
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2.2.1.3.2 Mocnejsi kandidatni geni patofiziologije endometrija pri adenomiozi

Mocnejse kandidatne gene patofiziologije endometrija pri adenomiozi smo identificirali na
podlagi treh prekrivajocih bioloskih poti, ki smo jih pridobili z obogatitvijo setov 78 in 518
genov. Z analizo seta 78 genov (zdruzeni podatki 47 raziskav posameznih lokusov, ki so nam
sluzili za identifikacijo patoloskih poti endometrija v P fazi pri adenomiozi) smo pridobili 111
statisticno znacilnih poti (p < 0,05), katerih prvih 20 je nastetih v Preglednici 3. Z obogatitvijo
seta 518 genov (zdruzeni podatki spremenjeno izrazenih genov treh transkriptomskih raziskav
proliferacijskega endometrija med Zenskami z in brez adenomioze) pa smo pridobili 135
statisti¢no znacilnih poti (p < 0,05), katerih prvih 20 je navedenih v Preglednici 4. Med prvimi
20 potmi obeh analiz so se prekrivale pozitivno uravnavanje angiogeneze, negativno
uravnavanje apoptoznih procesov in vnetni odziv. Pripadajoci anotirani geni ADM, AGER,
ANXAI, BAG3, BCL3, BCL6, BIRCS, BTG1, CD14, CD44, CD74, CEBPB, CSF1, CXCL2,
CYBB, CYR61, DUSPI, ECMI1, EGR3, ELF3, EPHA2, F3, GATA6, GSTP1, HSPAS, IER3,
ITGB2, LTF, MCLI, NFKB2, NFKBIA, NFKBID, PIMI1, PIM3, PLAUR, PLK3, PTGIS,
PTGSI, PYCARD, RHOB, S10049, SELE, SERPINEI, SOCS3, SOXY9, TAC4, THBSI,
TNFAIP3, TWISTI, VEGFA, VHL in ZC3HI12A, ki izhajajo iz seta 518 genov, predstavljajo
52 moc¢nejsih kandidatnih genov patofiziologije adenomioze.

Identificiranim prekrivajo¢im obogatenim potem setov P faze smo lahko pripisali podporno

literaturo v povezavi s patofiziologijo adenomioze:

e pozitivno uravnavanje angiogeneze: (Ota in Tanaka, 2003; Li in sod., 2006; Goteri in sod.,
2009; Kang in sod., 2009; Liu in sod., 2011; Wang J. in sod., 2016),

e negativno uravnavanje apoptoznih procesov: (Jones in sod., 1998; Yang in sod., 2007; Ren
in sod., 2010; Huang in sod., 2011; Wang J. in sod., 2016; Hu in sod., 2017; Li J. in sod.,
2019),

e vnetni odziv: (Ota in sod., 2001b; Sotnikova in sod., 2002; Ulukus E.C. in sod., 2005,
2006; Wang F. in sod., 2009, 2014, 2018; Yang in sod., 2009; Nie in sod., 2009; Huang
H. in sod., 2010; Qin in sod., 2012; Zhihong in sod., 2016; Lai in sod., 2016; Park in sod.,
2016; Carrarelli in sod., 2017; Jiang in sod., 2017; Jiang J.F. in sod., 2018; Li C. in sod.,
2019).

Med rezultati obogatitvenih analiz genskih setov P faze pa nismo zaznali poti, ki bi
neposredno kazale na mehanizme nastanka adenomioze, podrobneje opisane v uvodnem
poglavju. To so poti, ki kazejo na agresivnejSe lastnosti endometrijskih celic (prekinitev
celicnih stikov, prehod epitelijskih celic v mezenhimske celice, vi§ja stopnja invazije in
celi¢ne migracije), da lahko migrirajo in obstanejo v spodaj lezeCem miometriju.

87



Prasnikar E. Vzorec izraZzanja genov v endometriju v stanju receptivnosti pri preiskovankah z adenomiozo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2022

Preglednica 3: 20 najznacilnejSih obogatenih bioloSkih poti, povezanih s patofiziologijo endometrija pri
adenomiozi (EVEA). Poti smo pridobili z obogatitveno analizo 78 genov. Gene smo pridobili z zdruzevanjem
podatkov 47 raziskav kandidatnih lokusov, ki so na vzorcih proliferacijskega endometrija porocali o znacilnem
spremenjenem izrazanju med zenskami z in brez adenomioze.
Table 3: Top 20 enriched biological pathways associated with the pathophysiology of endometrium in
adenomyosis (EVEA). The pathways were obtained by enrichment analysis of 78 genes. Genes were obtained
by data synthesis of 47 published candidate locus studies that reported altered expression levels on proliferative
endometrial tissue samples between women with and without adenomyosis.

Bioloska pot Vred. p Anotirani geni

GO:0010628~positive 6.63E-15 CXCLS, ROCKI, ROCK2, IL37, NOS3, HDACI, TWISTI,

regulation of gene expression IGF1, F3, RELA, VEGFA, IL6, ILIB, CRH, TLR9, PGR, VIM,
TLR6, TLR4, NFE2L?2

GO0:0019221~cytokine- 4.35E-12  CXCLS, IL37, ILIORA, MMP2, TWISTI, PTGS2, F3, MMP?Y,

mediated signaling pathway RELA, VEGFA, IL6, CD4, ILIB, BCL2, VIM

GO0:0006954~inflammatory 5.99E-12 CXCLS, IL37, PTGS2, RELA, NFKBI, TLRI1, IL6, CNR2, ILIB,

response CXCR2, CRH, TLR9, TLRS, TLR6, TLR4, NFE2L2

GO:0030335~positive 1.27E-09 ROCK2, ILIB, MMP2, SNAIl, SNAI2, ITGA6, IGFI, F3,

regulation of cell migration MMP9, RHOA, PTK2, VEGFA

GO:0032757~positive 2.30E-09 TLRI, IL6, ILIB, TLRY, TLRS, F3, TLR4, RELA

regulation of interleukin-8

production

GO:0007568~aging 1.68E-08 CNRI, MMP2, DNMT3A4, CAT, CD68, PTGS2, RELA, NFKB2,
SODI, NFE2L2

GO:0071222~cellular 1.84E-08 IL6, CXCLS, IL37, ILIB, VIM, CD68, TLR4, RELA, RHOA,

response to lipopolysaccharide NFKBI

GO:0043066~negative 2.96E-08 HDAC3, HDACI, HSPBI, TWISTI, IGF1, MMP9, RELA,

regulation of apoptotic process PTK2, NFKBI1, VEGFA, NFKBIA, IL6, CAT, BCL?2

GO0:0032755~positive 6.16E-08 TLRI, IL6, ILIB, TLRY, TWISTI, TLRS, TLR6, TLR4

regulation of interleukin-6

production

GO:0043410~positive 7.53E-08 IL6, CD4, CDH2, ROCKI, ROCK2, TLRY, IGFI, SODI,

regulation of MAPK cascade VEGFA

GO:0006955~immune 7.87E-08 CXCLS, IL37, HLA-G, TLRI, CD4, CNR2, CXCRI, ILIB,

response CXCR2, TLRY, TLRS, TLR6, TLR4

GO:0003180~aortic valve 8.01E-08 ROCKI, ROCK2, NOS3, SNAII, TWISTI, SNAI2

morphogenesis

GO:0045766~positive 8.30E-08 CXCLS, NOS3, ILIB, HSPBI1, TWISTI, F3, PAK4, NFE2L2,

regulation of angiogenesis VEGFA

GO0:0009410~response to 1.23E-07 CDHI, ITGA2, MMP2, DNMT34, CAT, BCL2, PTGS2, RHOA,

xenobiotic stimulus DUSP6, SOD1

GO:0048661~positive 1.27E-07 IL6, HDACI, ITGA2, MMP2, IGF1, PTGS2, TLR4

regulation of smooth muscle

cell proliferation

GO0:0007249~I-kappaB 1.51E-07 NFKBIA, ROCKI, ROCK2, TLRY, TLRS, TLR4, RELA

kinase/NF-kappaB signaling

GO:0045944~positive 4.54E-07 HDAC3, HDACI, TWISTI, IGF1, RELA, ESR2, NFKBI,

regulation of transcription ACVR2A4, NFKB2, VEGFA, NFKBIA, IL6, ILIB, TLRY, ITGAG,

from RNA polymerase II PGR, TLR4, NFE2L2

promoter

GO:0001934~positive 5.29E-07 CD4, HDAC3, ROCK2, ILIB, CRH, MMP9, PTK2, ACVR2A,

regulation of protein VEGFA

phosphorylation

G0:0042493~response to drug  6.00E-07 CDHI, ITGA2, DNMT3A, CAT, CRH, BCL2, RELA, RHOA,

DUSP6, SOD1
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Preglednica 4: 20 najznacilnejSih obogatenih bioloskih poti seta 518 genov, povezanih s spremenjenim
endometrijskim izraZzanjem P faze med Zenskami z in brez adenomioze. UjemajocCe se poti obogatitvene
analize seta 78 genov so oznacene krepko. Anotirani geni teh poti predstavljajo mocnejSe kandidatne gene

patofiziologije adenomioze.

Table 4: Top 20 enriched biological pathways of 518 genes, associated with altered endometrial expression
in P phase between women with and without adenomyosis. Overlapping enriched pathways with enrichment
analysis of a set of 78 genes are highlighted in bold. The annotated genes in these pathways are stronger
candidate genes of pathophysiology in adenomyosis.

Bioloska pot Vred. Anotirani geni
P

GO:0045766~positive 1.91E-06 ECMI, PTGIS, BTG, ITGB2, SERPINEI, GATA6, CYBB,

regulation of angiogenesis TWISTI, ADM, F3, THBS1, RHOB, VEGFA, ZC3HI124

GO:0070373~negative 5.43E-06 ERRFII, DUSPI, GSTPI, SPRY4, LIF, SPRYI, KLF4, GBPI,

regulation of ERK1 and ATF3, DUSP6

ERK2 cascade

GO:0030198~extracellular 9.63E-06 ELN, ITGB2, ITGAI, SERPINE1, PDGFB, TNC, THBS1, CYR61,

matrix organization NFKB2, VCAN, ELF3, COL4A1, BCL3, COL4A45, ITGA7, SOX9,
CD44

G0:0045944~positive 2.17E-05 CSRNPI1, KDM3A4, CEBPB, CEBPD, SRF, SERPINEI, GATAS®,

regulation of transcription TWISTI, DUX4, DLLI, ETS2, CYR6I, GLISI, SERTADI,

from RNA polymerase II ZC3HI124, NAMPT, SOX9, CCNLI, JUNB, JUN, EGR2, LIF,

promoter NFATC2, NFATCI, KLF4, POUSFI1, KLF2, NFKB2, VEGFA,
NR4A2, NFKBIA, FOSLI, PERI, NR4A1, NR4A3, KLF5, RGCC,
ELF3, MAFF, BCL3, FOSB, NCOA7, MZF1, ATF3

GO0:0043066~negative 3.97E-05 GSTP1, GATA6, TWISTI, THBSI1, CYR61, SOCS3, BAG3, PIM1,

regulation of apoptotic PIM3, VHL, SOX9, MCLI, IER3, CD74, PLK3, EGR3, ANXAI,

process HSPAS5, DUSPI, PLAUR, VEGFA, NFKBIA, BCL3, BIRCS,
CD44, LTF

GO:0006954~inflammatory 1.45E-04 ECMI, CEBPB, ANXAI, CSF1, ITGB2, CYBB, TNFAIP3, SELE,

response CXCL2, AGER, THBS1, PTGSI, NFKB2, PYCARD, ELF3, BCLG,
ZC3HI124, TAC4, CD14, NFKBID, S10049, EPHA2

GO:0008284~positive 1.53E-04 CSF1, PDGFB, TNC, ADM, IRS2, THBSI1, DLLI, CTGF, CDC20,

regulation of cell ESM1, SERTADI, NAMPT, SOX9, EDN2, LIF, VEGFA, FOSLI,

proliferation GDF9, KLF5, MZB1, BIRCS5, CALR, ATF3, RNF187, HBEGF

G0:0034097~response to 1.55E-04 FOSLI, JUN, SRF, ACP5, TYMS, JUNB, NFKB2, MCL1

cytokine

GO:0045597~positive 1.61E-04 SOCS3, JUN, SRF, VHL, JUNB, CYR61, CTGF

regulation of cell

differentiation

GO:0043124~negative 2.51E-04 PYCARD, PERI, ILIRL1, GSTPI, ZC3HI12A, TNFAIP3, NFKBID

regulation of I-kappaB

kinase/NF-kappaB signaling

hsa05166:HTLV-I infection ~ 3.11E-04 EGR2, JUN, SRF, ITGB2, PDGFB, SLC241, NFATC2, NFATCI,
ETS2, NFKB2, NFKBIA, FOSLI1, CDC20, ZFP36, POLD2, E2F2,
CALR, HLA-DOB, ATF3

hsa04380:0Osteoclast 3.33E-04 JUN, CSF1, IFNGRI, CYBB, NFATC2, NFATCI, NFKB2,

differentiation NFKBIA, FOSLI, SOCS3, FOSB, ACP5, JUNB

GO0:0006915~apoptotic 5.00E-04 PPPIRI15A4, CSRNPI, ITGB2, TNFAIP3, DUX4, PYCARD, GJAI,

process ZC3HI2A4, PIM1, PMAIP1, PIM3, CD14, PHLDA?2, IER3, PLK3,
GADD45B, GADD454, GZMA, CS8ORF4, RHOB, NFKBIA,
NR4A41, DLCI, MZB1, BIRCS, SGK1, S10049

GO:0051591~response to 5.47E-04 FOSLI, THBD, PERI, JUN, DUSPI, FOSB, JUNB

cAMP

se nadaljuje
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nadaljevanje Preglednice 4

Bioloska pot Vred. Anotirani geni

y
GO:0061469~regulation of  5.83E-04 NR4AI, ERRFII, NR4A3, BIRCS

type B pancreatic cell

proliferation

hsa04668: TNF signaling 8.91E-04 NFKBIA, SOCS3, CEBPB, JUN, CSFI, BCL3, LIF, TNFAIP3,
pathway SELE, CXCL2, JUNB

GO:0001938~positive 9.01E-04 NR4A1, ECM1, NRP2, JUN, EGR3, PDGFB, F3, VEGFA
regulation of endothelial cell

proliferation

GO0:0032691~negative 0.0012 ERRFII, GSTP1, ACPS5, TNFAIP3

regulation of interleukin-1
beta production
GO:0006366~transcription 0.0014 CSRNPI, EGR2, JUN, CEBPB, CEBPD, SRF, GATA6, NFATC2,

from RNA polymerase 11 NFATCI, KLF4, OVOLI, GLISI, POU5FI, NFKB2, FOSLI,
promoter KLF5, ELF3, POU2AF1, MAFF, FOSB, SOX9, MZFI, JUNB,
ATF3

V prihodnje bi bilo potrebno izvesti analize izrazanja predlaganih kandidatnih genov, da bi
preverili njihov potencial za endometrijske molekularne oznacevalce patofiziologije
adenomioze. Identifikacija takSnih oznacevalcev bi lahko pripomogla k hitrej$i diagnozi
zgodnje adenomioze, saj njena trenutna neinvazivna diagnoza kljub visoki lo¢ljivosti aparatur
TVUZ ali MR temelji le na subjektivni oceni slik maternice (Loring in sod., 2020). Iskanje
endometrijskih molekularnih oznacevalcev Ze intenzivno poteka za zgodnejSe in zanesljivejSe
diagnosticiranje endometrioze. Zaradi nespecificnih simptomov je namre¢ za kirursko
diagnozo endometrioze potrebnih kar 7 let (Gupta in sod., 2016; Ahn in sod., 2017; Saare in
sod., 2017: 228).
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2.2.2 Koekspresijska mreza IncRNA-mRNA iz eksperimentalnih podatkov RNA-seq

2.2.2.1 Uvod

LncRNA so definirane kot transkripti RNA, daljsi od 200 nukleotidov, brez protein
kodirajocega potenciala. Vloga IncRNA se povezuje z regulatornimi procesi. Delujejo lahko
kot epigenetski regulatorji bodisi pozitivnega ali negativnega izrazanja okoliskih genov.
Nekatere IncRNA so prekurzorji majhnih RNA (< 200 nukleotidov) ali narekujejo
procesiranje ostalih RNA preko izrezovanja in spajanja transkriptov mRNA (angl. mRNA
splicing). LncRNA delujejo tudi kot regulatorji aktivnosti proteinov in njihovih vezavnih
partnerjev ali regulirajo lokalizacijo proteinov in celi¢nih komponent. LncRNA lahko vodijo
proteine na specifi¢na mesta na genomu in na tak nacin vplivajo na stopnjo izraZzanja genov
(Wilusz in sod., 2009).

V raziskavah proliferacijskega endometrija tako med Zenskami z in brez endometrioze (Wang
Y. in sod., 2015a; Cui in sod., 2018) kot tudi med zenskami z in brez adenomioze (Jiang J.F.
in sod., 2016) so ze porocali o spremenjeno izrazenih transkriptih IncRNA, ki so jo jih
povezali s patofiziologijo endometrija pri teh dveh boleznih. Delovanje transkriptov IncRNA
pa je bilo povezano tudi z uravnavanjem izrazanja genov celi¢ne adhezije, ki sodelujejo v
procesih endometrijske receptivnosti za vezavo zarodka (Fan in sod., 2017; Li D. in sod.,
2019).

S sedanjo primerjavo podatkov RNA-seq receptivnih vzorcev endometrija med adenomiozno
(n = 8) in kontrolno (n = 5) skupino zensk smo med 382 spremenjeno izrazenimi geni
(» < 0,05; FDR > 0,05) zaznali tudi 23 transkriptov IncRNA. Tem 23 IncRNA smo s
korelacijsko analizo zeleli preveriti soizraZzanje (angl. coexpression) s protein kodirajocimi
transkripti (mRNA) iz eksperimentalnih podatkov RNA-seq. Na§ namen je bil izdelati
koekspresijsko mrezo mRNA-IncRNA in identificirati kandidatne pare IncRNA-mRNA z
medsebojnim vplivom na izraZanje.

2.2.2.2 Materiali in metode

Eksperimentalne RNA-seq podatke 13 vzorcev endometrija, ki so bili datirani v receptivno
fazo, smo uporabili za izdelavo koekspresijske mreZe kodirajo¢ih (mRNA) in nekodirajoc¢ih
(IncRNA) genov (angl. coding-noncoding gene co-expression). Transkriptomski podatki so se
nanaSali na Stevilo poravnanih RNA-seq odc¢itkov na posamezen transkript, ki so bili
normalizirani s pretvorbo v skalo Stetja na milijon (CPM).

Za izdelavo mreze IncRNA-mRNA smo uporabili aplikacijo CoExpNetViz orodja Cytoscape
v3.9.1 (Tzfadia in sod., 2016). V aplikaciji smo pod izbrane gene (angl. bait genes) vnesli 23
IncRNA (LINC00645, LINC00861, FAMI38B, GLCCII-DT, LINC00649, MFSD4A-ASI,
LINC00921, LINC02102, INTS6-AS1, ST7-AS1, CERNAI, ZBTBI11-AS1, LINC00598,
SH3BP5-AS1, DRAIC, CADM3-AS1, MRPS30-DT, SLC7411-AS1, LINC00958, MCF2L-AS1,
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RNF144A4-AS1, SOCS2-AS1 in KDM7A4-DT). Te IncRNA so bile spremenjeno izrazene v setu
382 genov, ki smo jih identificirali s primerjavo RNA-seq podatkov potrjeno receptivnih
vzorcev endometrija med adenomiozno in kontrolno skupino zensk. Izbranim IncRNA smo
racunali Pearsonov korelacijski koeficient, s ¢imer smo lahko dolocili njihove znalilne
korelacije s preostalimi transkripti podatkovnega seta RNA-seq. Minimalna in maksimalna
meja kvartilov je znaSala 1 oz. 99. Iskanje pomembnih ZariS¢ znotraj pridobljene bioloske
mreze IncRNA-mRNA smo izvedli s funkcijo cytoHubba (Chin in sod., 2014) in algoritmom
»degree«. Iskali smo 7 najvisje uvrscenih IncRNA (p < 0,05) z vrednostjo korelacij, ki se je
najbolj nagibala proti -1 (negativna korelacija: izrazanje prvega transkripta je povisano,
izrazanje drugega pa znizano oz. obratno) oz. 1 (pozitivna korelacija: izrazanje prvega in
drugega transkripta je poviSano oz. znizano). Nato smo s funkcijo »display the expanded
network« pridobili mrezo korelacij 7 najvisje uvrS€enih transkriptov IncRNA s transkripti
mRNA.

Biolosko vlogo analiziranih IncRNA smo dolocevali na podlagi anotacije soizraZzenih mRNA.
Vecje klastre ciljnih genov posameznih Zari$¢ smo z bioinformacijskim orodjem DAVID
(Huang in sod., 2009) analizirali za obogatene bioloske poti GO _BP, KEGG in/ali Reactome
(p <0,05).

2.2.2.3 Rezultat in diskusija

Z raCunanjem Perasonovega korelacijskega koeficienta med 23 spremenjeno izrazenimi
IncRNA in podatki celokupnega transkriptoma endometrija v receptivni fazi smo pridobili
znacilnih 2648 korelacij. Na Sliki 3 je predstavljena koekspresijska mrezna mRNA-IncRNA s
skupno uvrs¢enimi 133 geni. Glede na vrednosti korelacije so bile najvisje uvrs¢ene IncRNA
RNF144A4-AS1, DRAIC, LINC02102, CADM3-AS1, SOCS2-AS1, LINC00921 in KDM7A-DT.
Med temi 7 preiskovanimi IncRNA in ostalimi 126 transkripti RNA smo zaznali 257 parov.
Od tega je bilo 212 parov v negativni, 45 pa v pozitivni korelaciji.

Med 126 uvrS¢enimi mRNA v mrezi IncRNA-mRNA je bilo 15 genov, ki smo jih zaznali tudi
kot spremenjeno izrazene znotraj seta 382 genov nase analize RNA-seq. Npr. spremenjeno
izrazen gen RASEF iz seta 382 genov je v negativni korelaciji z izraZzanjem IncRNA DRAIC
in CADM3-AS1. Gen B9DI, tudi spremenjeno izrazen v setu 328 genov, pa je v pozitivni
korelaciji z izrazanjem DRAIC in CADM3-AS1. ldentificirali smo pozitivni korelaciji med
transkriptoma mRNA UBE2E2 oz. TMPRSS11D in IncRNA SOCS2-4S1. Oba ciljna gena sta
bila tudi spremenjeno izrazena v setu 382 genov.

V mrezi IncRNA-mRNA se kaze, da transkripta IncRNA DRAIC in CADM3-ASI
predstavljata pomembni vozli§¢i, kar se kaZze kot preteZzna negativna korelacija z izrazanjem
ciljnih mRNA. Da bi lahko predlagali biolosko vlogo omenjenih IncRNA, smo izvedli
obogatitveno analizo klasta njunih ciljnih genov. Skupno smo pridobili 7 obogatenih poti GO-
BP (p < 0,05), ki so bile povezane s celicno adhezijo in organizacijo aktinskih filamentov.
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Pridobili smo tudi tri obogatene poti (p < 0,05) zbirke Reactome, ki so bile povezane s ciklom
RHO GTPaz. Pridobljeni rezultati so v skladu z literaturo iz podro¢ja endometrijske
receptivnosti, v kateri so opisali vlogo IncRNA pri uravnavanju izrazanja genov celi¢ne
adhezije (Fan in sod., 2017; Li D. in sod., 2019). 1z zbirke Reactome pa smo z obogatitveno
analizo klastra ciljnih genov transkriptov IncRNA DRAIC in CADM3-AS1 identificirali tudi
biolosko pot prirojen imunski sistem, ki pa ni bila statisticno znacilna (p = 0,064). Ta pot je Se
posebej zanimiva, saj je bila vecina 382 spremenjeno izrazenih genov nase RNA-seq analize
anotiranih v bioloske procese, povezane z IFN, ki je del prirojenega imunskega odziva.

Z obogatitveno analizo klastra ciljnih genov transkriptov IncCRNA DRAIC in KDM7A-DT smo
identificirali pet obogatenih poti GO-BP (p < 0,05), povezanih s celicnim odzivom na
pomanjkanje dusika in mitofagijo. Tudi iz zbirke KEGG smo identificirali znacilno pot,
povezano z mitofagijo. Z obogatitveno analizo klastra ciljnih genov transkriptov IncRNA
DRAIC in LINC00921 pa smo identificirali le eno neznacilno pot GO-BP transmembranski
transport kalcijevega iona.

S sedanjo bioinformacijsko analizo smo pokazali, da bi vloga IncRNA DRAIC in CADM3-
AS1 pri adenomiozi lahko bila povezana s procesom adhezije. Potrebne so dodatne analize teh
kandidatnih IncRNA, da bi lahko bolje ovrednotili, ali adenomioza preko epigenetskih
regulatorjev vpliva na adhezivne lastnosti endometrija.
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Slika 3: Koekspresijska mreza sedmih izbranih transkriptov IncRNA in njihovih 126 ciljnih transkriptov na eksperimentalnih podatkih RNA-seq. Geni za IncRNA
so oznacene s trikotniki, preostali geni pa s krogom. Glede na ocenjevalni sistem vozlis¢ funkcije cytoHubba so najvisje uvrsceni transkripti IncRNA obarvani z rdeco, sledijo
oranzni in nato rumeni. Izmed vseh 257 pridobljenih parov IncRNA-mRNA jih je 212 v negativni (robovi mreze obarvani z modro) in 45 v pozitivni (robovi mreze obarvani z
zeleno) korelaciji. Z vijoli¢no barvo je obarvanih 15 genov, ki smo jih identificirali tudi kot spremenjeno izrazene v setu 382 genov s primerjavo podatkov RNA-seq potrjeno
receptivnih vzorcev endometrija med adenomiozno in kontrolno skupino.

Figure 3: The coexpression network for selected seven IncRNA transcripts and their 126 target transcripts on experimental RNA-seq data. Given genes for IncRNAs
are indicated by triangles and the remaining genes by a circle. According to the node scoring system of cytoHubba function, the highest ranked IncRNA transcripts are
coloured red, followed by orange and then yellow. Of the 257 IncRNA-mRNA pairs retrieved, 212 are in negative (network edges coloured with blue) and 45 in positive
(network edges coloured with green) correlation. 15 genes of the network are coloured purple and were also identified as differentially expressed in the set of 382 genes by
comparison of RNA-seq data of confirmed receptive endometrial samples between adenomyosis and control groups.
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3 RAZPRAVA IN SKLEPI
3.1 RAZPRAVA

3.1.1 Poenotenje heterogenega poimenovanja genetskih lokusov

S poenotenjem poimenovanja transkriptov RNA in proteinov, ki smo jih pridobili s pregleda
literature, povezane z endometrijskim izrazanjem pri razlicnih ginekoloskih stanjih, smo
lahko izvajali obogatitvene analize in predlagali mocnejSe kandidatne bioloske poti in gene
spremenjene endometrijske receptivnosti pri adenomiozi.

Najprej smo s poenotenjem genske nomenklature in obogatitvenimi analizami prikazali vpliv
sorodne, a bolje raziskane endometrioze, na molekularno organizacijo endometrija po
posameznih fazah menstruacijskega ciklusa (PraSnikar in sod., 2020a). Potek dela raziskave je
predstavljen na Sliki 4. 1z 21 raziskav razli¢nih omskih ravni smo zbrali genetske vzroke, ki
se povezujejo z odstopanji v izrazanju endometrija pri Zenskah z endometriozo v primerjavi z
zenskami brez endometrioze. Iz vsake raziskave smo pridobili do 15 statisticno
najznacilnejSih znizano in/ali prekomerno izrazenih mRNA, ncRNA in/ali proteinov. Skupno
smo pridobili 760 lokusov, ki so bili poimenovani po razli¢nih nomenklaturnih sistemih.
Lahko so bili poimenovani s Stevilko Gene ID zbirke NCBI (NCBI Gene, 2019), Stevilko EST
(angl. expression sequence tag) z oznako Hs (homo sapiens) zbirke NCBI UniGene (NCBI
UniGene, 2019), Stevilko SeqName ID (Ensembl BioMart. 2019), Stevilko MIMAT zbirke
MirBase (miRBase, 2019), Stevilko proteina zbirke UniProt (The UniProt ..., 2019), Stevilko
GenInfo zbirke NCBI protein (NCBI GenBank, 2019), s starim poimenovanjem ali s
sinonimom. Da smo lahko izvedli sintezo podatkov glede na datirano fazo menstruacijskega
ciklusa endometrija, v kateri je bilo zaznano spremenjeno izraZanje, smo morali najprej
poenotiti heterogeno poimenovanje 760 lokusov. To smo storili tako, da smo jim ro¢no
poiskali genske simbole zbirke HGNC, ki podeljuje uradne simbole humanim genom (Braschi
in sod., 2019). Na tak nac¢in smo pridobili genske simbole za 623 lokusov. Po odstranitvi
podvojenih genov smo unikatnih 591 genov razvrstili glede na porocano datirano fazo
menstruacijskega ciklusa (M, P, S, ZS, SS in PS faza ter N/N, ¢e podatek o datiranju ni bil
naveden). S sortiranjem 623 genov smo identificirali 72 genov (med drugimi ACTB, ANXA4,
BPIFBI, EPHXI, MUCS5B, PRDX2, VIM, HSP90AB1, ANLN, CCN1, CRISP3, EGRI, FOS,
FOSB in TRPMb6), ki so se ponovili v veC fazah ciklusa oz. v isti fazi ciklusa pri razlicnih
raziskavah. Te gene smo izpostavili kot mo¢nejSe kandidatne za endometrijske molekularne
oznacevalce endometrioze, kar bi v prihodnosti pripomoglo k hitrej$i diagnozi te bolezni
(PraSnikar in sod., 2020a). Endometriozo namre¢ oznacujejo nespecificni simptomi, kar
otezuje njeno diagnozo (Gupta in sod., 2016; Ahn in sod., 2017; Saare in sod., 2017: 228). Z
obogatenjem genskih setov smo identificirali poti, povezane z odstopanji v fizioloSkem
zorenju endometrija glede na posamezne faze menstruacijskega ciklusa. Predvsem so nas
zanimale obogatene poti 173 genov SS faze, ko se pojavi stanje endometrijske receptivnosti.
Identificirali smo poti nosecnost, kemotaksa endotelijskih celic, kemotaksa monocit,
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kemotaksa limfocitov, vnetni odziv; in signalna pot, vodena s kemokini. Pridobljene poti
kazejo na poruseno celi¢no komunikacijo pri endometriozi, kar je v skladu z literaturo. Lee in
sod. (2011) so namre¢ opisali, da je delovanje kemokinov in citokinov pomembno pri
zvisanju Stevila celic naravne in pridobljene imunosti v endometriju, kjer so potrebne za
uspesno vgnezdenje zarodka in vzdrzevanje nosecnosti. Po drugi strani se poruseno delovanje
citokinov in imunskega sistema povezuje s patogenezo endometrioze (Matarese in sod.,
2003). Tudi z obogatitvijo seta 382 spremenjeno izrazenih genov med adenomiozno in
kontrolno skupino izvedene analize RNA-seq smo identificirali poti, povezane s citokini
imunskega sistema (odzivi na signalizacijo z IFN) (Prasnikar in sod., 2022). Pokazali smo, da
bi lahko adenomioza in endometrioza do neke mere na podoben nacin vplivali na bioloske
procese, povezane z endometrijsko receptivnostjo za vgnezdenje zarodka.

Endometrioza x 5 X
/ Evtopicni endometrj Jaaaaa Stevilo vkljucenih raziskav glede na omsko
[’ e

raven

Epigenomika: 2 Proteomika: 6
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- 85 faza 173 monocitov / endoteljskih celic. Signalizacija Toll-like receptorja / TNF/ PI3K-
Akt
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NN 28 /

Slika 4: Potek pridobivanja znanja o molekularnih odstopanjih endometrija pri endometriozi.
Figure 4: Workflow of a study on molecular abnormalities of the endometrium in endometriosis.
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Poenotenje poimenovanja po zbirki HGNC (HUGO, 2019) smo izvedli tudi za preiskovane
lokuse pridobljenih 110 raziskav endometrija pri adenomiozi. Tudi tu smo pridobljene gene
zdruzevali glede na poroCano datirano fazo menstruacijskega ciklusa (P in SS faza) in jih
dalje obogatili. Na podlagi identificiranih poti smo predlagali 52 mocnejSih kandidatov
patofiziologije endometrija (med drugimi ANXA1, BCL3, BCL6, BIRCS5, BTG, CDI14, CD44,
CD74, CEBPB, CXCL2, CYR61, DUSPI1, ECMI1, EGR3, ELF3, EPHA2, HSPAS, IER3,
ITGB2, LTF, MCL1, NFKB2, NFKBIA, NFKBID, RHOB, S10049, SOCS3 in VEGFA) in 10
mocnejSih kandidatov spremenjene endometrijske receptivnosti (IL10, SST, STAT3, LIF,
CHDS5, CDKN3, COL8AI, COLI1AI, ITGB3 in SPPI) pri tej bolezni. Poznavanje vloge
posameznih endometrijskih genov pri adenomiozi bi lahko vodilo v identifikacijo
molekularnih oznacevalcev, povezanih s to boleznijo. Endometrijski molekularni oznacevalci
patofiziologije bi lahko olajSali diagnozo zgodnje adenomioze, ki trenutno temelji na
subjektivni oceni TVUZ ali MR slik maternice (Hershko-Klement in Tepper, 2016; Loring in
sod., 2020). Endometrijski molekularni oznacevalci spremenjenega stanja receptivnosti pri
adenomiozi pa bi omogocili boljSo diagnostiko endometrija kot morebiten dejavnik
neplodnosti pri teh bolnicah. Nepoznavanje molekularnega ozadja endometrijske
receptivnosti je dejavnik, ki omejuje uspesnost postopkov OBMP (Mahajan in sod., 2018;
Sebastian-Leon in sod., 2018).

Zaradi poenotenja poimenovanja smo lahko med posameznimi oblikovanimi genskimi seti
(zbrani podatki iz pregleda literature in rezultati izvedene analize RNA-seq) preverili
prekrivanje genov (Slika 5). Uporabljeni geni setov doktorske disertacije so navedeni v
Prilogi A. Preverili smo prekrivanje genskih setov, ki smo jih sestavili iz poroCanih podatkov
o endometrijski receptivnosti pri Zenskah z adenomiozo (42 genov) in Zenskah z
endometriozo (173 genov). Oblikovali smo tudi set 151 genov, poimenovan zdrava maternica
(normalni pogoji endometrijske receptivnosti), ki smo ga pridobili z zdruZenjem seznamov
genov, povezanih z endometrijsko receptivnostjo, prvega komercialnega molekularnega testa
(Diaz-Gimeno in sod., 2011) in meta analize 9 transkriptomskih raziskav (Altmée in sod.,
2017). V povezavi z normalnimi pogoji endometrijske receptivnosti smo oblikovali tudi set
60 genov 1z zbirke GO, ki so bili anotirani v procese vgnezdenja zarodka in/ali
decidualizacijo. Vkljucdili smo tudi seta, povezana s spremenjenim endometrijskim izrazanjem
v P fazi pri adenomiozi, ki smo ju oblikovali z zdruZevanjem genov raziskav kandidatnih
lokusov (78 genov) in transkriptomskih raziskav (518 genov). V primerjavo pa smo vkljucili
Se set 382 genov, ki smo jih identificirali kot spremenjeno izraZzene med adenomiozno in
kontrolno skupino v primerjavi RNA-seq podatkov potrjeno receptivnih vzorcev. Med setoma
382 in 151 genov se je prekrivalo pet genov (KRT7, DEFBI, TSPANS, GABARAPLI in
BUBIB). Med setoma 328 in 173 so se prekrivali BST2, LCK in SCGB2A42. Slednji je bil
skupen Se s setom 151 genov. Setoma 382 in 518 genov je bilo skupnih 9 genov (CPSF1,
S1PR4, ACP5, RFX2, HERC2P2, CYBB, SLC2A43, HBB in EPOR). Kar 19 genov (ERG3,
NR4A3, RGS1, GZMA, VHL, PERI, FOSB, MIR339, SOCS3, EGR2, ATF3, ZFP36, C10A,
CIQTNF6, CYP3A45, CXCL2, JUNB, VEGFA in VIM) je bilo skupnih setoma 173 in 518
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genov (oba seta sta bila oblikovana na podlagi zdruzevanja podatkov omskih raziskav).
Zanimivo je, da ni skupnega gena med setoma 60 in 151 genov, saj se oba navezujeta na
procese endometrijske receptivnosti. Med setoma 151 in 518 genov je bilo skupnih 13 genov
(DKK1, CDC20, GADD454, ADAMTS1, BCL6, EFNAI, MT2A, ECM1, CAPN6, THBD,
S10044, HLA-DOB in CCNB2). To bi lahko nakazovalo vpliv patofizioloskih procesov
endometrija na njegovo stanje receptivnosti pri adenomiozi.

Slika 5: Prekrivanje genov uporabljenih setov v naSi raziskavi. Posamezni seti se navezujejo na gene,
pridobljene s poenotenjem HGNC genske nomenklature podatkov s pregleda literature (Set A SSfaza lit: 42
genov. Set A Pfaza transc.: 518 genov. Set A Pfaza lokusi: 78 genov; Set Z.M. SSfaza lit: 151 genov. Set
GO _SSfaza: 60 genov in Set E _SSfaza lit: 173 genov) in gene, identificirane kot spremenjeno izrazene s
primerjavo RNA-seq podatkov potrjeno receptivnih vzorcev med adenomiozno in kontrolno skupino (Set
A SSfaza RNA-seq: 382 genov). Uporabljene kratice: ZM. = zdrava maternica; P faza = proliferacijska faza
menstruacijskega ciklusa; SS faza = srednja sekrecijska faza menstruacijskega ciklusa; lit. = literatura; transc. =
transkriptomske analize; GO = genska ontologija; E = endometrioza.

Figure 5: Gene overlap between used sets in our study. The individual sets refer to genes obtained by
adoption of the HGNC gene nomenclature for extracted data by the literature mining (Set A _SSfaza lit: 42
genes. Set A Pfaza transc.: 518 genes. Set A Pfaza lokusi: 78 genes; Set ZM. SSfaza lit: 151 genes. Set
GO_SSfaza: 60 genes and Set E SSfaza lit: 173 genes) and genes identified as differentially expressed by
comparing RNA-seq data of confirmed receptive endometrial samples between the adenomyosis and the control
group (Set A _SSfaza RNA-seq: 382 genes). Abbreviations used/legend: ZM. = healthy uterus; P faza = the
proliferative phase of the menstrual cycle; SS faza = the mid secretory phase of the menstrual phase; lit. =
literature; transc. = transcriptomics analyses; GO = Gene Ontology; E = endometriosis.
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3.1.2 Identifikacija in preverjanje izraZanja izbranih kandidatnih genov spremenjene
endometrijske receptivnosti pri adenomiozi

V objavljeni raziskavi (Prasnikar in sod., 2020b) smo z dvema bioinformacijskima analizama
predlagali 6 kandidatnih genov (JUNB, IL10, IL6, SOCS3, FOS in LIF) spremenjene
endometrijske receptivnosti pri adenomiozi in dalje preverili njihovo izraZzanje na biopsijah
endometrija zensk z in brez adenomioze. Za obogatitvene analize smo uporabili podatke iz
pregleda literature, ki smo jih oblikovali v genske sete, povezane z endometrijsko
receptivnostjo pri Zenskah z adenomiozo (42 genov), zenskah z endometriozo (173 genov) in
zenskah z zdravo maternico (151 genov).

Pri prvi bioinformacijski analizi smo v zbirki bioloskih poti Reactome (Fabregat in sod.,
2016) obogatili samo genska seta adenomiozne (42 genov) in endometriozne (173 genov)
skupine. Pridobili smo pet prekrivajocih poti, vkljuéno signalizacija z IL4 in IL13. Anotirane
gene IL10, STAT3, LIF, SOCS3, IL6, VIM, FOS, JUNB, VEGFA in HSPY90BI te poti smo
uporabili kot vir kandidatov za analizo izrazanja. Pri drugi bioinformacijski analizi pa smo
poleg adenomioznega (42 genov) in endometrioznega (173 genov) seta uporabili Se gene
zdrave maternice (151 genov). Z aplikacijo STRING (Szklarczyk in sod., 2019) orodja
Cytoscape (Shannon in sod., 2003) smo gene vseh treh setov projicirali v biolosko mrezo
proteinskih interakcij (angl. protein-protein interaction network). Tako smo pridobili mrezo s
315 vozlisc¢i (proteini) in 1130 robovi (interakcije), ki smo jo dalje grucali in identificirali tri
vecje klastre, ki so prikazani na Sliki 6. Ker smo v orodju Cytoscape vsak set genov oznacili z
drugacno barvo, smo lahko v mrezi in klastrih sledili izvoru posameznih anotiranih genov.
Opazili smo, da so bili v t.i. Cluster 1 anotirani geni vseh treh setov, kar smo interpretirali kot
spremenjena molekularna organizacija endometrijske receptivnosti zaradi prisotne
ginekoloske patologije. Z obogatitveno analizo tega klastra smo identificirali poti vnetni
odziv, celicna kemotaksa, odziv na druge organizme/organske substance/lipide, regulacija
aktivnosti signalnega receptorja in signalizacija z IL. Slednjo pot z anotiranimi geni LIF,
LIFR, STAT3, IL15, JUNB, FOS, SOCS3, ANXA2, BCL6, IL6, IL10, CXCL2, CCL3 in
CCL3L3 smo izbrali kot drugi vir kandidatnih genov za analizo izraZzanja.

Kon¢no smo med anotiranimi geni poti signalizacija z IL4 in IL13 in signalizacija z IL izbrali
Sest kandidatnih genov, in sicer JUNB, SOCS3, IL6, LIF, IL10 in SOCS3. Izbranim genom
smo s qPCR preverili stopnjo izrazanja v biopsijah endometrija Zensk z (n = 9) in brez
(n = 13) ultrazvoénih znakov adenomioze. Biopsije endometrija smo pridobili v
pricakovanem stanju receptivnosti, in sicer med 7. in 9. dnem po izmerjenem vrhu hormona
LH v urinu, ki naznanja ovulacijo preiskovanke (dnevi LH+7-LH+9). IzraZanje izbranih
genov smo normalizirali z geometrijsko sredino izraZanja referen¢nih genov GAPDH in 18S
rRNA. Konc¢no razliko v relativnem izrazanju izbranih genov med preiskovanima skupinama
smo preradunali z metodo 2**“ (Livak in Schmittgen, 2001). Zaznali smo zniZano stopnjo

100



Prasnikar E. Vzorec izrazanja genov v endometriju v stanju receptivnosti pri preiskovankah z adenomiozo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2022

izrazanja preiskovanih genov pri adenomiozni skupini (Slika 7), vendar je bila razlika
neznacilna.
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Slika 6: Identificirani klastri po gru¢anju mreZe proteinskih interakcij. Proteini mreZe se nanasajo na zbrane
gene, povezane z endometrijsko receptivnostjo pri adenomiozi (n = 42 genov; oznaeni z modro barvo),
endometriozi (n = 173 genov; oznaceni z rdeco barvo) in zdravi maternici (n = 151 genov; oznaceni z zeleno
barvo). Z rumeno barvo so v t.i. Cluster 1 oznaceni izbrani geni za qPCR.

Figure 6: Identified clusters by clustering of the protein-protein interactions network. The proteins of the
network refer to the gathered genes associated with endometrial receptivity in adenomyosis (n = 42 genes;
highlighted in blue), endometriosis (n = 173 genes; highlighted in red) in a healthy uterus (n = 151 genes;
highlighted in green). The genes selected for qPCR are highlighted in yellow in the so-called Cluster 1.
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Slika 7: Relativno izrazanje izbranih kandidatnih genov JUNB, FOS, SOCS3, LIF, IL6 in ILI10 v
endometriju pricakovanega stanja receptivnosti med Zenskami z in brez adenomioze.

Figure 7: Relative expression of selected candidate genes JUNB, FOS, SOCS3, LIF, IL6, and IL10 in the
endometrium of the expected receptive state between women with and without adenomyosis.

Kljub neznacilni razliki v izrazanju izbranih kandidatnih genov v nasi analizi, pa v literaturi
citokine, kamor spadajo tudi IL, navajajo kot pomembne dejavnike uspesnega vgnezdenja
zarodka (Chaouat in sod., 2007). Kot ze omenjeno so citokini pomembni pri zacetni adheziji
zarodka, nadaljnjem preurejanju zunajcelicnega matriksa decidue in pri oblikovanju ozilja za
zarodek (Chaouat in sod., 2007). Citokini sodelujejo pri uravnavanju lokalnega imunskega
sistema maternice, s ¢imer zavarujejo zarodek pred imunskim napadom matere. Med S fazo
menstruacijskega ciklusa decidua stimulira pritok razli¢nih populacij imunskih celic: uNK,
limfociti in makrofagi (Flynn in sod., 2000; Okada in sod., 2018). Celice T pomagalke (angl.
helper T, Th) izlo€ajo citokine tipa 2 (IL-4, IL-13, IL-5, IL-9 in IL-10), ki delujejo spodbudno
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na invazijo trofoblasta v deciduo (Veenstra van Nieuwenhoven in sod., 2003). Neravnovesje v
izrazanju citokinov naj bi vplivalo na $tevilo in delovanje imunskih celic v endometriju, kar bi
lahko bil eden izmed vzrokov neplodnosti (Chaouat in sod., 2007). Za izbrane kandidatne
gene nase kvantifikacijske analize smo nasli veliko podporne literature v povezavi z
endometrijsko receptivnostjo.

3.1.2.1 Gen LIF

Citokin LIF je glikoprotein, ki spodbuja decidualizacijo endometrijske strome pri ¢loveku in
misi (Shuya in sod., 2011). Chung in sod. (2016) so v kulturi EEC opazili povisano raven
izrazanja adhezijskih molekul ITGAV, ITGB3 in ITGBS5 (potrebnih za pritrditev trofoblasta
zarodka na epitelij endometrija) potem, ko so dodajali LIF (Chung in sod., 2016). Serafini in
sod. (2009) so zenskam, pri katerih so v biopsijah sekrecijskega endometrija zaznali mo¢no
imunohistokemijsko barvanje za LIF, napovedali za 6,4 % visjo stopnjo zanositve v postopkih
OBMP (Serafini in sod., 2009). Pri zenskah z nepojasnjeno neplodnostjo (Franasiak in sod.,
2014) in pri Zenskah z adenomiozo (Xiao in sod., 2010; Yen in sod., 2016) pa so ze porocali o
znizanih vrednostih izrazanja endomertijskega LIF' in pripadajoCega proteina, kar je bilo
povezano z zmanjSano endometrijsko receptivnostjo za vezavo zarodka pri teh zZenskah.

3.1.2.2 GenlILI10

Protivnetni citokin IL-10 deluje kot negativni regulator aktivacije makrofagov in limfocitov T
(Kithn in sod., 1993). V zgodnji noseCnosti se poviSano izrazanje IL-10 povezuje z
vzdrzevanjem imunotolerance matere do zarodka (Thaxton in Sharma, 2010). Wang in sod.
(2018) so zniZane vrednosti izrazanja IL-10 v ¢asu endometrijske receptivnosti pri Zenskah z
adenomiozo povezali z vplivom na zmanjSano izraZanje pripadajocega HOXA10, to pa na
zniZano stopnjo endometrijsko receptivnost pri teh Zenskah. Po drugi strani pa so Wang F. in
sod. (2009) porocali o prekomernem izrazanju IL-10 v EEC pri adenomiozi v primerjavi s
kontrolno skupino, kar so povezali z nenormalnim vnetnim odzivom in patogenezo te bolezni.

3.1.23 GenlIL6

Citokin IL-6 je vkljucen v akutne faze vnetnega odziva, zorenje limfocitov B, diferenciacijo
makrofagov in Th tipa 1/2 (Diehl in Rincén, 2002). Domneva se, da je pri Zenskah z rednimi
menstruacijskimi ciklusi izrazanje IL-6 najnizje v P fazi, nato pa postopoma raste z vrhom v
SS fazi (Von Wolff, 2000). Zhihong in sod. (2016) so v Casu okna vgnezdenja po kontrolirani
stimulaciji jajénikov zaznali viSje ravni izrazanja endometrijskega IL-6 pri Zenskah z
adenomiozo v primerjavi s kontrolno skupino, kar so povezali z ovirano endometrijsko
receptivnostjo. Yang in sod. (2006) so porocali o zviSani ravni izraZanja /L6 v primarni
kulturi ESC Zensk z adenomiozo potem, ko so jih gojili skupaj z makrofagi. Prekomerno
izloCanje IL-6 so avtorji povezali s poviSano stopnjo proliferacije stromalnih in vaskulatornih
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celic, kar spodbuja tvorbo in obstoj adenomioznih lezij na ektopi¢nih mestih (Yang in sod.,
2006). Po drugi strani pa so Ponce in sod. (2009) pri zenskah z endometriozo zaznali
zmanjSano izrazanje endometrijskega /L6 in IL6 v PS v primerjavi z Zenskami brez te bolezni.
To so povezali z odpornostjo endometrija na apoptozne procese, kar bi lahko pripomoglo k
razvoju in napredovanju endometrioze (Ponce in sod., 2009).

3.1.2.4 Gena FOS in JUNB

Proteina FOS in JUNB sta podenoti, ki dimerizirata in tvorita kompleks prepisovalnega
dejavnika, aktivator protein 1 (angl. activator protein I). Ta prepisovalni dejavnik nadzira
izrazanje genov celicnega cikla (proliferacija, diferenciacija, apoptoza in odziv na stres),
(Jochum in sod., 2001). Baiyong in sod. (1999) so pokazali, da lahko spremenjeno izrazanje
proteina JUNB vpliva na diferenciacijo populacij limfocitov Th v tip 1 ali v tip 2. Najprej so
iz JUNB-pozitivne transgene misi izolirali naivne CD4 limfocite T in jih dalje diferencirali v
populacijo celic Thl. Zaradi prekomernega izrazanja JUNB pa so te celice izlocale citokin IL-
4, ki ga obicajno izlocajo celice Th2 (Baiyong in sod., 1999). V sekrecijskem endometriju
zensk z endometriozo so porocali o prekomernem izrazanju tako JUNB (Absenger in sod.,
2004; Tamaresis in sod., 2014) kot tudi FOS (Tamaresis in sod., 2014) in FOS (Pan in sod.,
2008), kar so povezali z vlogo pri patofiziologiji te bolezni. Po drugi strani pa Morsch in sod.
(2009) niso opazili razlik v stopnji fosforilacije FOS med Zenskami z in brez endometrioze.

3.1.2.5 Gen SOCS3

Znotrajcelicni protein SOCS3 sodeluje pri negativnem uravnavanju vnetnega odziva, saj
zavre signalizacijo citokinov (Lang in sod., 2003). Dong in sod. (2009) so predlagali, da bi
lahko zmanjSana signalizacija SOCS3 zviSala vnetni odziv na trofoblast placente (angl.
placental trophoblast), kar vodi v preeklampsijo. Na celi¢ni kulturi trofoblasta placente JEG-
3 so namrec¢ pokazali, da je prekomerno izrazanje SOCS3 vodilo v poviSano stopnjo izlocanja
IL-10, ki deluje spodbudno za nadaljnjo nosecnost (Dong in sod., 2009). Braunschweig in
sod. (2011) pa so pokazali, da utiSanje SOCS3 vodi v zviSano citotoksi¢nost kulture celic NK-
92, ki predstavljajo celi¢ni model uNK.

3.1.3 Transkriptom endometrija v potrjeno receptivni fazi pri adenomiozi

Analizo RNA-seq sekvenciranja transkriptoma (mRNA in IncRNA) endometrija v
pri¢akovanem stanju receptivnosti smo izvedli pri 10 zenskah z adenomiozo in 10 Zenskah
brez patologije rodil. Identificirali smo 909 spremenjeno izrazenih genov (vrednost p (linearni
model in empiri¢ni Bayes) < 0,05; vrednost p po testu FDR > 0,05). Te gene smo nato
obogatili z aplikacijama ClueGO (Bindea in sod., 2009) in CluePedia (Bindea in sod., 2013) v
orodju Cytoscape in pridobili S§tiri statisticno znacilne (Bonnferoni p vrednost < 0,05)
bioloSke poti. Z aplikacijama so bile poti razvr§¢ene v mrezo s funkcionalno urejenimi
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skupinami glede na podobno biolosko vlogo. S setom 909 genov smo identificirali le dve
takSni skupini (Slika 8a), in sicer znotrajcelicni transport lipidov (angl. intracellular lipid
transport) in aktivnost ikosanoidnega receptorja (angl. icosanoid receptor activity).
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Slika 8: MreZe s funkcionalno urejenimi skupinami bioloskih poti, ki so bile obogatene s setoma 909 (a) in
382 (b) spremenjeno izraZenih genov med adenomiozno in kontrolno skupino v analizah podatkov RNA-
seq. a) Stiri obogatene poti, razvri¢ene v dve funkcionalni skupini, smo identificirali z analizo 909 genov. Set
909 genov smo identificirali s primerjavo podatkov RNA-seq vseh 20 vzorcev endometrija, ki smo jih pridobili
med dnevi LH+7 in LH+9 (10 vzorcev adenomiozne in 10 vzorcev kontrolne skupine). b) Skupno 33 obogatenih
poti, razvr§¢enih v sedem funkcionalnih skupin, smo identificirali z analizo 382 genov. Set 382 genov smo
identificirali po ponovni analizi podatkov RNA-seq, kjer smo upostevali samo potrjeno receptivne vzorce
endometrija (8 iz adenomiozne in 5 iz kontrolne skupine) glede na rezultate natan¢nega datiranja receptivne faze.
Povecava mreze (c) tesno prepletenih poti, povezanih z mehanizmi odziva na delovanje IFN. Z zeleno barvo so
oznacene poti z anotiranimi geni zmanjSanega izrazanja v adenomiozni skupini. Z oranzno barvo pa so oznacene
poti z anotiranimi geni prekomernega izrazanja v adenomiozni skupini. S sivo barvo so oznacene poti z
enakomernim deleZem anotiranih genov zniZanega in genov povisanega izrazanja.

Figure 8: Networks with functionally sorted groups of biological pathways enriched by 909 (a) and 382 (b)
genes that were differentially expressed between the adenomyosis and the control groups in two RNA-seq
data analyses. a) Four enriched pathways, sorted into two functional groups, were identified with the analysis of
909 genes. The 909 gene set was identified by comparing the RNA-seq data of all 20 endometrial samples
obtained between days LH+7 and LH+9 (10 samples from the adenomyosis group and 10 samples from the
control group). b) A total of 33 enriched pathways, classified into seven functional groups, were identified with
the analysis of 382 genes. The set of 382 genes was identified after re-analysis of the RNA-seq data, where only
confirmed receptive endometrial samples (8 from the adenomyosis group and 5 from the control group) were
considered according to the results of the precise dating of the receptive phase. Magnification of the network of
(c) tightly connected pathways associated with mechanisms of response to IFN action. Pathways with annotated
downregulated genes in the adenomyosis group are highlighted in green. Pathways annotated with upregulated
genes the adenomyosis group are highlighted in orange. Pathways with an equal proportion of annotated down-
and up-regulated genes are highlighted in grey.
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Identifikacija visokega Stevila (n = 909) spremenjeno izrazenih genov, vendar nizkega Stevila
obogatenih bioloskih poti (n = 4), bi lahko bila posledica uporabe nehomogenih vzorcev glede
na stadij fizioloskega razvoja endometrija ob Casu vzorcCenja biopsije. To pomeni, da bi se
lahko vzorci endometrija preiskovank v trenutku vzorCenja biopsije nahajali v razli¢nih
stadijih S faze menstruacijskega ciklusa, kljub temu, da je bilo vzorcenje izvedeno med dnevi
LH+7 in LH+9, ko se pojavi pricakovani ¢as receptivnosti. Poro¢ajo namre¢, da ¢asovni pojav
in trajanje receptivne faze v SS fazi ni enak pri vseh Zenskah, kot se je to menilo vcasih.
Receptivna faza se lahko pojavi prej ali kasneje od pri¢akovane in traja razli¢no dolgo (Ruiz-
Alonso in sod., 2013; Tan in sod., 2018). V postopkih OBMP prenos blastociste v maternico v
¢asu nereceptivnega endometrija prepreci njeno uspesno vezavo na epitelij (Sebastian-Leon in
sod., 2018). Tudi pri Zenskah z adenomiozo so porocali o Casovnem zamiku stanja
receptivnosti znotraj menstruacijskega ciklusa, kar bi lahko bila posledica nizjega deleza
zanositve pri zdravljenju neplodnosti (Mahajan in sod., 2018). Dodatno, Devesa-Peiro in sod.
(2021) so z analizo dostopnih transkriptomskih podatkov pokazali, da je podpis
endometrijskih patologij na transkriptom endometrija zamaskiran pri primerjavi vzorcev
endometrija razli¢nih faz menstruacijskega ciklusa. Opazili so, da imajo na transkriptomsko
analizo med primerjalnima skupinama vecji vpliv spreminjajoce se faze menstruacijskega
ciklusa, kot pa naj bi bil vpliv sopojavne patologije. Pri iskanju endometrijskih molekularnih
oznacevalcev patologij s pomocjo visoko obcutljivih omskih tehnik so avtorji poudarili
pomen natancnega datiranja endometrija ob ¢asu vzorcenja (Devesa-Peiro in sod., 2021).
Zaradi teh navedenih argumentov smo frakcijo vsake izolirane endometrijske RNA, ki smo jo
uporabili za RNA-seq, uporabili Se =za personalizirano datiranje receptivne faze
menstruacijskega ciklusa ob ¢asu vzorfenja biopsije. Natanc¢na klasifikacija receptivne faze
vzorcev je bila opravljena z novim molekularnim orodjem beREADY® (Saare in sod., 2019).
Orodje na podlagi vzorca izrazanja 57 endometrijskih genov dolo¢i stanje receptivne faze, kar
pa omogoca nacrtovanje optimalnega Casa prenosa zarodkov v maternico s postopki OBMP
(Saare in sod., 2019). Z rezultati testiranja receptivne faze smo ugotovili, da vsi vzorci niso
bili pridobljeni v optimalni receptivni fazi. Od skupno 20 vzorcev jih je bilo 13 v receptivni
fazi, 2 sta bila v zgodnji in 5 v pozni receptivni fazi.

Analizo pridobljenih podatkov RNA-seq smo ponovili z upoStevanjem rezultatov natan¢nega
datiranja receptivne faze vzorcev endometrija. V ponovni analizi RNA-seq smo upostevali le
transkriptomske podatke 13 vzorcev potrjeno receptivne faze (8 iz adenomiozne in 5 iz
kontrolne skupine). Transkriptomske podatke preostalih 7 mejno receptivnih vzorcev smo
izkljucili iz analize. S tem smo preprecili vpliv ZS oz. PS faze menstruacijskega ciklusa na
transkriptomsko analizo, povezano z endometrijsko receptivnostjo (SS faza). Z analizo samo
potrjeno receptivnih vzorcev med adenomiozno in kontrolno skupino smo identificirali 382
spremenjeno izrazenih genov (vrednost p (linearni model in empiricni Bayes) < 0,05;
vrednost p po testu FDR > 0,05). Ti geni so bili obogateni v statisticno znacilnih (Bonnferoni
p vrednost < 0,05) 33 poteh (20 poti anotiranih v ontologijo GO_BP, 6 v zbirko Reactome
Pathways in 7 v Reactome Reactions). Izmed 33 poti, se jih je kar 19 nanasalo na poti,
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povezane z mehanizmi odziva na IFN (Slika 8c). Skupno 33 poti s pripadajo¢imi anotiranimi
geni je bilo razvr§¢enih v mrezo s 7 funkcionalno urejenimi skupinami (Slika 8b). V aplikaciji
ClueGO je mozna tudi vizualizacija deleza anotiranih genov posameznega seta genov. V
primeru, da ve¢ kot 60 % anotiranih genov izhaja iz posameznega genskega seta, je obogatena
pot/funkcionalna skupina mreze obarvana s predhodno doloc¢eno barvo tega seta. V primeru,
da anotirani geni obogatene poti/funkcionalne skupine v enakomernem delezu izhajajo iz
razliénih genskih setov, potem je ta pot/funkcionalna skupina obarvana sivo (Bindea in sod.,
2009). Med identificiranimi 382 spremenjeno izrazenimi geni izvedene analize RNA-seq smo
v aplikacijo posebej vnesli zvisano (n = 166) in posebej znizano (n = 216) izrazene gene v
adenomiozni skupini. Od skupno 7 funkcionalnih skupin so bili v $tirih ve¢inoma anotirani
geni znizanega izrazanja: izrazanje genov, induciranih z IFN (angl. expression of IFN-
induced genes; anotirani geni BST2, IFI35, IFIT1, IFITMI1, ISG15, MX1, OAS2, OAS3 in
STATI izrazeni v zmanjSani, /RF6 pa v zviSani stopnji); odziv na interferon alfa (angl.
response to interferon-aplha; anotirani BST2, EIF2AK2, IFITMI in LAMP3); konjugacija
proteina ISG15 (angl. ISG15-protein conjugation; anotirani ISG15, UBA7 in UBE2E2) in
homofilna celicna adhezija preko adhezivnih molekul membrane plazme (angl. homophilic
cell adhesion via plasma membrane adhesion molecules; anotirani AMIGOI, CDHIS,
CDH?24, CDH6, FATI, FAT2, PALLD, PCDHAY9 in PLXNB3 izrazeni v zmanjSani, CDHRI in
NECTIN4 v zvisani stopnji). V funkcionalno skupino procesi metabolizma cisteina (angl.
cysteine metabolic process) pa so bili anotirani MPST, TST in VSIG2 poviSano izraZeni,
SLC7A411 se je izrazal v zmanjSani stopnji. Identificirali pa smo tudi dve funkcionalni skupini
s primerljivima deleZzema anotiranih tako poviSano kot zniZzano izraZzenih genov: bolezni,
povezane z O-glikozilacijo proteinov (angl. diseases associated with O-glycosylation of
proteins; anotirani ADAMTS17, ADAMTSS in ADAMTSL?2 izraZzeni v povisani, ADAMTSLI,
MUCI13, MUCSB in THSD7A v znizani stopnji) in homeostaza retine (angl. retina
homeostasis; anotirani AZGPI1, CDHRI in NECTIN4 izrazeni v poviSani, ALPK3, ATPI1B2,
CDH15 in POTEJ v zniZani stopnji).

Identificirana obogatena pot homofilna celicna adhezija preko adhezivnih molekul membrane
plazme z ve€ino anotiranih genov, ki so bili zniZano izrazeni pri adenomiozni v primerjavi s
kontrolno skupino, bi lahko nakazovala na zmanj$ano kapaciteto adhezivnosti endometrija pri
tej bolezni. Molekule celi¢ne adhezije (integrini, kaderini, selektini in imunoglobulini) so
pomembni dejavnik receptivnosti endometrija, saj zviSajo adhezivne lastnosti epitelija, kamor
se lahko pritrdi blastocista (Achache in Revel, 2006).

Glede na analizo z aplikacijama ClueGO/CluePedia so funkcionalne skupine izrazanje genov,
induciranih z IFN, odziv na interferon alfa in konjugacija proteina ISG15 povezani procesi,
kar se znotraj bioloSke mreZe kaze kot tesno prepletanje poti s skupnimi anotiranimi geni
(Slika 8b in 8c). Te bioloske poti, ki smo jih identificirali s pomo¢jo RNA-seq in natan¢nim
datiranjem receptivne faze vzorcev endometrija, predlagamo kot mo¢nejsSe kandidatne poti za
nadaljnje raziskave endometrijske receptivnosti pri adenomiozi. Tem bioloskim potem,
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povezanim z IFN, smo nasli podporno literaturo tako iz podroc¢ja vgnezdenja zarodka kot iz
patofiziologije adenomioze.

3.1.3.1 Vloga IFN pri fizioloskem razvoju endometrija

Pri procesu vgnezdenja zarodka se vloga IFN povezuje z vzdrzevanjem lokalnega vnetnega
okolja, ki spodbuja migracijo trofoblasta v deciduo do Zilnega sistema matere (Hannan in
sod., 2011; Gnainsky in sod., 2014). Popovici in sod. (2000) so poviSano izrazanje genov
vnetnih citokinov (vkljucno tip I IFN alfa/beta) povezali z vkljuCevanjem limfocitov in
makrofagov v deciduo. De Veer in sod. (2001) so na podlagi analiz z mikromrezami
ugotovili, da druzina citokinov IFN sprozi izrazanje Stevilnih genov, vkljucenih v
protivirusne, protiproliferacijske in imunosupresijske procese. Pot prenosa signala se pricne
po vezavi IFN na povrsinske receptorje, ki sprozijo aktivacijo druzine proteinov JAK (angl.
Jjanus kinase). Aktivirane kinaze JAK fosforilirajo druzino prepisovalnih dejavnikov STAT, ti
pa se dalje vezejo v homo- ali heterodimere in tvorijo komplekse z drugimi prepisovalnimi
dejavniki. Skupaj se veZejo na odzivne elemente, stimulirane z IFN (angl. /FN-stimulated
response elements, ISRE), ki se nahajajo na promotorski regiji genov, stimulirani z IFN (angl.
IFN-stimulated genes, ISGs) in aktivirajo njihovo transkripcijo. Poznanih je ve¢ kot 300 ISGs
(De Veer in sod., 2001). Ubikvintinu podoben protein ISG15 je potranskripcijski
preoblikovalec, ki se lahko v procesu isgilacije (angl. ISGylation) kovalentno veze na razli¢ne
proteine. Delovanje ISG15 se povezuje s Stevilnimi celicnimi procesi in stanji (translacija
proteinov, dinamika citoskeleta, izlocanje eksosoma, avtofagija, stabilnost genoma in rak) in
je mocen kandidat ciljnih terapevtskih pristopov (Jiménez Ferndndez in sod., 2020). Protein
ISG15 lahko deluje kot znotrajceli¢ni ali kot izvenceli¢ni protein. Znotrajceli¢no izrazanje
ISG15, ki je odvisno od signalnih poti tipa 1 IFN alfa/beta, oznacuje prirojeni imunski odziv
na virusne in mikrobne patogene. Zunajceli¢no izrazanje ISG15 pa lahko pri limfocitih izzove
izlo¢anje IFN gama, citokina tipa 2 (Swaim in sod., 2017). Raziskave na mi$ih so pokazale,
da ima pospeSeno izrazanje ISG15 med zgodnjo nosecnostjo pomembno vlogo pri razvr§¢anju
celic uNK, ki so vklju¢ene v preoblikovanje spiralnih arterij za normalen dotok krvi plodu
(Austin in sod., 2003). Porocali so ze o spremenjeni ravni izraZzanja nekaterih citokinov v
pricakovanem casu endometrijske receptivnosti pri Zenskah z adenomiozo (Zhihong in sod.,
2016) in zenskah z endometriozo (Kharfi in sod., 2003; Ulukus M. in sod., 2005). Citokini,
vkljuceni v proces decidualizacije stromalnih celic, uravnavajo prehod iz provnetnega v
protivnetni odziv (Wilczynski, 2005). Prehod v ravnovesju citokinov se povezuje tudi z
uravnavanjem ravnovesja med endometrijsko receptivnostjo in selektivnostjo, s ¢imer se
omogoci vgnezdenje samo visoko kakovostnih zarodkov (kromosomsko stabilni zarodki z
dobrimi invazivnimi lastnostmi) (Macklon in Brosens, 2014). PoruSeno ravnovesje med
receptivnostjo in selektivnostjo endometrija pa je bilo povezano z vgnezdenjem tudi zarodkov
slabse kvalitete, kar pa lahko vodi v prekinitev nose¢nosti (Quenby in sod., 2002). Visjo
stopnjo splavov opazajo tudi pri Zenskah z adenomiozo v primerjavi z zenskami brez
adenomioze (Martinez-Conejero in sod., 2011; Stanekova in sod., 2018). Tako morda
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obogatene poti odziva na delovanje IFN, ki smo jih identificirali z geni zmanjSanega izrazanja
izvedene analize RNA-seq, kazejo na slabSo endometrijsko selektivnost Zensk z adenomiozo,
kar omogoca vgnezdenje tudi slabsih zarodkov, a vodi v splav.

3.1.3.2 Vloga IFN pri patofiziologiji adenomioze

Sotnikova in sod. (2002) so porocali o povisanih vrednostih vnetnih citokinov IFNG, IFNA,
TNF, ILIB in epidermalnega rastnega dejavnika (EGF) pri Zenskah z adenomiozo v
primerjavi v zdravimi Zzenskami, potem ko so analizirali supernatant 24 ur gojenih
mononuklearnih celic (limfociti in makrofagi) endometrija PS faze. Avtorji so lokalno
povisano sintezo citokinov v endometriju povezali s spodbujanjem celi¢ne proliferacije, kar
vodi v razvoj adenomioze (Sotnikova in sod., 2002). Tremellen in Russell (2012) pa sta pri
zenskah s hudo obliko adenomioze in ponavljajoimi neuspe$nimi poskusi vgnezdenja
zarodka porocala o poviSanih vrednostih celic uNK in makrofagov v funkcionalni plasti
endometrija PS faze, ko sta jih primerjala z zenskami z blago adenomiozo ali z zdravimi
zenskami. To sta povezala z negostoljubnim imunskim okoljem endometrija zaradi bolezni,
kar lahko ovira uspe$no vgnezditev zarodka (Tremellen in Russell, 2012).

Na podlagi rezultatov obogatitvenih analiz setov 909 in 382 genov, ki smo ju identificirali z
izvedeno analizo RNA-seq ob upoStevanju rezultatov natan¢nega datiranja endometrija in
podporne literature sklepamo, da set 382 genov bolj reprezentativno predstavlja podpis
adenomioze na transkriptom endometrija v receptivni fazi, kot pa sprva pridobljenih 909
genov. Da bi razumeli vlogo teh 382 genov v povezavi z molekularnimi procesi
endometrijske receptivnosti, smo jih dalje integrirali z zbranimi podatki iz pregleda literature.

3.1.4 Integracija spremenjeno izrazenih genov analize RNA-seq s podatki iz pregleda
literature

Identificiranih 382 spremenjeno izraZenih genov v endometriju receptivnega stanja med
adenomiozno in kontrolno skupino analize RNA-seq smo integrirali z genskimi seti, ki smo
jih oblikovali na podlagi podatkov iz literature. Uporabili smo tri genske sete, ki se
povezujejo z endometrijsko receptivnostjo pri zenskah z adenomiozo (42 genov), Zenskah z
endometriozo (173 genov) in Zenskah z zdravo maternico (151 genov). Integrirane genske
sete smo obogatili v aplikacijah ClueGO/CluePedia v orodju Cytoscape in med pridobljenimi
bioloskimi potmi iskali tiste, kjer so anotirani geni izhajali iz vseh treh ginekoloskih skupin
(nespecificne poti). TakSne poti smo predlagali kot mocnejSe kandidatne bioloske poti
spremenjene endometrijske receptivnosti pri adenomiozi.
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Integracijo identificiranih 382 genov analize RNA-seq s podatki iz pregleda literature smo
izvedli z dvema loCenima obogatitvenima analizama, kjer smo spreminjali set vkljucenih
genov adenomiozne skupine.

3.1.4.1 Integracija 382 genov adenomiozne skupine s poroCanimi geni, povezanimi z
endometriozo in zdravo maternico

Pri prvi obogatitveni analizi smo v set genov adenomiozne skupine vkljucili le 382
spremenjeno izrazenih genov, ki smo jih identificirali z lastno analizo RNA-seq. Uporabili
smo Se seta 151 in 173 genov zdrave oz. endometriozne skupine. Po obogatitvi smo
identificirali 40 bioloSkih poti, ki so bile urejene v 11 funkcionalnih skupin (Slika 9).
Identificirali smo tri nespecificne funkcionalne skupine organizacija zunajcelicnega matriksa
(angl. extracellular matrix organization), celicni odziv na drazljaje vaskulatornega
endotelijskega rastnega dejavnika (angl. cellular response to vascular endothelial growth
factor (VEGF) stimulus) in wuravnavanje procesa reprodukcije (angl. regulation of
reproductive process). Poti teh skupin predlagamo kot mocnejSe kandidate spremenjene
endometrijske receptivnosti pri zenskah z adenomiozo. Predlaganim potem smo lahko tudi
pripisali podporno literaturo. Preoblikovanje zunajcelicnega matriksa je pomemben proces
vgrezanja zarodka v deciduo (Okada in sod., 2014). Pri zenskah z adenomiozo (Li in sod.,
2006; Herndon in sod., 2016) in Zenskah z endometriozo (Di Carlo in sod., 2009; Pino in sod.,
2009; Matsuzaki in sod., 2010) so Ze porocali o neravnovesju izrazanja encimov, odgovornih
za preoblikovanje zunajcelicnega matriksa. Tudi angiogeni dejavniki (npr. VEGF) so
pomembni mehanizmi vgnezdnja zarodka, saj omogocajo tvorbo novih krvnih zil
(angiogeneza) in preoblikovanje ozilja endometrija za njegovo celi¢no rast in diferenciacijo v
deciduo (Okada in sod., 2014). Tudi pri identifikaciji mocnejSih kandidatnih genov
patofiziologije adenomioze smo z obogatitvijo oblikovanih setov 78 in 518 genov P faze
identificirali pot pozitivno uravnavanje angiogeneze. Veliko raziskav poroca o spremenjenem
izrazanju angiogenih dejavnikov (Goteri in sod., 2009; Kang in sod., 2009; Liu in sod., 2011;
Wang J. in sod., 2016) in oziljenju (Ota in Tanaka, 2003; Li in sod., 2006) endometrija pri
adenomiozi. Pricakovano smo za adenomiozni set genov pridobili specificno funkcionalno
skupino izrazanje genov, induciranih z IFN. Opazili pa smo, da je bila znotraj te funkcionalne
skupine tudi nespecifi¢na pot signalizacija IFN, kjer so bili anotiranimi geni vseh treh
uporabljenih ginekoloskih skupin.
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Slika 9: MreZza funkcionalno urejenih obogatenih 40 bioloskih poti, pridobljenih z integracijo 382
spremenjeno izraZenih genov nase adenomiozne skupine z geni, ki smo jih pridobili s pregleda literature
in se povezujejo z endometrijsko receptivnostjo pri endometriozi (173 genov) in zdravi maternici (151
genov). Z modro so oznacene funkcionalne skupine/poti z vecino anotiranih genov adenomiozne skupine. Z roza
so oznacene funkcionalne skupine/poti anotiranih genov endometriozne skupine. Z zeleno so oznacene poti
anotiranih genov zdrave maternice. S sivo barvo so oznaCene nespecificne poti z enakomernim delezem
anotiranih genov vseh treh ginekoloskih stan;.

Figure 9: A network of functionally sorted enriched 40 biological pathways obtained by integrating 382
differentially expressed genes of our adenomyosis group with genes obtained from the literature mining
that were associated with endometrial receptivity in endometriosis (173 genes) and healthy uterus (151
genes). Functional groups/pathways with the majority of annotated genes of the adenomyosis group are
highlighted in blue. Functional groups/pathways of the annotated genes from the endometriosis group are
highlighted in pink. Pathways annotated with genes of a healthy uterus are highlighted in green. Non-specific
pathways with an equal proportion of annotated genes from all three gynaecological conditions are highlighted in

grey.

3.1.4.2 Integracija 382 genov adenomiozne skupine s poroCanimi geni, povezanimi z
adenomiozo, endometriozo in zdravo maternico

Pri drugi analizi pa smo adenomioznemu setu s 382 geni lastne analize RNA-seq dodali Se 42
genov, ki smo jih pridobili s pregledom literature in se povezujejo s spremenjeno
endometrijsko receptivnostjo pri adenomiozi (skupno 424 genov). Uporabili smo Se seta 173
(endometrioza) in 151 (zdrava maternica) genov. Po obogatitvi smo identificirali 57 poti, ki

111



Prasnikar E. Vzorec izrazanja genov v endometriju v stanju receptivnosti pri preiskovankah z adenomiozo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2022

so bile urejene v 18 funkcionalnih skupin (Slika 10). Identificirali smo Se tri dodatne
nespecifi¢ne funkcionalne poti, ki so bile povezane s signalizacijo s citokini (signalizacija IL4
in IL13, uravnavanje produkcije superdruzine citokinov TNF (angl. regulation of TNF
superfamily cytokine production) in signalizacija IL10).
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Slika 10: Mreza funkcionalno urejenih 57 obogatenih poti, pridobljenih z integracijo 382 spremenjeno
izrazenih genov naSe adenomiozne skupine z oblikovanimi geni endometrijske receptivnosti pri
adenomiozi (42 genov), endometriozi (173 genov) in zdravi maternici (151 genov). Z modro so oznacene
funkcionalne skupine/poti z vecino anotiranih genov adenomiozne skupine. Z roza so oznacene funkcionalne
skupine/poti, anotiranih genov endometriozne skupine. Z zeleno so oznaene poti anotiranih genov zdrave
maternice. S sivo barvo so oznacene nespecifi¢ne poti z enakomernim deleZem anotiranih genov vseh treh
ginekoloskih stanj.

Figure 10: Network of functionally sorted 57 enriched pathways obtained by integration of 382
differentially expressed genes of our adenomyosis group with developed gene sets associated with
endometrial receptivity in adenomyosis (42 genes), endometriosis (173 genes), and healthy uterus (151
genes). Functional groups/pathways with the majority of annotated genes of the adenomyosis group are
highlighted in blue. Functional groups/pathways annotated with genes from endometriosis group are highlighted
in pink. Pathways annotated with genes from the healthy uterus group are highlighted in green. Grey indicates
non-specific pathways with an equal proportion of annotated genes from all three gynaecological conditions.
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Na podlagi integracije lastnih rezultatov analize RNA-seq in podatkov iz literature smo prisli
do zakljucka, da se spremenjena endometrijska receptivnost pri zenskah z adenomiozo
nakazuje na ravni signalizacije citokinov imunskega sistema.

3.1.5 Pomanjkljivosti raziskave

3.1.5.1 Nizko Stevilo uporabljenih vzorcev

Transkriptomsko analizo podatkov potrjeno receptivnih vzorcev endometrija smo izvedli med
8 zenskami z adenomiozo in 5 Zenskami kontrolne skupine. Nizko Stevilo uporabljenih
vzorcev omejuje koncne zakljucke glede identificiranih 382 spremenjeno izraZzenih genov
(p <0,05), ker so bile razlike v izrazanju genov statisti¢no neznacilni po popravku vrednosti p
(FDR > 0,05). Po izracunih z modelom negativne binomske porazdelitve, ki so jih predlagali
Li X. in sod. (2019), ocenjujemo, da bi za vecjo statisticno moc¢ nasih rezultatov potrebovali
okoli 35 vzorcev biopsij endometrija. Zaradi dolgotrajnega nabiranja biopsij endometrija, ki
je bilo omejeno samo na ovulatorne Zenske, mlajSe od 42 let, brez pridruzenih ginekoloskih
patologij in na to¢no dolocen stadij fizioloSkega razvoja endometrija znotraj menstruacijskega
ciklusa, bi bilo potrebno v prihodnje izvesti multicentricno nabiranje vzorcev. Tako bi lahko
zagotovili vecjo statisticno mo¢ analize RNA-seq.

3.1.5.2 Posredna diagnoza adenomioze s TVUZ

Diagnoza adenomioze pri preiskovankah naSe raziskave je temeljila na pregledu rodil s
TVUZ. Pri transkriptomskih raziskavah, ki so preucevale patofizioloSke vidike endometrija
pri adenomiozi, je zanesljiva diagnoza adenomioze lahko temeljila na histoloskem pregledu
vzorcev histerektomije (Herndon in sod., 2016; Jiang J.F. in sod., 2016; Xiang in sod., 2019).
To pa ni mogoce pri zenskah, ki zelijo ohraniti svojo reproduktivno sposobnost. V
transkriptomskih raziskavah, orientiranih na plodnost pri Zenskah z adenomiozo (Martinez-
Conejero in sod., 2011) in na sopojavnost z endometriozo (Dior in sod., 2018), je bila mozna
le neinvazivna diagnoza z metodami slikanja (TVUZ ali MR). Ultrazvo¢na identifikacija
adenomioze je zahtevna, saj Se ni oblikovanih enotnih kriterijev za diagnozo (Chapron in sod.,
2020). Kljub temu, pa so Andres in sod. (2018) v meta analizi 7 raziskav, ki so ocenjevale
natan¢nost TVUZ pri diagnozi adenomioze po njeni potrditvi s histerektomijo, dolocili 83,8
% obcutljivost in 63,9 % specificnost metode TVUZ. Zakljucili so, da je TVUZ ustrezna
metoda za diagnozo adenomioze (Andres in sod., 2018). Da bi v naSi raziskavi zmanjSali
variabilnost ocenjevalca med opazovalci, je TVUZ maternice in medeni¢ne votline izvedel
vedno isti ginekolog, ki je strokovnjak za ginekoloSki ultrazvok (stopnja 3 glede na evropsko
zvezo drustev za ultrazvok v medicini in biologiji (angl. European Federation of Societies for
Ultrasound in Medicine and Biology)).
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3.1.5.3 Blaga adenomioza

Pri sodelujocih preiskovankah smo zaznali prisotnost blage adenomioze. Rezultati RNA-seq
bi lahko bili drugac¢ni pri hudi obliki adenomioze. Pri klinicnem delu zdravljenja neplodnosti
smo opazili malo zensk z napredno obliko adenomioze, ki bi izpolnjevale vkljucitvene
kriterije (ovulatorni menstruacijski ciklus, brez sopojavnosti z endometriozo/miomov in
mlajSe od vkljuéno 42 let). Rezultati RNA-seq bi lahko bili tudi drugac¢ni, ¢e bi kontrolno
skupino sestavljale le potrjeno plodne zenske, saj velik delez preiskovank Se nikoli ni bilo
nosecih (primarna sterilnost). Koot in sod. (2016) so namre¢ porocali o molekularnih
odstopanjih endometrija v stanju receptivnosti tudi pri zenskah brez patologij rodil.

3.1.5.4 Uporaba vzorcev celotnega tkiva endometrija

Za izvedbo analiz qPCR in RNA-seq smo uporabili RNA, ki je bila izolirana iz vzorcev
celotnega tkiva endometrija. Endometrij je heterogeno tkivo, sestavljeno iz neenakomernih
delezev epitelijskih (povrSinskih in Zleznih), stromalnih, vaskulatornih in imunskih celic.
Suhorutshenko in sod. (2018) so z racunalniSkim pristopom razclenjenja (dekonvolucija)
transkriptoma celotnega tkiva endometrija pokazali, da je lahko spremenjeno izraZzanje
posameznega celicnega tipa zamaskirano z odtisom izrazanja ostalih celicnih tipov
(Suhorutshenko in sod., 2018). Da bi pridobili natanénejsi vpogled v molekularno ozadje
posameznih endometrijskih celi¢nih tipov v stanju receptivnosti pri adenomiozi, bi lahko
izvedli metodo scRNA-seq (Tang in sod., 2010). Po drugi strani pa so poroc¢ali o tehni¢no
zahtevni izolaciji posameznih EEC, kar je vodilo v nizko raven pridobljenih transkriptomskih
podatkov in slabo pokritost referenénega genoma (KrjutS8kov in sod., 2016). V literaturi je
malo opravljenih omskih raziskav na posameznih celicah endometrija. Identificiranih
spremenjeno izrazenih genov naSe analize RNA-seq ne bi mogli integrirati s podatki iz
literature, ki v ve€ini temeljijo na analizah celotnega tkiva endometrija.

3.1.5.5 Heterogenost omskih raziskav, iz katerth smo pridobivali podatke

Podatki o transkriptth RNA in proteinih spremenjenega endometrijskega izraZanja pri
endometriozi, ki smo jih uporabili za izdelavo kataloga, so izhajali iz heterogenith omskih
raziskav. Skupno 21 raziskav se je razlikovalo po vkljucitvenih / izklju€itvenih kriterijih
preiskovane in kontrolne skupine, izvedbi vzorcenja endometrija, metodi datiranja faze
menstruacijskega ciklusa, protokolih shranjevanja vzorcev in izolaciji molekul, uporabljenih
platformah za globalno analizo, bioinformacijskih analizah in podajanju kon¢nih rezultatov.
Posledi¢no je med raziskavami slabo prekrivanje identificiranih spremenjeno izrazenih
lokusov, povezanih z endometriozno skupino. Pri raziskavi, ki so jo opravili Tamaresis in sod.
(2014) smo zasledili tudi vkljucitev manjSega Stevila vzorcev endometrija zensk z
adenomiozo (4 od skupno 144) v endometriozno in kontrolno skupino. Prisotnost dodatnih
patologij pa bi lahko vplivalo na podpis transkriptoma endometrija (Hever in sod., 2006) Tudi
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Altmée in sod. (2017) so v meta analizi devetih transkriptomskih raziskav porocali o slabem
prekrivanju identificiranih genov, povezanih z endometrijsko receptivnostjo kot posledica
heterogenih zasnov raziskav.

3.1.5.6 Mozna potrditvena pristranskost lokusov, pridobljenih iz literature

Gene, ki smo jih uporabili za izdelavo kataloga pri endometriozi oz. za identifikacijo
mocnejsih kandidatov patofiziologije adenomioze, smo pridobili iz omskih raziskav, kjer pa
njihovo spremenjeno izrazanje vecinoma ni bilo potrjeno z dodatnimi kvantifikacijskimi
metodami (qPCR, prenos po western ali imunohistokemija). VkljuCevanje takSnih genov v
sintezo podatkov pa bi lahko vplivalo na rezultate obogatitvenih analiz. Ce v izvorni raziskavi
niso potrdili spremenjenega izrazanja izbranih lokusov z dodatnimi analizami, potem teh
lokusov nismo upostevali pri obogatitvenih analizah.

3.1.5.7 Poenotenje poimenovanja pridobljenih mRNA, ncRNA in proteinov

Poimenovanje transkriptov RNA in proteinov, ki smo jih pridobili s pregledom literature, smo
poenotili po genski nomenklaturi zbirke HGNC (HUGO, 2019), da smo lahko izvajali
bioinformacijske analize. Popolne povezave med transkriptomom in proteomom ni, saj se
raven izrazanja genov uravnava tudi s potranskripcijskimi mehanizmi. Npr. vezava molekul
miRNA na ciljno mRNA vodi v njeno razgradnjo ali ovirano nadaljnjo translacijo (Bartel,
2004). Prekurzorski transkript mRNA je lahko podvrZen alternativnim oblikam izrezovanja
intronov in spajanja eksonov (Wang Y. in sod., 2015b) ter potranslacijskim preoblikovanjem
(Walsh in sod., 2005), kar lahko vodi v vec razli¢nih izooblik proteinov.

3.1.6 Doprinos raziskave

3.1.6.1 Genski seti, povezani s spremenjenim endometrijskem izraZanjem

S podatki iz pregleda literature smo razvili najobseznejSe genske sete, povezane s
spremenjenim endometrijskem izrazanjem pri zenskah z adenomiozo in Zzenskah z
endometriozo. Po poenotenju heterogenega poimenovanja genetskih lokusov med
objavljenimi raziskavami smo identificirali nekaj prekrivajocih se genov/obogatenih bioloskih
poti. Le-ti bi lahko predstavljali mocnejSe kandidate za endometrijske molekularne
oznacevalce adenomioze oz. endometrioze. Poenotenje poimenovanja genetskih lokusov, ki
smo ga izvedli v tej doktorski disertaciji, bo tudi olajSalo izmenjavo podatkov in informacij
med raziskovalci.

S pregledom znanstvene literature in poenotenjem nomenklature genetskih lokusov smo
pridobili 42 in 173 genov spremenjenega endometrijska izrazanja v priCakovanem stanju
receptivnosti pri Zenskah z adenomiozo oz. Zenskah z endometriozo. Dodatno smo s
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poenotenjem poimenovanja vecravninskih omskih raziskav lahko izdelali katalog 591 genov,
s katerimi je mogocCe preuCevati vpliv endometrioze na celoten menstruacijski ciklus
endometrija in iskati korelacije z vplivom adenomioze na molekularno organizacijo
endometrija. Izdelan katalog z urejenimi geni glede na datirano fazo menstruacijskega ciklusa
omogoca nadaljnje zbiranje podatkov. Ponovitve obogatitvenih analiz z dodatnimi poznavanji
genskih interakcij, ki se zbirajo v bioloskih zbirkah, pa bodo omogocile identifikacijo bolj
specifi¢nih bioloskih poti.

Po poenotenju nomenklature genetskih lokusov smo izvedli sintezo genov, povezanih s
spremenjenim endometrijskim izrazanjem v P in SS fazi pri adenomiozi, da smo lahko izvedli
obogatitvene analize za identifikacijo mo¢nejsih kandidatov patofiziologije oz. spremenjene
receptivnosti pri tej bolezni. V podatkovni zbirki DisGeNET (DisGeNET, 2021) smo sicer
nasli gene, povezane z adenomiozo, vendar iz zbirke ni bilo mozno razbrati, ali se posamezen
gen navezuje na izrazanje v evtopicnem (EvVEA) ali ektopi¢nem (EkKEA) endometriju pri
adenomiozi. V tej doktorski disertaciji nas je zanimal pomen spremenjeno izrazenih genov le
EvVEA, saj predstavlja ciljno tkivo za vgnezditev zarodka. Identifikacija in poznavanje vloge
posameznih genov EVEA bi lahko vodilo v izdelavo specificnih molekularnih testov, ki bi ali
olajsali zgodnjo neinvazivno diagnozo adenomioze ali omogocili diagnostiko endometrija kot
mozen vzrok neplodnosti pri tak§nih bolnicah.

3.1.6.2 Izvedba analize RNA-seq

Analizo RNA-seq smo izvedli z vzorci endometrija brez sopojavnosti dodatnih patologij rodil
tako v adenomiozni kot tudi v kontrolni skupini. Z dodatnim TVUZ pregledom rodil, ki je bil
izveden tik pred vzor€enjem biopsije endometrija, smo lahko preverili morebitno sopojavnost
dodatnih ginekoloSkih patologij pri preiskovankah. Z ultrazvocnim pregledom so bile pri eni
od preiskovank adenomiozne in kontrolne skupine ugotovljene prisotnosti manjSih miomov,
pri eni od preiskovank kontrolne skupine pa obojestransko vnetje jajcevodov. Vzorce
endometrija teh Zensk smo vseeno uporabili za kvantifikacijo izbranih Sestih kandidatnih
genov s qPCR, saj ni bilo ve¢jih odstopanj v izrazanju z ali brez upoStevanja teh vzorcev. V
analizo RNA-seq transkriptoma pa smo vkljucili samo tiste vzorce endometrija, kjer razen
znakov adenomioze ugotovljenih drugih ultrazvo¢nih odstopanj rodil (v kontrolno skupino
smo vkljucevali Zenske, ki so se zdravile s postopki OBMP zaradi moskega ali tubarnega
dejavnika neplodnosti). Na tak nacin smo preprecili podpis drugih patologij na transkriptom
endometrija. V bioinformacijskih raziskavah (PraSnikar in sod., 2020a, 2020b), ki smo ju
opravili s podatki iz objavljenih znanstvenih c¢lankov, smo opazili, da so bile tako v
preiskovano (endometrioza in adenomioza) kot tudi v pripadajoco kontrolno skupino pogosto
vkljucene tudi Zenske s pridruzenimi patologijami maternice.
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3.1.6.3 Natancno datiranje receptivne faze

Vzorcem endometrija smo natan¢no datirali receptivno fazo menstruacijskega ciklusa. Smo
prvi, ki smo vzorce izolirane endometrijske RNA uporabili tako za RNA-seq transkriptoma,
kot tudi za natan¢no datiranje personaliziranega stanja receptivne faze z molekularnim
orodjem beREADY®. Z datiranjem smo zagotovili homogenost preiskovanih skupin v
povezavi z zagotavljanjem enakega fizioloskega stadija razvoja (receptivna faza) endometrija
tekom menstruacijskega ciklusa. S primerjavo podatkov RNA-seq potrjeno receptivnih
vzorcev smo preprecili vpliv vzorcev zgodnje receptivne faze (ZS faza) ali pozno receptivne
faze (PS faza) na podpis transkriptoma endometrija v stanju receptivnosti (SS faza). Le z
upostevanjem rezultatov datiranja endometrija pri analizi RNA-seq smo med adenomiozno in
kontrolno skupino identificirali spremenjeno izrazene gene, ki so bili obogateni v bioloske
poti, povezane z odzivom na delovanje IFN. V podobnih omskih raziskavah je bilo datiranje
endometrija opravljeno z urinskimi LH testi ali s histoloSkim pregledom biopsije, kar se
povezuje s slabo natan¢nostjo v primerjavi z molekularnimi testi (Coutifaris in sod., 2004;
Diaz-Gimeno in sod., 2013).

3.1.6.4 Javno dostopni eksperimentalni podatki RNA-seq

Surovi podatki RNA-seq so, skupaj s podatki natannega datiranja vsakega vzorca, javno
dostopni v bazi Gene Expression Omnibus (GEO) pod stevilko GSE185392. Nasi podatki so s
tem dostopni tudi drugim raziskovalcem. Vsaka vzorCena biopsija je bila nemudoma
potopljena v raztopino RNAlater, s ¢imer smo dosegli visoko stopnjo ohranjenosti izolirane
RNA (Stevilka integritete RNA (angl. RNA integrity number, RIN > 8,5) in nadaljnjo dobro
pokritost referen¢nega genoma hgl9 (> 97,5 %) z od¢itki RNA-seq. Z dodatnim datiranjem
endometrija pa smo zagotovili transkriptomske podatke potrjeno receptivnih vzorcev
endometrija, ki bodo uporabni tudi v prihodnjih integracijskih analizah.

3.1.7 Preverjanje hipotez

Hipoteza 1: Vzorca izraZzanja genov endometrija v stanju receptivnosti se razlikujeta
med skupinama preiskovank z adenomiozo in preiskovank brez adenomioze.

Zavrnili smo hipotezo 1.

To hipotezo smo preverjali z metodama RNA-seq in qPCR. Z metodo RNA-seq smo
primerjali endometrijske vzorce med skupinama 10 Zensk z adenomiozo in 10 Zensk brez
adenomioze. Glede na rezultate datiranja receptivne faze smo mejno receptivne vzorce
izkljucili iz seta transkriptomskih podatkov in analizo ponovili na podskupini samo
receptivnih vzorcev med 8 Zenskami z adenomiozo in 5 Zenskami brez adenomioze. Pri prvi
primerjavi smo zaznali 909, pri drugi pa 382 statisti¢no znacilno spremenjeno izrazenih genov
med skupinama (p < 0,05). Hipotezo smo zavrnili, ker je bila pri obeh primerjavah razlika v
izrazanju genov po popravku za testiranje vrednosti p neznacilna (FDR > 0,05). Z metodo
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qPCR smo primerjali stopnjo izrazanja Sestih prioritiziranih kandidatnih genov LIF, IL10,
IL6, JUNB, FOS in SOCS3 v endometriju med 9 zenskami z in 13 Zenskami brez adenomioze.
Znizano izrazanje izbranih genov med adenomiozno in kontrolno skupino ni bilo statisticno
znacilno, zato smo hipotezo 1 ponovno zavrnili.

Hipoteza 2: Izrazanje genov z domnevno vlogo sodelovanja pri vzpostavitvi receptivnega
stanja in genov, povezanih s patofiziologijo adenomioze, je spremenjeno pri
preiskovankah z adenomiozo.

Hipotezo 2 smo delno potrdili.

Hipotezo smo preverjali z bioinformacijskim orodjem DAVID, s katerim smo izvedli
obogatitvene analize bioloSkih poti s Stirimi seti genov. Sete smo oblikovali z zdruzevanjem
podatkov o genih, ncRNA in proteinih, ki se v znanstveni literaturi povezujejo s
spremenjenim endometrijskim izrazanjem med Zenskami z in brez adenomioze.

Za preverjanje prvega dela hipoteze o vplivu adenomioze na endometrijsko receptivnost smo

sestavili dva seta genov:

e 60 genov iz zbirke GO, anotiranih v biolosko pot vgnezdenje zarodka in/ali
decidualizacija. 7 obogatitvijo seta smo pridobili bioloske poti normalnega procesa
endometrijske receptivnosti;

e 42 genov, ki se v dosedanji literaturi (n = 7) povezujejo o spremenjenim endometrijskim
izrazanjem v pricakovanem casu receptivne faze (SS faza) med Zenskami z in brez
adenomioze. Na podlagi rezultatov obogatitvene analize smo iz tega seta identificirali
mocnejSe kandidate spremenjene endometrijske receptivnosti pri adenomizi.

Za preverjanje drugega dela hipoteze o sodelovanju endometrija pri patofiziologiji

adenomioze pa smo sestavili naslednja dva seta genov:

e 78 genov, pridobljenih iz dosedanjih raziskav kandidatnih lokusov (n = 47), v katerih so
porocali o spremenjenem izraZzanju endometrija v P fazi med Zenskami z in brez
adenomioze. Vkljucili smo samo raziskave endometrija P faze, saj se v S fazi zaradi
delovanja hormona P4 pojavi okno vgnezdenja z znacilnim transkriptomskim podpisom.
Razlika v izraZzanju v P fazi med adenomiozno in kontrolno skupino bi lahko bila zaradi
patofiziologije bolezni. Z obogatenjem seta smo pridobili kandidatne poti patofiziologije
evtopicnega endometrija pri adenomiozi (EVEA).

e 518 genov, pridobljenih iz transkriptomskih raziskav (n = 3) endometrija P faze med
zenskami z in brez adenomioze. Na podlagi rezultatov obogatitve smo iz tega seta
identificirali 52 mo¢nejsih kandidatov patofiziologije adenomioze.

Iz seta 42 genov je bilo 10 genov anotiranih v tri bioloske poti (negativna regulacija celicne
proliferacije, organizacija zunajcelicnega matriksa in decidualizacija), ki so bile obogatene
tudi s setom 60 genov zbirke GO. Tako smo za teh 10 genov potrdili vlogo sodelovanja v
procesih endometrijske receptivnosti pri adenomiozi.
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Iz seta 518 genov je bilo 52 genov anotiranih v tri bioloSke poti (pozitivno uravnavanje
angiogeneze, negativno uravnavanje apoptoznih procesov in vnetni odziv), ki so bile
obogatene tudi s setom 78 genov. Kljub temu pa te poti niso kazale na neposredne
mehanizme, ki se povezujejo z razvojem adenomioze (zviSana invazivnost, izguba celi¢ne
polarnosti, zvisana motilnost in mehanizmi poskodb oz. celjenje). Hipotezo 2 smo tako le
delno potrdili.

3.2 SKLEPI

V doktorski disertaciji smo preverjali dve delovni hipotezi:

1. Vzorca izrazanja genov endometrija v stanju receptivnosti se razlikujeta med skupinama
preiskovank z adenomiozo in preiskovank brez adenomioze;

2. Izrazanje genov z domnevno vlogo sodelovanja pri vzpostavitvi receptivnega stanja in
genov povezanih s patofiziologijo adenomioze je spremenjeno pri preiskovankah z
adenomiozo.

Za potrjevanje hipoteze 1 smo na vzorcih endometrija v pricakovanem stanju receptivnosti pri
zenskah z in brez ultrazvo¢nih znakov adenomioze izvedli kvantifikacijo izbranih kandidatnih
genov z metodo qPCR in sekvenciranje transkriptoma z metodo RNA-seq. Za potrjevanje
hipoteze 2 pa smo izvedli obogatitvene analize zbranih genov s pregleda literature, povezane s
spremenjenim endometrijskim izrazanjem pri adenomiozi, da bi identificirali mocnejSe
kandidate patofiziologije endometrija oz. spremenjene endometrijske receptivnosti za vezavo
zarodka pri tej bolezni.

Rezultati doktorske naloge glede potrjevanja hipoteze 1 so:

e Z RNA-seq sekvenciranjem transkriptoma (mRNA in IncRNA) endometrija pri 10 Zenskah
z in 10 brez adenomioze smo identificirali 909 spremenjeno izraZenih genov (p < 0,05;
FDR > 0,05), ki so bili obogateni v §tirih bioloSkih poteh (Bonferroni p < 0,05), vklju¢no v
poti znotrajcelicnega transporta lipidov.

e Kljub vzor€enju biopsij endometrija med dnevi LH+7-LH+9 je bilo z dodatnim
testiranjem personalizirane endometrijske receptivnosti 13 od skupno 20 vzorcev datiranih
v receptivno, dva v zgodnje receptivno in 5 v pozno receptivno fazo menstruacijskega
ciklusa.

e S ponovno analizo podatkov RNA-seq samo potrjeno receptivnih vzorcev adenomiozne
(n = 8) in kontrolne (n = 5) skupine smo identificirali 382 spremenjeno izrazenih genov
(p <0,05; FDR > 0,05), ki so bili obogateni v 33 bioloskih poti (Bonferroni p < 0,05).

e Izmed 33 obogatenih poti se jih je kar 19 navezovalo na procese odziva na signalizacijo
IFN. Zaznali smo tudi obogateno pot, povezano s celicno adhezijo.
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e Za poti, povezane z odzivom na IFN, smo nasli podporno literaturo tako v povezavi s
procesi vgnezdenja zarodka, kot tudi s patofiziologijo adenomioze.

e Na koekspresijski mrezi mRNA-IncRNA smo pokazali, da transkripta IncRNA DRAIC in
CADM3-AS1, ki izhajata iz seta 382 spremenjeno izraZzenih genov analize RNA-seq,
predstavljata pomembni vozlis¢i negativne korelacije z izrazanjem ciljnih transkriptov, ki
so bili obogateni v poteh, povezanih s celicno adhezijo.

e Na podlagi rezultatov obogatitvenih analiz in podporne literature sklepamo, da set 382
genov bolj reprezentativno predstavlja podpis adenomioze na transkriptom endometrija v
stanju receptivnosti, kot pa sprva zaznanih 909 genov. Rezultate bi bilo potrebno preveriti
na ve¢jem Stevilu vzorcev.

e Hipotezo 1 smo zavrnili zaradi neznacilnega izrazanja po popravku vrednosti p (test FDR)
tako 909 kot tudi 382 spremenjeno izrazenih genov med adenomiozno in kontrolno
skupino Zensk.

Rezultati doktorske naloge glede potrjevanja hipoteze 2 so:

e S poenotenjem poimenovanja transkriptov.  RNA in proteinov smo iz 47 raziskav
kandidatnih lokusov in treh transkriptomskih raziskav pridobili 78 oz. 518 genov,
povezanih s spremenjenim izrazanjem v proliferacijskem endometriju pri adenomiozi.

e Na podlagi obogatitvenih analiz smo identificirali 10 moc¢nejSih kandidatnih genov
spremenjene endometrijske receptivnosti pri adenomiozi (vkljuéno LIF, STAT3, IL10,
CDHS5, SSP1, ITGB3 in MMP20) in 52 mocnej$ih kandidatov patofiziologije endometrija
pri adenomiozi (vkljuéno ANXAI, BCL6, CXCL2, DUSPI1, EPHA2, NFKBIA, PTGSI,
S10049, SOCS3 in VEGFA).

e Hipotezo 2 smo le delno potrdili, ker obogatene poti v povezavi s patofiziologijo, niso
kazale na neposredne patoloske mehanizme endometrija, ki se povezujejo z razvojem te
bolezni (npr. izguba celi¢ne polarnosti, poviSana agresivnost in celi¢na migracija).

Poleg potrjevanja hipotez smo v tej doktorski disertaciji izvedli tudi analizo omskih raziskav,
v katerih so porocali o genetskih vzrokih spremenjenega izraZanja v endometriju Zensk s
sorodno, a bolje raziskano endometriozo. Geni, povezani z endometrijsko receptivnostjo pri
endometriozi in zdravi maternici so nam omogocili boljSe razumevanje bioloskega pomena
spremenjeno izrazenih genov adenomiozne skupine, ki smo jih identificirali z izvedeno
analizo RNA-seq. Dodatni rezultati so:

e Z zdruzevanjem podatkov iz 21 omskih raziskav, ki so poro€ale o spremenjeno izrazenih
transkriptih in proteinih v endometriju med zenskami z in brez endometrioze, in
poenotenjem genske nomenklature smo izdelali katalog s 591 geni, ki smo jih razvrstili
glede na datirano fazo menstruacijskega ciklusa.
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Z obogatitveno analizo endometrioznih genskih setov, povezanih s fazami
menstruacijskega ciklusa, smo identificirali poti, povezane s signalizacijo estrogenov,
organizacijo zunajcelicnega matriksa in celicno adhezijo. Natan¢neje, 173 genov SS faze
(pricakovani Cas endometrijske receptivnosti) je bilo obogatenih v poteh, povezanih s
produkcijo citokinov, vnetnim odzivom, kemotakso endotelijskih in imunskih celic ter z
regulacijo apoptoze.

Z obogatitvenimi analizami zbranih genov s pregleda literature, ki se povezuje z
endometrijsko receptivnostjo pri Zenskah z adenomiozo (42 genov), Zenskah z
endometriozo (173 genov) in zdravih zenskah (151 genov), smo identificirali moc¢nejse
kandidatne poti signalizacije z IL.

Izbranim Sestim genom /L6, IL10, LIF, SOCS3, FOS in JUNB, ki so bili anotirani v poti
signalizacije z IL, smo preverili stopnjo izrazanja na vzorcih endometrija pri Zenskah z in
brez adenomioze. Ugotovili smo nizjo stopnjo izrazanja preiskovanih genov pri
adenomiozni skupini, a je bila razlika neznacilna.

V obliki mreze funkcionalno urejenih obogatenih poti smo integrirali set 382 spremenjeno
izrazenih genov adenomiozne skupine izvedene analize RNA-seq s seti 42, 173 in 151
genov endometrijske receptivnosti adenomioze, endometrioze oz. zdrave maternice.
Identificirali smo poti organizacija zunajcelicnega matriksa, celicni odziv na stimule z
VEGF, signalizacija z IFN, signalizacija z IL in uravnavanje reproduktivnih procesov z
anotiranimi geni vseh uporabljenih setov. Te poti predstavljajo dodatne mocnejSe
kandidate spremenjenih procesov receptivnosti pri adenomiozi.

Z rezultati obogatitvenih analiz podatkov iz pregleda literature in izvedene analize RNA-
seq smo pokazali na korelacije spremenjenih molekularnih procesov (produkcija citokinov,
celicna adhezija, organizacija zunajcelicnega matriksa in oZiljenje) receptivnosti
endometrija med endometriozo in adenomiozo.

Na podlagi analiz dosedanjih porocanih podatkov o molekularnem ozadju endometrijske
receptivnosti in lastnih rezultatov RNA-seq sklepamo, da je endometrijska receptivnost pri
zenskah z adenomiozo spremenjena na ravni signalizacije s citokini imunskega sistema.
Poznavanje vloge posameznih genov v endometriju pri adenomiozi bi v prihodnje lahko
vodilo v identifikacijo endometrijskih molekularnih oznadevalcev. Le-ti bi omogocili bodisi

laZjo neinvazivno diagnozo adenomioze ali natan¢nejSo diagnostiko endometrijske
receptivnosti za zarodek pri Zenskah z adenomiozo maternice, ki se zdravijo za neplodnostjo.
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4 POVZETEK (SUMMARY)
4.1 POVZETEK

Adenomiozo maternice oznacuje prisotnost endometriju podobnega tkiva znotraj miometrija
(Van den Bosch in sod., 2015). Molekularne spremembe endometrija pri tej bolezni se
povezujejo tako s patofiziologijo, ki vodijo v razvoj in/ali napredovanje adenomioze
(Vannuccini in sod., 2017), kot tudi z njegovo ovirano receptivnostjo za vgnezdenje zarodka
(Campo in sod., 2012). Adenomiozo so povezali z nizjo stopnjo zanositve (Salim in sod.,
2012; Thalluri in Tremellen, 2012; Puente in sod., 2016; Sharma in sod., 2019). Molekularni
dejavniki domnevno ovirane endometrijske receptivnosti so slabo poznani zaradi tehnoloskih
omejitev metode TVUZ pri neinvazivni diagnozi adenomioze v preteklosti (Campo in sod.,
2012). V literaturi smo nasli le Sest raziskav kandidatnih lokusov (Xiao in sod., 2010, 2013;
Fischer in sod., 2011; Yen in sod., 2016; Wang in sod., 2018; Yan in sod., 2019) in eno
transkriptomsko (Martinez-Conejero in sod., 2011) analizo endometrija v pri¢akovanem
stanju receptivnosti pri Zenskah z adenomiozo maternice v njihovem rodnem obdobju. Zato
smo v tej doktorski disertaciji uporabili pristope sistemske biologije, kjer smo na podlagi
podatkov iz pregleda literature in izvedene analize RNA-seq prikazali vpliv adenomioze na
molekularno organizacijo endometrijske receptivnosti.

S primerjavo podatkov RNA-seq potrjeno receptivnih vzorcev endometrija med Zenskami z
(n = 8) in brez (n = 5) adenomioze smo najprej identificirali 382 spremenjeno izrazenih
genov, ki so bili obogateni v poteh, povezanih z mehanizmi odziva na IFN. Set 382 genov
smo dalje integrirali s podatki iz pregleda literature, ki so se navezovali na molekularno
ozadje endometrija v stanju receptivnosti pri Zenskah z adenomiozo (42 genov), zenskah s
sorodno, a bolje raziskano endometriozo (173 genov) in Zenskah z zdravo maternico (151
genov). Z zbranimi seti genov smo izvedli obogatitveno analizo bioloskih poti in iskali poti z
anotiranimi geni vseh uporabljenih setov. Na tak nacin smo identificirali poti organizacija
zunajcelicnega matriksa, celicni odziv na drazljaje VEGF, uravnavanje procesa reprodukcije,
signalizacija z IL in regulacija produkcije superdruzine citokinov TNF, ki jih predlagamo kot
dodatne kandidatne poti spremenjene endometrijske receptivnosti pri adenomiozi (PraSnikar
in sod., 2022).

Skupno smo za sekvenciranje transkriptoma (mRNA in IncRNA) endometrija uporabili 20
vzorcev (10 v adenomiozni in 10 v kontrolni skupini). Z analizo vseh 20 vzorcev smo
identificirali 909 spremenjeno izraZenih genov (p < 0,05), ki so bili obogateni le v §tirih poteh
(p <0,05). Zaradi njihove sploSne narave (npr. pot znotrajcelicni transport lipidov) jim nismo
mogli pripisati podporne literature v povezavi z vgnezdenjem zarodka ali s patofiziologijo
adenomioze. Taks$ni rezultati bi lahko bili posledica razli¢ne fizioloSke zrelosti uporabljenih
vzorcev endometrija, kljub temu, da je bila vsaka biopsija pridobljena med dnevi LH+7 in
LH+9 (pricakovani ¢as endometrijske receptivnosti). Ker poro¢ajo o personaliziranem pojavu
in trajanju receptivne faze v menstruacijskem ciklusu (Ruiz-Alonso in sod., 2013; Mahajan in
sod., 2018; Tan in sod., 2018) ter o zamaskiranem podpisu patologije na transkriptom
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endometrija pri primerjavi vzorcev razli¢nih faz ciklusa (Devesa-Peiro in sod., 2021), smo vse
vzorce dodatno datirali. To smo izvedli s pomoc¢jo novega molekularnega orodja, ki na
podlagi vzorca izrazanja izbranih 57 genov endometrijske receptivnosti doloci personalizirano
stanje receptivne faze (Saare in sod., 2019). Z rezultati testiranja smo 20 vzorcev datirali v tri
skupine: v zgodnjo receptivno fazo (n = 2); receptivno fazo (n = 13); in pozno receptivno fazo
(n=5).

S ponovno analizo transkriptomskih podatkov samo potrjeno receptivnih vzorcev endometrija
adenomiozne (n = 8) in kontrolne (n = 5) skupine smo identificirali Ze omenjenih 382
spremenjeno izrazenih genov (p < 0,05). Ti geni so bili obogateni v 33 poteh (p < 0,05), od
tega je bilo 19 povezanih z mehanizmi odziva na signalizacijo IFN. V povezavi z
vgnezdenjem zarodka se vloga IFN povezuje z aktivacijo celic uNK, ki nadzorujejo globino
vgnezdenja trofoblasta v deciduo in omogocajo preoblikovanje spiralnih arterij za dotok krvi
zarodku (Austin in sod., 2003; Wilczynski, 2005; Hannan in sod., 2011). V povezavi s
patofiziologijo adenomioze pa se izmerjene prekomerne vrednosti IFN endometrija
povezujejo z lokalno povisano vrednostjo vnetnih citokinov v maternici, ki vodijo v razvoj
lezij (Sotnikova in sod., 2002). Zaklju¢imo lahko, da smo z RNA-seq transkriptoma in
natan¢nim datiranjem vzorcev endometrija identificirali poti odziva na delovanje IFN, ki
predstavljajo najbolj obetavne kandidate za nadaljnje raziskave endometrijske receptivnosti
pri adenomiozi.

Z obogatitvijo identificiranih 382 genov analize RNA-seq smo pridobili tudi pot, povezano s
celicno adhezijo, kjer so bili, tako kot v poteh IFN, v vecini anotirani geni zmanjSanega
izrazanja pri adenomiozni v primerjavi s kontrolno skupino. To bi lahko kazalo na zmanj$ano
receptivnost endometrija za vezavo zarodka. Rezultat je v skladu z literaturo, saj zadostna
kapaciteta adhezije endometrija omogoca pritrditev blastociste na njegov epitelij (Achache in
Revel, 2006). Obogatene poti, povezane s celicno adhezijo, smo zaznali tudi pri analizi genov
koekspresijske mreZe, ki smo jo izdelali med 23 spremenjeno izraZzenimi IncRNA seta 382
genov in celokupnim transkriptomom. Identificirali smo namre¢ transkripta IncRNA DRAIC
in CADM3-A4S1, ki sta imela preteZzno negativno korelacijo z izraZzanjem njunih ciljnih
transkriptov, ki so bili obogateni v poteh, povezanih s celicno adhezijo. Porocali so Ze o
vplivu IncRNA na stopnjo izraZzanja genov, ki v endometriju kodirajo proteine adhezije (Fan
in sod., 2017; Li D. in sod., 2019). Ti dve IncRNA predstavljata kandidatna dejavnika
epigenetskega vpliva adenomioze na izraZzanje genov, povezanih z endometrijsko
receptivnostjo.

Nase koncne zakljucke glede spremenjeno izrazenih genov (p < 0,05) analize RNA-seq
omejuje njihovo neznacilno izraZanje po popravku vrednosti p (FDR > 0,05). Nizka statisti¢na
moc¢ analize bi lahko bila posledica nizkega Stevila uporabljenih vzorcev. Pridobivanje biopsij
endometrija je dolgotrajen proces, zato bi bilo potrebno v prihodnje izvesti multicentricno
nabiranje vzorcev za dodatne analize RNA-seq.
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Za izvedbo bioinformacijskih analiz podatkov o genetskih vzrokih (transkripti mRNA in
ncRNA ter proteini spremenjenega endometrijskega izrazanja), ki smo jih pridobili iz
objavljenih raziskav, smo najprej poenotili njihovo heterogeno poimenovanje po genski
nomenklaturi zbirke HGNC (HUGO, 2019). Nato smo lahko glede na poroc¢ano datirano fazo
menstruacijskega ciklusa izvorne raziskave zdruzevali gene in jih obogatili, da bi razumeli
njihov bioloski pomen. Na tak nacin smo zbrali znanje o vplivu endometrioze na molekularno
organizacijo endometrija tekom menstruacijskega ciklusa (Prasnikar in sod., 2020a) in
predlagali mocnejSe kandidatne gene patofiziologije (P faza) in spremenjene endometrijske
receptivnosti (SS faza) pri adenomiozi.

Zaradi slabo raziskanega vpliva adenomioze na endometrijsko receptivnost smo pri sorodni, a
bolje raziskani endometriozi (Del Frate in sod., 2006) nabirali znanje o molekularnih
odstopanjih endometrija ob prisotni patologiji (Prasnikar in sod., 2020a). Iz 21 raziskav
razlicnih omskih ravni smo zdruzili spremenjeno izrazene endometrijske lokuse ter po
poenotenju nomenklature pridobili 591 genov, ki smo jih razvrstili glede na datirano fazo
ciklusa. Z obogatitvijo 173 genov SS faze smo med drugimi identificirali poti, povezane s
produkcijo citokinov, vnetnim odzivom in kemotakso endotelijskih in imunskih celic. Tudi
IFN, digar poti odziva na njihovo delovanje smo zaznali z obogatitvijo genov izvedene
analize RNA-seq, spadajo med citokine imunskega sistema. S tem smo pokazali na mozne
korelacije v spremenjenih procesih endometrijske receptivnosti med adenomiozo in
endometriozo. Dodatno smo z obogatitvenima analizama samo pridobljenih podatkov iz
pregleda literature, tj. genov, povezanih z endometrijsko receptivnostjo pri adenomiozi (42
genov), endometriozi (173 genov) in zdravi maternici (151 genov), identificirali poti,
povezane z delovanjem citokinov imunskega sistema (signalizacija z IL in signalizacija z IL4
in IL13). Izbranim Sestim genom (JUNB, FOS, SOCS3, IL6, IL10 in LIF), ki so bili anotirani
v te dve poti, smo tudi preverili stopnjo izraZanja na vzorcih endometrija Zenskam z (n = 9) in
brez (n = 13) adenomioze. Zaznali smo zmanjSano izraZanje preiskovanih genov pri
adenomiozni skupini, a je bila razlika statisticno neznacCilna. Raziskavo bi bilo potrebno
ponoviti na ve¢jem Stevilu vzorcev (Prasnikar in sod., 2020b).

Za identifikacijo 52 mo¢nejSih kandidatnih genov (vklju¢no ANXA1, BCL6, CXCL2, DUSPI,
EPHA2, NFKBIA, PTGSI1, S10049, SOCS3 in VEGFA) patofiziologije endometrija pri
adenomioze smo zdruzevali podatke 50 raziskav, opravljenih v P fazi. V tej fazi namre¢ ni
delovanja hormona P4 in z receptivnostjo povezanih genov, zato razlike v endometrijskim
izrazanju med preiskovano in kontrolno skupino verjetneje kazejo na patofizioloske
spremembe (Makieva in sod., 2018). Za identifikacijo 10 mo¢nejSih kandidatnih genov (IL10,
SST, STAT3, LIF, CHDS5, CDKN3, COL8A41, COLI11AIl, ITGB3 in SPPI) spremenjene
endometrijske receptivnosti pri adenomiozi pa smo zdruzevali podatke sedmih raziskav
endometrija SS faze. Poznavanje vloge posameznih genov pri adenomiozi bi lahko vodilo v
identifikacijo endometrijskih molekularnih oznacevalcev te bolezni. Specificen molekularni
test bi lahko pripomogel k zanesljivejsi diagnozi zgodnje adenomioze, ki je trenutno omejena
le na visoko obcutljive, vendar subjektivne metode slikanja (Hershko-Klement in Tepper,
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2016). Medtem bi s specificnim molekularnim testom za diagnostiko endometrijske
receptivnosti pri adenomiozi lahko preverili, ali je endometrij dejavnik neplodnosti pri
neplodnih Zenskah =z adenomiozo. Poznavanje patoloskih procesov endometrijske
receptivnosti bi lahko vodilo v razvoj novih terapevtskih pristopov priprave endometrija pred
prenosom zarodka v postopkih OBMP.

4.2 SUMMARY

Uterine adenomyosis is characterized by the presence of endometrium-like tissue within the
myometrium (Van den Bosch et al., 2015). Molecular alterations of the endometrium in this
disease are associated both with the pathophysiology leading to the development and/or
progression of adenomyosis (Vannuccini et al., 2017), as well as with its impaired receptivity
for embryo implantation (Campo et al., 2012). Adenomyosis has been associated with lower
pregnancy rate (Salim et al., 2012; Thalluri and Tremellen, 2012; Puente et al., 2016; Sharma
et al., 2019). The molecular aspects of presumed impaired endometrial receptivity are poorly
understood due to the technological limitations of the TVUS method in the non-invasive
diagnosis of adenomyosis in the past (Campo et al., 2012). From the literature survey we
obtained only six candidate locus studies (Xiao et al., 2010, 2013; Fischer et al., 2011; Yen et
al., 2016; Wang et al., 2018; Yan et al., 2019) and one transcriptomic study (Martinez-
Conegjero et al., 2011) where endometrium of expected receptivity was analysed in women
with uterine adenomyosis in their reproductive age. Therefore, in this doctoral dissertation, we
have applied systems biology approaches to demonstrate the impact of adenomyosis on the
molecular organization of endometrial receptivity based on data from a literature review and
RNA-seq analysis performed.

First, we compared RNA-seq data of confirmed receptive endometrial samples between
women with (n = 8) and without (n = 5) adenomyosis and identified 382 differentially
expressed genes that were enriched in pathways related to IFN response mechanisms. The set
of 382 genes was further integrated with data from a literature mining associated with the
molecular background of the endometrial receptive state in women with adenomyosis (42
genes), women with a related but better-studied endometriosis (173 genes) and women with a
healthy uterus (151 genes). We performed a biological pathway enrichment analysis with
developed gene sets and searched for pathways annotated with genes from all the sets used. In
this way, we identified pathways extracellular matrix organization, cellular response to
VEGF stimulus, regulation of reproductive process, signalling by IL and regulation of TNF
superfamily cytokine production, which we proposed as additional candidate pathways of
altered endometrial receptivity in adenomyosis (Prasnikar et al., 2022).

In total, we used 20 endometrial samples (10 in the adenomyosis and 10 in the control group)
for transcriptome (mRNA and IncRNA) sequencing. Analysis of all 20 identified 909
differentially expressed genes (p < 0.05) further enriched in only four pathways (p < 0.05).
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Due to their general nature (e.g. intracellular lipid transport), we could not attribute to them
any supporting literature in relation to the embryo implantation or to the pathophysiology of
adenomyosis. Such results could be due to the different physiological maturity of used
endometrial samples, despite the fact that each biopsy was retrieved between days LH+7 and
LH+9 (the expected time of endometrial receptivity). As the personalized appearance and
duration of the receptive phase in the menstrual cycle has been reported (Ruiz-Alonso et al.,
2013; Mahajan et al., 2018; Tan et al., 2018) and a masked signature of pathology on the
endometrial transcriptome when comparing samples from different phases of the cycle
(Devesa-Peiro et al., 2021), we additionally performed endometrial dating of all samples. We
utilized a novel molecular tool that determines a personalized receptive phase status based on
the expression pattern of 57 selected endometrial receptivity genes (Saare et al., 2019).
Considering the results of endometrial receptivity testing, we classified endometrial samples
into three groups: early receptive phase (n = 2), receptive phase (n = 13), and late receptive
phase (n =5).

We reanalysed the RNA-seq data considering only confirmed receptive endometrial samples
from adenomyosis (n = 8) in control (n = 5) groups and identified the aforementioned 382
differentially expressed genes (p < 0.05). These genes were enriched in 33 pathways
(p < 0.05), 19 of which were related to IFN signalling response mechanisms. In relation to
embryo implantation, the role of IFN is associated with the activation of uNK cells, which
control the depth of trophoblast implantation in the decidua and support the remodelling of
the spiral arteries for blood supply to the embryo (Austin et al., 2003; Wilczynski, 2005;
Hannan et al., 2011). In relation to the pathophysiology of adenomyosis, upregulated levels of
endometrial IFN have been associated with locally enhanced production of inflammation
cytokines in the uterus leading to lesion development (Sotnikova et al., 2002). In conclusion,
RNA-seq of the transcriptome and accurate dating of endometrial samples have resulted in the
identification of pathways of response to IFN action that represent the most promising
candidate for further investigation of impaired uterine receptivity in adenomyosis.

The enrichment of the 382 genes also identified a pathway related to cell adhesion, where, as
in the IFN pathways, the majority of annotated genes were downregulated in women with
adenomyosis compared to the control group. This could indicate an impaired uterine
receptivity for embryo implantation in adenomyosis. This is in agreement with the literature,
as sufficient endometrial adhesion capacity allows the blastocyst to attach to its epithelium
(Achache and Revel, 2006). In addition, enriched pathways related to cell adhesion were also
identified by analysing the genes in a co-expression network, which was constructed between
23 differentially expressed IncRNA derived from a set of 382 gene set and the whole
transcriptome. Namely, we identified IncRNA transcripts DRAIC and CADM3-AS1, which
had a predominantly negative correlation with the expression of their target transcripts, that
were enriched in cell adhesion-related pathways. The regulatory role of IncRNA on the
expression level of genes encoding adhesion proteins in the endometrium has been previously
reported (Fan et al., 2017; Li et al., 2019). These two IncRNAs represent candidates factors
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for the epigenetic impact of adenomyosis on the expression of genes related to endometrial
receptivity.

Our final conclusions regarding the identified differentially expressed genes (p < 0.05) from
the RNA-seq analysis are limited due to their non-significant expression level after p value
correction (FDR > 0.05). The low statistical power of the analysis could be a consequence of
small sample size. The gathering of endometrial biopsies is a time-consuming process;
therefore, future multicentre sample collection for additional RNA-seq analyses should be
performed.

In order to perform bioinformatics analyses of the genetic causes (MRNA and ncRNA
transcripts and proteins) extracted from published studies reporting dysregulation in the
endometrium, we first adopted their heterogeneous nomenclature according to the HGNC
(HUGO, 2019) gene nomenclature. Then, we could sort obtained genes according to the
reported menstrual cycle phase of endometrial dating in the original study for downstream
enrichment analyses to understand their biological role. In this way, we provided a knowledge
presenting the impact of endometriosis on endometrial molecular organisation through the
menstrual cycle (Prasnikar et al., 2020a) and suggested stronger candidate genes of
pathophysiology (proliferative (P) phase) and altered endometrial receptivity (mid-secretory
(MS) phase) in adenomyosis.

Due to the poorly understood impact of adenomyosis on endometrial receptivity, we chose the
related, but better-studied endometriosis (Del Frate et al., 2006) to gain knowledge of
dysregulated endometrium when the pathology persists (Prasnikar et al., 2020a). We obtained
591 genes after pooling differentially expressed endometrial loci from 21 published studies of
different omics levels and adopting their nomenclature according to the HGNC database
(HUGO, 2019). The genes were further sorted according to the reported phase of the
menstrual cycle. By enriching 173 genes of the MS phase, we also identified pathways related
to cytokine production, inflammatory response and chemotaxis of endothelial and immune
cells. On the other hand, cytokines of the immune system also include IFNs, whose response
pathways to their action were identified in the enrichment analysis of identified genes from
our RNA-seq analysis. In view of this, we have demonstrated possible correlations in altered
endometrial receptivity processes between adenomyosis and endometriosis. Additionally, we
identified pathways related to immune system cytokines (signalling by IL and signalling by
IL4 and IL13) by two enrichment analyses of data retrieved only from the literature review,
1.e. genes associated with endometrial receptivity in adenomyosis (42 genes), endometriosis
(173 genes) and healthy uterus (151 genes). We further checked endometrial expression levels
of selected six genes (JUNB, FOS, SOCS3, IL6, IL10 and LIF) that were annotated in these
two pathways. Endometrial samples were obtained between days LH+7-LH+9 from women
with (n = 9) and without (n = 13) adenomyosis. We detected downregulation of selected genes
in the adenomyosis compared to the control group, but the difference was statistically
insignificant. The study should be repeated in a larger sample size (PraSnikar et al., 2020b).
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Identification of 52 stronger candidate genes (including ANXAI, BCL6, CXCL2, DUSPI,
EPHA2, NFKBI1A, PTGSI, S10049, SOCS3 and VEGFA) of endometrial pathophysiology in
adenomyosis based on data synthesis from 50 studies performed in the P phase. In this phase,
progesterone hormone (P4) and receptivity-related genes are absent, so differences in
endometrial expression patterns between study and control groups are more likely due to
pathophysiological changes (Makieva et al., 2018). To identify 10 stronger candidate genes
(IL10, SST, STAT3, LIF, CHDS5, CDKN3, COL8AI, COL11Al, ITGB3 and SPPI) of altered
endometrial receptivity in adenomyosis, we pooled data from seven studies performed in the
MS phase. Understanding the role of individual genes in adenomyosis could lead to the
identification of endometrial molecular markers of this disease. A specific molecular test
could contribute to a more reliable diagnosis of early adenomyosis, which is currently limited
only to highly sensitive but subjective imaging methods (Hershko-Klement and Tepper,
2016). While a specific molecular test for the diagnosis of uterine receptivity in adenomyosis
could better determine whether the endometrium is a factor for infertility in these women.
Knowledge of the pathological processes of endometrial receptivity in adenomyosis could
lead to the development of new therapeutic approaches for endometrial preparation prior the
embryo transfer in assisted reproductive technology treatment.
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PRILOGE

Priloga A. Seti genov, uporabljeni v nasi raziskavi

Supplementary A. Used gene sets in our research.

Skupina Vir (§t. Geni
genov)
ADENOMIOZA Lastna TAS2R43, SCGB2A42, DLX3 ,LINC00645, ODAM, RAETIG, HORMADI, AZGPI, MICA, UPKIB, ORI1QI, RBP7, DEFBI,
(SS faza) analiza APOM, ATOHS, DEFBI1094A, CUTALP, SYN3, ORIJ4, FOXD4L4, NYAPI, LOC642846, VSIG2, AMH, LINC00861,
RNA-seq TMPRSS13, PDCDI, MIR3124, TRGC2, GZMK, ADAMTSL?2, TRPCS5, CCDC168, LIMS3-LOC440895, NECTIN4, MMP234,

(382 genov)

ABHDI12B, FAMI138B, GLCCII-DT, LINC00649, HSD17B3, MFSD4A-AS1, ZPI, PTGERI, ANGPTL5, MOCOS, CEP44,
DNM1P46, DNAHS5, PRSS30P, ADAMTS17, RASGEFIB, HSD17B2, ANKRD40CL, ZNF600, LCK, SIPR4, PROZ, TCAP,
IRF6, ANKRD53, SGSM1, MIR151A4, SLC26A8, ZNF578, FAM90A25P, BMP8B, H3-4, HYAL3, ALK, LOC400464, CHMP4C,
ARSA, CNKSR3, C3orf52, SYNE3, ANOSI, LINC00921, RASGRP4, HTATIP2, RASEF, NGEF, ADAMTSS, ZNF486, TGM4,
CDHRI, PRSS16, LINC02102, GABARAPLI, ZC3HAVI, INTS6-ASI, GABRR2, ZNF552, HSBPILI, MFSD4A4, ST7-ASI,
TOPIPI, MPZL3, SH3GLB2, ANKRDI184, CCDC152, SERHL2, SLC43A42, CARDI16, ABCA1l, PDLIMS, LTBP2, EPOR,
CACFDI, CD200, LTB4R, CD101, GSTZI, TST, C5orf63, MPST, CERNAI, AGTPBP1, WDRS82, RFLNB, ACSS2, IMPG2,
PIK3CB, ZBTB11-AS1, SPTLC3, RNF19B, LINC00598, WDR91, DTX4, HEXA, HERC2P3, DND1, ABHD15, LOC541473,
UBE2H, PNPLAS, MAGI3, RALBPI, QRICH2, TRMTI10C, MIGA2, NPCI, ARAP2, ATP6VOEIl, JOSDI, PPTC7, ILI0ORB,
ATP2BI1, CYREN, STXBPI, FAMI1314, DCBLDI1, SH3BP5-AS1, PINKI, AP5BI1, SFT2D2, HPS6, LYST, TAOKI, ZNF234,
ZNF417, MYLIP, ABITRAM, SIDT2, SNX25, SMYD2, ZNF267, APP, SMARCEI, PCNX2, GSTOI, PARP10, CCDCS82, MSI2,
UBE2E2, UBA7, MRPLI, IFI35, RBL1, SOCS2, RBPMS, CMCI1, MTMRILP, CPSF1, ADGRF3, DHX58, TMEM150C, B9DI,
PPIC, PALLD, PDCD2L, EPM24, EIF2AK2, LMO4, COL4A46, LY6E, ACOT7, TRIM14, RHOJ, FAMI133CP, FATI, CRYLI,
CPVL, CDH24, GNAII, SAMDYL, CARD10, RNF113B, CADM4, CD109, SLC1543, CISD1, RFX2, TRIM22, PCDHAY9, KRT7,
ABCA17P, GRIN3A4, YBEY, PXYLPI, COL21A1, KDM7A-DT, SETD9, RORB, SOCS2-AS1, PTPRVP, ATP1B2, BUBIB,
GOLGAS8T, PDE3A, CD209, CDH6, STATI, FGD2, RUNDC3A, NPNT, PLSI, HERC2P2, FGFR4, ADAMTSLI, ALPK3,
PLXNB3, RTP4, IFITM1, ADGRL4, ACP5, RNASEG6, BICC1, SUSD2, C9orf116, INKAI, CEACAM19, STK32B, DCDC2,
RGLI1, PPM1J, SLC46A43, CLEC74, KCTD14, AK5, CYBB, LOC729970, LOC100134317, MIR548S, MYO7B, FGL2, SPEG,
RNF1444-AS1, PPPIR27, SCAMPS, SOD3, FAM8IA, MLKL, SKA3, SLC2A3, RAB394, POTEJ, PLEKHA6, MCF2L-AS1,
LAMP3, TNNI1, BGN, RNASEI, ISG15, LINC00958, FAT2, LOC644135, ZNF215, MIR181A42, FAM86B3P, CYGB, GBGT],

se nadaljuje
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nadaljevanje Priloge A

Geni

Skupina Vir (st.
genov)
ADENOMIOZA Lastna
analiza
(SS faza) RNA-seq
(382 genov)

MYHI11, SCIN, FCGRICP, MALRDI, XG, FSDI, RELN, CCER2, SLC7A411-AS1, TMEM71, HBB, TBXAS1, Cl2orf75,
GNRHR, CDHI15, FOXCI, HTRID, ANO4, ULK4P3, PPARGCIA, TMPRSS3, SLC7411, FUT3, ATP2C2, ERN2, GNGI0,
BCRP3, PLEKHSI, SLC14A41, IHH, OAS3, THSD7A4, BST2, KLHLI4, SELL, WFDCI, NOSTRIN, ERC2, RGS7BP, IFITI,
CCDC198, RASL10A, CDIC, MX1, ZDHHCS8PI, TCEALS, MUC13, TLR10, PDEIC, COL26A1, AMIGOI, TRPMS, ACVRIC,
KAAGI, SHISA3, CHRNA7, ASAH2, TMEM119, DOKS5, OAS2, CES5API1, SLC245, ANKSIB, LOC200772, LIPH, MYOM3,
TMPRSS11D, SIGLECS5, OGDHL, FILIPI, CNTNAP3B, TSPAN33, MRPS30-DT, SLC4410, SOHLH2, PLG, IFI44L,
FLJ22447, SEMA3E, TSPANS, CHLI, CNTNAP3, CADM3-AS1, MUC5B, PTPRZI, KLK10, CESIPI, DRAIC, TMEM252,
CYP4F30P.

ADENOMIOZA Literatura
(SS faza) (42 genov)

AKRIBI10, ATP124, ATP1A42, Cl5orf62, C3orf33, CACNAIE, CDKN3, CHDS5, CLDN4, COLI1Al, COL8AIl, CYP3A47,
ERCC6L, FNDCI, GPR78, HOXA10, IL10, ITGB3, KCNA4, KLF12, LIF, LIFR, LIPH, LTF, MB, MIR21, MMP20, NR4A1,
PSG6, SCGB242, SPC25, SPINK2, SPPI, SST, STAT3, SULTIEI, TBXI15 TCNI, TMEMI190, TMPRSS1IB, TUBAL3,
ZNF295-AS1.

ENDOMTERIOZA Literatura
(SS faza) (173 genov)

ABCBI11, ABCC3, ACKRI, ACO2, ADGRFI, AFF4, AGT, AIMPI1, ALPI, AMYI1A, AMY2A, AMY2B, ANXA2, ANXA5, AOCI,
ATF3, BST2, CI1QA, CIQTNF6, CAl, CA12, CASP5, CCBEI, CCL3, CCL3L1, CCL3L3, CCL8, CCNI, CCT8, CDA, CDK5RI,
CELFI, COLI241, COROIB, CRABPI, CRISP3, CST7, CTSW, CWH43, CXCL2, CYP3A45, DDIT4L, DDX17, DEPPI, DLGS,
DNAJC3, DST, EDNRB, EGRI1, EGR2, EGR3, EIF1, EIF441, EIF442, ENPP3, FMN2, FOS, FOSB, GALP, GSN, GUCYI1B1,
GZMA, HACDI, HOXAY, HPCAL4, HSP90BI1, FNA2I, IL6, IMMT, JUNB, KCNK2, KRITI, KRTI18, KRT5, KRTAPI9-2,
LAMA3, LCK, LONRF2, LPP, LRRDI, LTB4R2, LUZPI, MALL, MAP4, MAPKS, MET, MIRI135A41, MIRI138-1, MIRI38-2,
MIRI915, MIR194-2, MIR196A41, MIR196A42, MIR219B, MIR22, MIR26B, MIR3196, MIR339, MIR365B, MIR3686, MIR374B,
MIR4251, MIR4252, MIR4254, MIR4425, MIR4723, MIR505, MIR542, MIR5484A42, MIR5484AP, MIR548T, MIR5585,
MIR921, MMP26, MUC7, MYLI12A, NCRI, NEATI, NFATS5, NR4A41, NR4A3, PAXS, PCSK5, PCYOXI, PDHB, PERI, PITXI,
PLEK, PLEKHA2, POMZP3, PRDX6, PRIM2, PRRC2C, PTAFR, RAB9BPI, RBBP4, RGS1, RIFI, RINI, RNF150, RNHI,
RSRP1, S10043, S10048, SAP30L, SCG2, SCGB2A2, SEMA3C, SERPINBS, SHB, SLA, SLC1544, SLC1A41, SLC44A42, SMGI,
SOCS3, SON, SP3P, TAF6L, TGFB3, THRAP3, TRIM15, TRPM6, TUBAIC, VDACIPI, VEGFA, VHL, VIM, YBXI, YBXIP2,
YWHAE, ZFP36, ZIC2.

ZDRAVA Literatura
MATERNICA (151 genov)

ABCC3, ACADSB, ADAMTSI, ALPL, AMIGO2, ANG, ANOI, ANXA2, ANXA4, AOXI, APOD, ARG2, ARID5B, ASPM,
ATPIBI, ATP6VOE2, ATP6VIA, BARDI, BCL6, BUBIB, CIR, C4BPA, CAPN6, CATSPERB, CCNB2, CDA, CDC20, CDK1,
CENPE, CEP55, CFD, CLDN4, CLU, COL1641, COMP, CP, CRABP2, CSRP2, CTNNA2, CXCL13, CXCLI14, DDX52,
DEFBI, DEPPI, DEPTOR, DKK1, DLGAPS5, DPP4, DYNLT3, ECI2, ECMI1, EDN3, EDNRB, EFNAI, ENPEP, EPHB3,

se nadaljuje
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nadaljevanje Priloge A

Skupina Vir (st. Geni
genov)
ZDRAVA Literatura FANCI, FOSL2, FXYD2, GO0S2, GABARAPLI, GADD45A4, GALNTI2, GALNT4, GAS1, GAST, GBP2, GDFI5, GPX3,

MATERNICA (151 genov)

GREM?2, HABP2, HEY2, HLA-DOB, HPSE, ID4 , IDOI, IL15, IMPA2, KCNGI, KIF11, KIF204, KIF44, KMO, KRT7,
LAMB3, LIF, LMCDI, LMODI, LRRCI17, LYPD3, MAOA, MAP2K6, MFAP2, MFAPS5, MMP26, MPPED2, MSXI1, MTIG,
MTIH, MT24, MTCL1, NDC80, NDRGI, NDRG2, NNMT, NRG2, OLFMI1, OLFM4, PAEP, PAQR4, PBK, PENK, PLAIA,
PLAAT3, PLAAT4, PMEPAI, POLD4, POSTN, PRCI, PRKCQ, PRRI5L, PRUNE2, PTPRR, RASSF2, RETREGI, RNASE4,
RPRM, S10041, S10044, S100P, SCGB2A2, SERPINAS, SERPING1, SFRP4, SLC1A41, SNX10, SOD2, SORD, SOX17, SPDEF,
SPPI1, SYNE2, TACC3, TAGLN, TBCID2, TCN1, THBD, TMSB154, TOP2A, TRH, TSPANS.

ZDRAVA Poti
MATERNICA vgenzdnje
zarodka in
deciduali-
zacija zbirke
GO (60
genov)

ACF, MMP2, CGI-38, ITGB4, DDRI, PPARD, PCSK5, TGFBR2, HMX3, ACODI, H3F3B, MSTI, EPO, STC2, RECK, SOD1,
CALCA, ILIB, UBTFLI, SPPI1, SCGBIAI, MMP9, LIF, PRLR, FBLNI, PTGS2, BSG, RPL29, STC1, EMP2, H3-34, FKBP4,
FUT7, TRO, TRIM28, TEAD4, IGFBP7, UBE2Q1, VMPI1, TPPP3, PRDM 14, POLRIB, AICF, HEL-S-44, MIR21, CTSB, PTN,
CITED2, GJB2, MENI, CYP27B1, DEDD, VDR, JUNB, EPOR, NDP, TCF23, GHSR, ASHIL, GHRL.

ADENOMIOZA Literatura:

raziskave
(P faza) kandidat-nih

lokusov

(78 genov)

CYPI19A41, CD3, CD4, CDS, CD68, VEGFA, HDACI, HDAC3, DNMT34, METTL3, YTHDCI, PTK2, SNAII, SNAI2, TWIST]I,
CDHI, VIM, CDH2, SCRIB, TLN1, MIR145, DDT, MMP2, MMP9, F3, UCHLI, BCL2, NDUFAI3, IGFI1, FST, ACVR24,
ACVR2B, LINC-ROR, TLR4, IL6, IL1B, CRH, ILI0ORA, IL37, CXCLS8, TLRI, TLR6, TLRS, TLR9, CXCRI, CXCR2, PTGS2,
PI3K, AKT, CNRI, CNR2, RELA, NFKB1, PAK4, NFKBIA, NFKB2, DUSP6, SPRY4, SEF, NFE2L2, ROCKI, ROCK2, RHOA,
ARHGAP26, NOS3, SOD1, GPXs, XDH, CAT, HLA-G, NKBI1, GL182, HSPBI, ITGA2, ITGA6, CDHI, ESR2, PGR.

ADENOMIOZA Literatura:
transkript-
P f:
(P faza) omske
raziskave
(518 genov)

LOC100293539, SNORD116-5, SNORD116-7, SNORD116-3, SNORD116-9, ND2, SNORD116-8, SNRPN, RPL134, SNHG3,
GPIBB, SNORD116-4, SNORD33, SNORA734, SNORD41, SNORD116-1, YIPF4, DUX4L4, DUX4L6, DUX4L5, DUX4L3,
DUX4L7, DUX4L2, RFCI, GPIBB, SNORDY5, DUX2 SIAE, DUX4L7, DUX4, DUX2, GNB2LI, KRTAP5-1, PLCLI, TAP2,
HLA-DOB, KRTAP5-1, MIR339, ZBTB34 , CXorfl8, LOCI100132147, SIAE, MIR326, MIR19 , SNORDS55, LOC440518,
MIR139, C20rf27B, HOXA11, UQCRQ, RPL35, FAM58B, POU5SF 1B, VHL, PGM5P2, ZNRF2, EIF3K, GDF9, TYMS, TGFBI,
RPN2, ATP5I, SNRPF, ADAMI12, GLIPRI, RPL38, HSPA5, EEFIA2, NDUFABI, RPS19, UQCRII, GSTPI, C4orf46,
TOMM?7, Cllorfl0, MYL5, MT2A4, KRRI, CALR, CD74, ECMI, UBE2J2, COX7C, TNC, PFDNS5, RPSI2, SCD, VIM,
NUCKSI1, POMI121, RBP7, RPLP0O, NDUFAI, SNORA33, VCAN, RPS25, RPS154, RPS28, POM121C, RPS28, MMP7, GJAI,
RNF1134, RBP1, RNASEK, SEC61G, RPL27, COX6C, RPL41, ZNF778, n342839, n336615, TCONS 12 00002951, n338918,

se nadaljuje
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nadaljevanje Priloge A

Geni

Skupina Vir (§t.
genov)
ADENOMIOZA Literatura:
transkript-
P f:
(P faza) omske
raziskave

(518 genov)

n335251, n410159, n339991, n387706, n335092, n333546, THBS2, PRUNE2, HSPBI, COL4Al, SVIL, A2M, ITGAI, CD44,
RERG, MATN2, n333955, TCONS 12 00013366, NR_ 002960, TCONS 00022823, n338909, n386477, n4541, n337373,
n335557, n334090, HBAI, KIAA1210, HISTIH2AB, HBB, HBA2, GZMA, HISTIH3F, HISTIH3B, KLRBI, CACNAID,
CPSF1, LTF, MSRB3, ELK2AP, TAC4, MZBI1, IGLLI/IGLLS5, JCHAIN, S10049, SPIB, POU2AF1, SHISA9, SIPR4, ITGB2,
LOCI101929567, GCHFR, LOC389033, TMEMI160, F12, CIB2, GMFG, BIRCS5, ABCCY9, TMEMI21, VAVI, TNNCI,
CHCHDS5, SCNNIB, LINC00506, GNLY, TMEM?238, PLAC9, FUOM, CDCAS5, DIO2, CYBB, SLC16413, AP2S1, EXOSCHY,
GJA4, NDUFS6, POC14, CIQTNF6, SDSL, MRPL27, NUDTI18, NTHLI, FBXW9, CDTI, SPC25, ALKBH7, CD14, IFI27L2,
VPS8, FAM2074, PTGSI, COROI1A, CDCA2, E2F2, SAC3DI1, CKS1B, PMVK, MRPS34, MFSD5, CD7, CDKN2AIPNL,
PEX11G, DPT, MRPL54, OPHNI, MRPL37, NUDTI, GPATCH3, CI1QA, POLA2, RPL39L, FCGR3A/FCGR3B, ISOC2,
RNF187, POLD2, EIF4EBPI1, NDP, GPATCH4, CLPP, COMTDI1, CDC20, SF3B5, NKG7, ZNF775, MFSD3, GPAAI, HNI,
PLEKHJI, FENI, PYCARD, Clorfl22, DCTPPI1, ZNHIT2, APEH, CCNB2, USP5, ACPS5, TMEM37, SDF2L1, NDUFB7,
CCDC167, RRM1, S10044, SDHAF1, BORCS6, MRPL14, VSTM4, CHMP6, B3GALT6, TIMM22 IFNGRI, RAB5A, DUSP6,
RHOB, SEC31B, CLDN4, R3HDM?2, SRF, MESDCI, RGL3, RNF194, TOMIL2, PAN3, PPPIRI10, LIMS3/LIMS4, NFKBID,
MICAL3, WWC3, DENND4B, FAM18942, NFKB2, SLC2A41, NRBP2, ULK3, RRN3P1, USP54, TP53INP2, PXDCI, ZSWIM6,
TGIF1, KDM34, HERC2P2, LINC00174, PDXDC2P, SLC3842, SHANK3, TIPARP, SNX9, CNKSRI, NAMPT, RALGDS,
TMCO4, SSI8L1, CSF1, CLK3, MIDN, mir-8, DLC1, CELSRI, IER5, POFUT2, SUNI, SEMA3B, ERF, CAPNI15, CHKA,
TRIO, AGAP6 , BAG3, FHLI, MCLI, AGER, MTMRI11, ZNF558, KIAA1683, AASS, CACNAIH, ZNF331, PDGFB, ZFANDS,
ELMSANI, INPP5E, VPS37B, IRS2, WEEI, IFRDI, SULT4A1, ZNF83, ITGA7, KLF5, KMT5C, TWISTI, PLA2G6, CLK],
RNF122, LLGL2, PPPIRI5B, CEBPB, LOC729218, ATXN7L2, GABARAPLI, RFX2, SPRY4, DLLI, FRMD4B, TSC22D?2,
VEGFA, ENO2, F3, UGCG, JUN, LRP5L, ZFYVE2S8, CELF6, MZF1, COL445, ESMI1, KSRI, MTRNR2LS, RGCC, CCNLI,
ARIDS5A, ITPRIP, HERC2PY, TSPYL2, GBPI1, PLINS5, FAM1794, EPHA2, ABCGI, NRP2, SPRYI, INSIGI, EPOR, BCL3,
ETS2, SERTADI, DNAJB4, NFATC2, CTGF, NCOA7, KLF2, EFNAI, COL6A4P2, RAP2C, VWA3A, SLC2243, ANXAI, ADM,
HBEGF, THBD, GADD454, RGSI, C2CD4B, THBSI, GPRC54, DGKD, CCDC40, RND3, BTGI, PPPIRI2B, CHRD,
PFKFB3, PLAUR, PIM1, JUNB, NFATCI, CACNAIC, ITPKC, MXDI, PAK3, RGS2, CAPN6, RGSI16, PER2, DNAJBI,
MYADM, CD69, C8orf4, NFKBIA, LINC00893, HPX ,TMEM184A, NPIPB4, CYR61, SLC243, DUSPI, GLISI1, ELF3, BCLG,
KLF4, PTGIS, DUSP2, BRINPI, CD55, CES4A4, LDLR, LOC102724428/SIK1, ELN, LOCI100133331, ZC3H124, GATAG®,
LOC613037, CD83, SGKI, ADAMTSS, mir-132, PMAIPI, ERRFII, PIM3, PPPIRI5A, USP43, KLF6, CEBPD, IER3,
ADAMTSI, OVOLI, PLK3, TNFRSF12A, mir-614, BHLHE40, NR4A2, PHLDA2, DUSP5, LGI2, EGR2, CMYA5, CSRNPI,
EDN2, DKKI1, HSPB7, NR4A43, POU5F1, LIF, EMPI, GADD45B, FOSB, RERG, CNNI, SOX9, PERI, PRELP, SCGB341,
TRIBI1, JPH2, SOCS3, TNFAIP3, MAFF, ATF3, Cllorf96, TNFAIPSL3, ZFP36, NR4A1, EGR3, FOSLI, DUOXAI, PDE4C,
CXCL2, NFASC, SERPINE1, WHRN, PDLIM3, CYP3A45, GEM, ILIRLI, ARC, SELE, REXO].
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Priloga B. Pregled molekularnih raziskav, povezanih z adenomiozo. Raziskave smo razvrstili glede na preiskovani mehanizem, povezan s
patogenezo/patofiziologijo adenomioze. Zbrali smo tudi transkriptomske raziskave EVEA. Poimenovanje genetskih lokusov smo poenotili
po zbirki HGNC. Referenc¢na literatura, oznacena s krepko, se navezuje na vkljucene raziskave v identifikacijo mocnejSih kandidatnih
genov patofiziologije oz. spremenjene endometrijske receptivnosti pri adenomiozi. Uporabljene kratice: EVEA = evtopi¢ni endometrij pri
adenomiozi; EKEA = ektopi¢ni endometrij pri adenomiozi; K = kontrolni endometrij iz maternice brez adenomioze; EEC = endometrijske
epitelijske celice; ESC = endometrijske stromalne celice; P = proliferacijska faza; ZP = zgodnja proliferacijska faza; SP = srednja
proliferacijska faza; PS = pozna proliferacijska faza; S = sekrecijska faza, ZS = zgodnja sekrecijska faza, SS = srednja sekrecijska faza, PS
= pozna sekrecijska faza; E2 = estradiol; P4 = progesteron; TIAR = proces poskodbe in celjenja tkiva; EMT = prehod iz epitelijskih v
mezenhimske celice; uNK = materni¢ne celice naravne ubijalke.

Supplementary B. The overview of molecular studies associated with adenomyosis. The studies were sorted according to the observed
mechanism associated with the pathogenesis/pathophysiology of adenomyosis. We also gathered transcriptomics studies of EVEA. The
nomenclature of genetic loci was adopted according to the HGNC database. Reference literature highlighted in bold refers to research
included in the identification of stronger candidate genes for pathophysiology or altered endometrial receptivity in adenomyosis. Used
abbreviations: EVEA = eutopic endometrium of adenomyosis; EKEA = ectopic endometrium of adenomyosis; K = control endometrium
from nonadenomyosis uteri; EEC = endometrial epithelial cells; ESC = endometrial stromal cells; P = the proliferative phase; ZP= the early
proliferative phase; SP = the mid proliferative phase; PS = the late proliferative phase; S = the secretory phase; ZS = the early secretory
phase; SS = the mid secretory phase; PS = the late secretory phase; PS = the late secretory phase; E2 = estradiol; P4 = progesterone; TIAR
= tissue injury and repair; EMT = epithelial-to-mesenchymal transition; uNK = uterine natural killer.

Mehanizem Referenc¢na Glavni rezultat in ugotovitve raziskave
patofiziologije literatura

adenomioze

1. Sprozilci/dejavniki adenomioze

Lokalna (Takahashiin 1 E2 v menstrualni krvi Zensk z A proti K.
proizvodnja in sod., 1989)

spremenjen

metabolizem E2 v

maternici

se nadaljuje
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nadaljevanje Priloge B

Mehanizem Referenéna Glavni rezultat in ugotovitve raziskave
patofiziologije literatura
adenomioze
1. Sprozilci/dejavniki adenomioze
Lokalna (Kitawaki in 1 CYP19A1I (encim, ki katalizira pretvorbo steroidov v estrogene) in protein v zlezah epitelija EVEA in EKEA proti K (brez
proizvodnja in sod., 1997) navedene faze ciklusa ob vzoréenju).
spremenjen (Hatok in 1T CYP19A41 v EVEA Zensk s hudo obliko bolezni proti K, pridobljenih v ZP fazi.
metabolizem E2 v o4, 201 1)
maternici (Maiainsod., 1 CYP19A1 v stromi EVEA proti EKEA, pridobljenih v P in S fazah — zviSana aktivnost CYP19A1 pri A bi lahko vplivala na
20006) stalno izrazanje PTGS2 v S fazi.
(Kitawaki in 1T HSD17B2 (pretvarja E2 v bioloSko manj aktiven estron) v EVEA proti K, pridobljenih v S fazi — metabolizem E2 je
sod., 2000) spremenjen pri zenskah z A.
Hiperperistaltika (Leyendecker  Hiperperistaltika je glavni mehanizem samotravmatizacije maternice pri A, ki vodi v lokalno vnetje in proliferacijo bazalnega
maternice in sod., 2015)  endometrija (slikanje maternice z MRI).
(Zhang in 1 OXTR (receptor za oksitocin) v notranjem miometriju fundusa maternice pri A proti K, pridobljenih v P in S fazah.
sod., 2015)
(Shi in sod., 1t KCNMAI (angl. calcium-activated potassium channel subunit alpha 1. K+ kanal¢ki, ki sodelujejo pri kréenju miometrija) in
2016) KCND? (angl. potassium voltage-gated channel subfamily D member 3) v celicah gladkega miSicja miometrija A proti K.
(Wang S. in 1 ROCKI (protein kinaza, ki ima med drugimi tudi vlogo pri kréenju gladkih misic) v notranjem miometriju pri A proti K,
sod., 2016) pridobljenih v P in S fazah. Brez sprememb v stopnji izrazanja ROCK1 tekom menstruacijskega ciklusa pri A (pri K visje
izrazanje v P, kot pa v S fazi);
1 ROCK1, RHOA in MYL (angl. myosin light chain (ni navedene podenote)) v kulturi celic gladkega mi$i¢ja miometrija A
proti K po 24-urnem gojenju z E2 — E2 bi lahko preko 1 signalne poti RHOA/ROCKI1 vplival na kréenje notranjega
miometrija pri A.
Kroni¢no (Ibrahim in 1 znaki TIAR pri A proti K: nejasna meja med bazalnim endometrijem in notranjim miometrijem; spremenjena orientiranost
poskodovanje in  sod., 2015) gladkih misi¢nih vlaken notranjega miometrija in prisotnost celic gladkega misi¢ja znotraj strome bazalnega endometrija
celjenje (barvanje preparatov histerektomije po Van Gieson).
no.tranjefg.a (Ibrahim in 1 ACTAZ2 (angl. actin, aortic smooth muscle: molekularni oznacevalec miofibroblastov, ki nakazujejo mikroposkodbo tkiva) in
miometrija sod., 2017) kolagen 1 (ni navedene natan¢ne podenote) v notranjem miometriju pri A proti K.
(mehanizem TIAR)

se nadaljuje
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Mehanizem Referenéna Glavni rezultat in ugotovitve raziskave
patofiziologije literatura
adenomioze
1. Sprozilci/dejavniki adenomioze
Kroni¢no (Shaked in 1 stopnja stresa v notranjem miometriju A pri zviSani aplitudi znotrajmaternicnih pritiskov (uporaba programske opreme z
poskodovanje in  sod., 2015) dvodimenzionalnim (2D) modelom maternicne stene, ki je bila izpostavljena razlicnim frekvencam pritiskov) — 1 stres zaradi 1
celjenje kréenja maternice lahko vodi v poskodbo celic notranjega miometrija, s tem pa aktivacijo mehanizmov TIAR in tvorbo lezij.
notranjega
miometrija
(mehanizem TIAR)
Kopicenje (Bulmer in 1 Stevilo znotrajepitelnih T celic (levkociti CD3+) v P fazi EVEA in EKEA proti K;
imunskih celic na  sod., 1998) 1 stevilo levkocitov CD43+ v P in ES fazi EKEA proti EVEA.
mestu poskodb Otainsod., 1 3tevilo podtipov T celic v stromi EKEA in EVEA proti K, pridobljenih v P in S fazah:
iometriia i podup p p y
Eml)lie ryjamy 1996) - 1 podtip gama delta (y3) T celic (prepoznavajo antigene in proteine vro¢inskega Soka s ¢imer aktivirajo vnetne reakcije in
v

migracijo makrofagov ter T celic);

- 1 podtip o T celic;

-1 CD4+ T celic;

-1 CD3+ T celic;

-1 CD8+ T celic;

- 1 makrofagov.

1 izrazanje antigenov HLA, ki se nahajajo na antigen predstavitvenih celicah (HLA-ABC in HLA-DR, ki se povezuje s CD8
0z. CD4 molekulami na T celicah), in 1 ICAM1 (adhezijski protein z vlogo pri tvorbi histokompatibilnega kompleksa) v P in S
fazi zlez EKEA proti EVEA in K.

(An in sod.,
2017)

1 Stevilo makrofagov (CD68+) v EKEA in EVEA proti K, pridobljenih v P in S fazah;

1 CCL2 (kemokin, ki 1 kemotakso in aktivacijo mononuklearnih fagocitov) in 1 agregacija makrofagov v kulturi EECs iz
EvEA in EKEA proti K;

Polarizacija makrofagov v tip M2, ki spodbujajo obnovitev tkiva (1 CD163, IL10 in MMP12 ter | MMP9 v A proti K) ob
gojenju z Ishikawa celicami (in vitro model A) ali s kulturo EEC iz EVEA — makrofagi lahko pri A sproZzijo procese EMT.

se nadaljuje
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nadaljevanje Priloge B

Mehanizem Referenéna Glavni rezultat in ugotovitve raziskave

patofiziologije literatura

adenomioze

1. Sprozilci/dejavniki adenomioze

Kopicenje (Tremellen 1 gostota infiltriranih makrofagov (CD163+) in celic naravnih ubijalk (CD56+) v LS fazi v stromi EVEA hude oblike bolezni

imunskih celic na
mestu poskodb

and Russell,
2012)

vs. K — imunoloski mehanizmi bi lahko motili uspesno vgnezditev zarodka pri A.

miometrija in v (Zhihong in 1 Stevilo makrofagov (CD68+) v epiteliju in stromi EVEA vs. K sedmi dan po injiciranju humanega horionskega gonadotropina
EvEA sod., 2016) (hCG) v procesu kontrolirane stimulacije jajénikov — 1 delovanje E2 v EVEA lahko vodi v 1 vnetnih citokinov in dalje 1
gostoto makrofagov v EVEA.
Hipoksija (Goteri in 1 HIF1A (angl. hypoxia-inducible factor I-alpha. Prepisovalni dejavnik, ki se veze na DNA odzivne elemente hipoksije in
sod., 2009) aktivira VEGFA) in VEGFA v epiteliju EKEA proti EVEA in K, pridobljenih v P in S fazi;

1 gostota malih Zilic (angl. microvascular density, MDV = zile/mm?) v EKEA proti EVEA in K — hipoksija izzove izrazanje
VEGFA in tvorbo novih zil (angiogenezo) v EKEA.

Somatske mutacije

(Inoue in sod.,
2019)

Mutacije onkogena KRAS v EKEA in EVEA (sekvenciranje celotnega eksoma) — mutiran KRAS 1 invazivnost in proliferacijo
endometrijskih celic na ektopi¢énem mestu.

(Oehler in
sod., 2004)

Mutacije ESRI v EKEA;
| zmoZnost vezave mutiranega ESR1 na DNA (in vitro test vezave na DNA) in | transaktivacijska sposobnost (in vitro test
prehodne transfekcije) — | odzivnost na estrogene

Epigenetske
spremembe

(Liu in sod.,
2012)

1 izrazanje HDACI1 (angl. histone deacetylase 1. Uravnava deacetilacijo histonov) in HDAC3 v EKEA in EVEA proti K,
pridobljenih v P in S fazah;

1T HDAC?2 v EKEA proti EVEA in K;

1T HDAC2 v EvEA znacilno pozitivno (dalje poz.) povezano s stopnjo dismenoreje.

(Liu in Guo,
2012)

1 izrazanje DNMT1 (angl. DNA (cytosine-5)-methyltransferase 1. Uravnava metilacijo po podvojevanju DNA) in DNMT3B v
EKEA proti EVEA in K, pridobljenih v P in S fazi,

| DNMT3A v EKEA in EVEA proti K;

1T DNMT1 EvEA znacilno poz. povezano s hudo menstrualno krvavitvijo;

1 DNMT3B v EKEA znacilno poz. povezano s stopnjo dismenoreje.
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Mehanizem Referenéna Glavni rezultat in ugotovitve raziskave
patofiziologije literatura
adenomioze
1. Sprozilci/dejavniki adenomioze
Epigenetske (Nie in sod., 1 metilacija (hipermetilacija) promotorja izooblike B PGR v kulturi ESC iz EKEA proti K, pridobljenih v P in S fazi.
spremembe 2010a)
(Zhai in sod., | delez N6-metiladenozina (m°A: uravnavajo nukleacijo, alternativno izrezovanje, translacijo in stabilnost molekul mRNA) v
2020a) totalni RNA EvEA proti K, pridobljenih v P fazi;
| izrazanje m°A regulatorjev RNA metilacije (METTL3 in protein ter YTHDCI) v P fazi v EVEA proti K — spremenjeno
izrazanje regulatorjev m’A RNA metilacije bi lahko bili vklju¢eni v patogenezo A.
Polimorfizmi (Ye in sod., Polimorfizem -1607 1G/2G gena MMPI 1 nagnjenosti za razvoj A.
2016)
(Shaninsod.,  Alel G polimorfizma -181A/G MMP7 1 nagnjenost za razvoj A.
2006)
(Kang in sod., Genotipa G/G polimorfizma -1154G/A in C/C polimorfizma -2578C/A gena VEGF 1 nagnjenost za razvoj A.
2009)
(Huang P.C. Nicéelni genotip (ni navedene specifi¢ne lokacije) GSTMI (angl. glutathione S-transferase Mu 1. Encim detoksifikacije) in

in sod., 2010)

izpostavljenost ftalatom 1 nagnjenost za razvoj A.

2. Molekularni procesi nastanka A glede na teorijo vrivanja celic bazalnega endometrija v spodaj leZe¢i miometrij

Aktivacija procesa prehoda epitelija v mezenhim (EMT)

Proces EMT poteka v ve¢ korakih:

Izguba izraZanja (Zheng in
oznacevalcev za sod., 2018)
epitelijske celice in

pridobitev izraZanja
mezenhimskih

oznacevalcev

1T PTK2 in pripadajo¢i protein (angl. focal adhesion kinase 1. Omogoca prenos celicnega signala integrinov in drugih
povrsinskih receptorjev. Sodeluje pri regulaciji celicne adhezije, migracije, proliferacije in prezivetja), SNAII, SNAI2, TWIST1
v EVEA proti K, pridobljenih v P in S fazah;

| CDH1 in protein in 1 VIM in protein ter CDH?2 (staro ime N-kaderin) v P in S fazi EVEA proti K;

| zmozZnost migracije (in vitro test migracije Transwell) kulture celic EVEA po utiSanju PTK2 z malo interferencno RNA
(PTK2-siRNA) — | VIM, SNAII, SNAI2, TWIST1, CDH2, PI3K in AKT ter 1 CDHI pri A proti negativna K — signalna pot
PTK2/PI3K/AKT v EVEA bi lahko vplivala na izrazanje molekul, ki sodelujejo v procesu EMT.

se nadaljuje



Prasnikar E. Vzorec izrazanja genov v endometriju v stanju receptivnosti pri preiskovank z adenomiozo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2022

nadaljevanje Priloge B

Mehanizem Referenéna Glavni rezultat in ugotovitve raziskave

patofiziologije literatura

adenomioze

2. Molekularni procesi nastanka A glede na teorijo vrivanja celic bazalnega endometrija v spodaj leZe¢i miometrij

Aktivacija procesa prehoda epitelija v mezenhim (EMT)
Proces EMT poteka v ve¢ korakih:

Izguba izraZanja
oznacevalcev za
epitelijske celice in
pridobitev
izraZanja
mezenhimskih
oznacevalcev

(Mu in sod., 1 PTK?2 in protein v EVEA proti K (ni navedene faze ciklusa ob vzor¢enju) — znacilna poz. povezava med stopnjo izrazanja
2015) PTK2 in dismenorejo ter bole¢inami v predelu medenice pri A.
(Cheninsod., 1 VIMin | CDHI v epiteliju EKEA proti EVEA in K, pridobljenih v ZP in S fazah — znacilna negativna (neg.) povezava med
2010) serumskimi vrednostni E2 in izrazanjem CDH1 v EKEA in EVEA — E2 sprozi EMT v endometrijskih celicah — A;
1 morfoloske spremembe endometrijskih epitelijskih celic v celice, podobne fibroblastom, po 24-urnem gojenju ESR+
Ishikawa celic z E2 — 1 migracija in invazija (in vitro test s Boydenovimi komorami) ter | CDHI in T SNAI2, VIM in CDH2.
Razvoj A pri SCID misih 21. dan po ksenotransplantaciji humanega EVEA ali EKEA, pridobljenih v P fazi, in izpostavljenosti
E2 — E2 1 invazivnost in adhezijo endometrija ali A lezij.
(Zhou in sod., 1 ILK (angl. integrin-linked protein kinase) in protein, CDH2 in protein ter VIM in | CDH1 in protein v EVEA (ne pri VIM) in
2018) EKEA proti K (ni navedene faze ciklusa ob vzor¢enju) — ILK sprozi EMT, kar vodi v razvoj A.
(An in sod., | CDH1 in 1 VIM v EvEA in EKEA proti K (ni navedene faze ciklusa ob vzorcenju);
2017) 1 CDH2 in |S100A4 in KRT7 (angl. keratin, type I cytoskeletal 7) v EKEA proti EVEA in K;
1 stopnja EMT v EKEA in EVEA proti K (doloceno glede na razmerja med stopnjami izrazanja oznacevalcev EMT);
| CDHI in KRT7 ter 1 VIM, CDH2 in S100A4 ob gojenju kulture EEC iz EVEA z makrofagi — makrofagi lahko sprozijo
procese, podobne EMT.
(Khan in | CDH1 v epiteliju bazalnega EVEA proti K, pridobljenih v S fazi;
sod., 2015) 1 VIM v epiteliju bazalnega in funkcionalnega EVEA proti K;

1T SLUG, SNAII in CDH?2 ter | CDHI v kulturi EEC iz EvEA in/ali Ishikawa celicah po 48-urnem gojenju s HGF (angl.
hepatocyte growth factor) in po gojenju s HGF ob dodatku E2 — HGF in dalje E2 spodbujata procese EMT v bazalnem EVE
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2. Molekularni procesi nastanka A glede na teorijo vrivanja celic bazalnega endometrija v spodaj leZec¢i miometrij

Aktivacija procesa prehoda epitelija v mezenhim (EMT)
Proces EMT poteka v ve¢ korakih:

Izguba celicne (Wuinsod., | SCRIB (angl. protein scribble homolog. Evolucijsko ohranjen protein ogrodja, vkljuden v razli¢ne polarizirane celice) v
apikalno bazalne  2019) EKEA in EVEA proti K, pridobljenih v P in S fazah — polarnost celic Zleznega epitelija je spremenjena v EVEA.
polarnosti (Jin in sod., 1 CYP19A1 in HECW1 (angl. E3 ubiquitin-protein ligase HECWI. Ligaza, ki sodeluje pri ubikvitinaciji proteinov) ter |
2020) SCRIB v EvEA proti K (ni navedene faze ciklusa ob vzorcenju);
Izgubljena apikalno bazalna polarnost epitelijskih celic na 3D kulturi primarnih celic zlez EVEA ob gojenju z E2;
| proteinov polarnosti (SCRIB, CRB3 in CDH1) zlez epitelija v kulturi Ishikawa celic po 24 in 48-urnem gojenju z E2;
1 0z. | SCRIB v kulturi Ishikawa celic po HECW1-siRNA oz. hiperizrazanju HECW1 — E2, preko ubikvintina HECW1
spodbuja potranslacijske modifikacije, ki vodijo v degradacijo proteina SCRIB. To uniéi apikalno-bazalno polarnost Zleznih
epitelijskih celic bazalnega endometrija, kar pripomore k razvoju difuzne A.
Zvisana celi¢na (Zhou in sod., 1 zmoZnost motilnosti (in vitro test celjenja rane) in invazivnosti kulture ESC iz EVEA proti K.
migracija 2018)
(motilnost) (Ibrahim in 1 migracija znotrajepitelijskih golih celic (niso povezane z okolico prek dezmosomov) iz Zlez bazalnega endometrija v stromo

sod., 2015) EKEA (transmisijsko elektronsko mikroskopiranje).
(Wang in 1 TLNI (angl. Talin-1. Povezuje strukture citoskeleta) in | MIR145 (miR-145-5p cilja regijo 3'UTR TLN!) v EVEA in EKEA
sod., 2021a) proti K, pridobljenih v P in S fazah — izrazanje 7LN/ bi lahko bilo regulirano preko miRNA;

1 gibljivost in kapaciteta invazivnosti (in vitro testa invazije Transwell in celjenja rane) kulture EEC iz EVEA in EKEA pri
prekomernem izrazanju TLN1 oz. | celi¢na invazija po izbitju TLN1.

(Zhai in sod.,
2020a)

1 DDT (angl. D-dopachrome decarboxylase. Oznaéevalec celiéne migracije in proliferacije) v P fazi EVEA proti K — 1 DDT v
EVEA bi lahko, z vplivom na procese m’A RNA metilacije, uravnaval celiéno migracijo.

(Khan in sod.,
2015)

1 migracija (in vitro test z Boydenovo komoro) kulture EECs iz EVEA po 48-urnem gojenju samo s HGF in po gojenju s HGF
in dodatkom E2 — HGF/E2 bi lahko 1 invazivnost endometrijskih celic in njihovo migracijo proti miometriju.
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2. Molekularni procesi nastanka A glede na teorijo vrivanja celic bazalnega endometrija v spodaj leZe¢i miometrij

Aktivacija procesa prehoda epitelija v mezenhim (EMT)
Proces EMT poteka v ve¢ korakih:

Zvisana
invazivnost
endometrija

(Zhou in sod.,
2012)

1 ANXA?2 (angl. annexin A2. Na E2 odziven protein) v EKEA proti EVEA, pridobljenih v P in S fazah;
Znacilna poz. povezava med stopnjo izrazanja ANXA2 v EKEA in hudo obliko dismenoreje;
1 ANXA2 in proces EMT (| CDHI1 in 1 VIM ter SNAI2) po gojenju ESR+ Ishikawa celic z E2;

| rast endometrijskega tkiva, metastaz in stopnje angiogeneze v misjem modelu A po utiSanju ANXA2 — E2 bi lahko 71
ANXA2 in sprozil proces EMT.

(Zhao in sod.,
2013)

| CAV1 (angl. caveolin-1: ogrodni protein znotraj kaveolarnih membran) in 1 CCLS5 (angl. C-C motif chemokine 5; pogosto
uporabljen simbol RANTES) v stromi EKEA proti EVEA in K, pridobljenih v P in S fazah;

1 kapaciteti proliferacije (in vitro test celicne proliferacije) in metastaz (in vitro migracijski test Transwell) v kulturi ESC iz
EvEA po utiSanju s CAV1-siRNA — izguba izrazanja CAV1 v stromi vodi v spro§¢anje CCL5 in s tem morebiti na razvoj A;

1 izrazanje mediatorjev provnetnega okolja (TNF, IL6, CCL2, IL10 in CCLS) in mediatorjev dismenoreje (NO in PGE2) ter
aktivacija signalne poti ERK-PTK2 (se povezuje s celicno motilnostjo in invazijo) v kulturi ESC iz EVEA po izbitju CAVI — |
CAV1 v endometriju bi lahko vodilo v vnetno okolje in sprozilo tvorbo NO in PGE2, kar vodi v simptom dismenoreje.

(Kolioulis in

1 KISS1 (angl. metastasis-suppressor KiSS-1. Protein zaviranja metastaz) v zlezah EVEA in EKEA proti K (ni navedene faze ob

sod., 2017) vzorcenju).

(Matsuda in 1 invazivnost (in vitro test invazivnosti z rekonstrukcijo bazne membrane matriksa in Zelatine, Matrigel) kulture ESC iz
sod., 2001) misjega modela A proti K.

(Qi in sod., 1T NOTCHI1 (angl. neurigenic locus notch homolog protein 1. Spada v druZino transmembranskih receptorjev z domnevno
2015) vlogo pri vzpostavitvi procesa EMT. Vezani v kompleks lahko uravnavajo prepisovanje genov, povezanih z EMT: SNA/! in

SNAI2), CDH1, SNAII in SNAI2 ter | NUMB (angl. protein numb homolog, inhibitor NOTCH signalizacije) v EKEA proti
EvVEA, pridobljenih v P in S fazah — signalna pot NOTC1/NUMB/SNAIL ima vlogo pri patogenezi in razvoju A.

se nadaljuje



Prasnikar E. Vzorec izraZzanja genov v endometriju v stanju receptivnosti pri preiskovank z adenomiozo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2022

nadaljevanje Priloge B

Mehanizem Referenéna Glavni rezultat in ugotovitve raziskave

patofiziologije literatura

adenomioze

2. Molekularni procesi nastanka A glede na teorijo vrivanja celic bazalnega endometrija v spodaj leZec¢i miometrij

Aktivacija procesa prehoda epitelija v mezenhim (EMT)
Proces EMT poteka v ve¢ korakih:

Zvisana
invazivnost
endometrija

(Shi in sod.,
2019)

1 IncRNA TUG! (angl. taurine upregulated 1. IncRNA, ki je 1 pri razli¢nih oblikah raka, kjer 1 celi¢no migracijo in invazijo)
v EKEA proti EVEA, pridobljenih v razli¢nih fazah ciklusa;

1 migracija in invazija v kulturi EEC iz EKEA proti EVEA, pridobljenih v S fazi (in vitro test Transwell);

| migracija in invazija ter T TIMP2 v kulturi EEC iz EKEA po TUG1-siRNA (in vitro test Transwell);

| TUGL v kulturi EEC iz EKEA po EGR1-siRNA (angl. early growth response protein 1; predviden prepisovalni dejavnik, ki
se veze na promotor 7UGI) — EGRI1 se veze na promotor TUG! in regulira njegovo prepisovanje. T TUGI se preko
epigenetskega delovanja veze na ciljni EZH2 (angl. histone-lysine N-methytransferase EZH?2), (test imunoprecipitacije RNA-
vezavnih proteinov), kar | njegovo zmoznost vezave na promotor TIMP2 (uravnava celi¢no migracijo in invazijo). Posledi¢no
se 1 migracija in invazija epitelijskih celic ter pospesi razvoj A.

(Guo in sod.,
2015)

| MIR10B in 1 ZEBI1 (angl. zinc finger E-box-binding homeobox 1. Prepisovalni dejavnik, ki deluje kot zaviralec transkripcije)
in PIK3CA (angl. phospatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform). Kodira enoto proteina PI3K v
EKEA in EVEA proti K, pridobljenih iz razli¢nih faz ciklusa;

| celiéna migracija in invazivnost (in vitro test Transwell) ter | ZEB1 in PIK3CA v kulturi EEC iz EKEA po prekomernem
izrazanju miR-10b;

1 ZEBI in PIK3CA po transtkeciji kulture EEC iz EKEA z anti-miR-10b;

1 CDHI in | p-AKT po ZEB1-siRNA in PIK3CA-siRNA (ciljna gena miR-10b) v kulturi EECs iz A — miR-10b cilja 3' UTR
regije ZEBI in PIK3C s ¢imer 1 invazivnost (1 CDHI in inhibicija fosforilacije AKT) epitelijskih celic pri A.

Spremembe v
organizaciji
zunajceli¢nega
matriksa

(Matsuda in

1T MMP14 v maternici mi§jega modela A vs. K — 1 invazivnost stromalnih celic v zunajceli¢ni matriks vpliva na razvoj A.

sod., 2001)
(Li in sod., T MMP2 in -9 v EVEA in EKEA proti K, pridobljenih v P in S fazah — 1 izrazanje MMPs bi lahko vplivalo na razvoj A, preko
2006) 1 invazije endometrijskega tkiva v miometrij in angiogenezo v A lezijah.
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2. Molekularni procesi nastanka A glede na teorijo vrivanja celic bazalnega endometrija v spodaj leZe¢i miometrij

Spremembe v (Yang insod., 1 MMP2 in TIMP1 v kulturi ESC iz EVEA proti K, pridobljenih v ES ali SS fazah, po gojenju 48 ur v mediju DMEM na 37°C.

organizaciji 2009)

zunajcelitnega - : S — : — —_ : :

matriksa (Yiinsod., | MMP2 in -9 v kulturi ESC iz EVEA proti K (ni navedene faze ciklusa ob vzorcenju) in v kulturi Ishikawa celic vs. negativna
2015) K po transfekciji s PAK4-siRNA — 1 PAK4, preko regulacije MMP2 in -9, 1 invazivnost endometrijskih celic, kar vpliva na

razvoj A.

(Zhang in 1 CCNI in protein (angl. CCN family member 1. Protein zunajceli¢nega matriksa z vlogo spodbujanja adhezij, migracij in
sod., 2016) mitoze ter pri uravnavanju proliferacije, angiogeneze, rasti tumorjev in embriogenezi) v EKEA proti EVEA, pridobljenih v P in

S fazah;
1 CCNI v EKEA Zensk s hudo proti blagi menoragiji in/ali dizmenoreji.
1 CCNI v EVEA Zensk starih 30 - 39 let proti EVEA Zensk starih 40 - 49 in > 50 let.

Prekomerna neuroangiogeneza

Angiogeneza

(Huang in
sod., 2014)

1 oziljenje EKEA proti EVEA, pridobljenih v EP, SP in S fazah (3D Doppler ultrazvok);

1 gostota malih zil, VEGFA in SNAI2 v EKEA proti EVEA, pridobljenih v ZP, SP in S fazah;

1 SNAI2 in 1 pripadajocega odzivnega VEGFA v ESR+ Ishikawa celicah proti ESR- Ishikawa celicam po 24-urnem gojenju z
E2;

1 implantacija ksenotransplantiranega adenomioznega tkiva in angiogeneza pri SCID misi po 21-dnevni izpostavljenosti E2 —
1 E2 vodi v 1 VEGFA, kar spodbuja tvorbo zil ter v 1 SNAI2, kar 1 migracijo endotelijskih celic in sprozi EMT (in vitro test
tvorbe kapilarne cevke).

(Li in sod.,

T VEGFA v EvEA in EKEA proti K, pridobljenih v P in S fazah — 1 izrazanje MMP2 in -9 vpliva na 1 invazivnost

20006) endometrijskega tkiva v miometrij in 1 angiogenezo v A lezijah.

(Wang in 1 Zilni potencial (in vitro test zZilne cevke in tvorbe zdruzb) kulture ESC iz EKEA in EVEA proti K, pridobljenih v P fazi;

sod., 2021b) 1 VEGFB in ANGPTLA4 ter dodatno 1 Zilni potencial kulturi ESC iz EVEA in EKEA proti K po dodatku E2.

(Ota and 1 oziljenje v P in S fazi EVEA proti K (pri K 1 ozilje endometrija samo v S fazi), (morfometricne meritve kapilar ob

Tanaka, 2003)

histereskopiji)— nenormalno oziljenje EVEA je povezano s simptomom hipermenoragije.

se nadaljuje
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2. Molekularni procesi nastanka A glede na teorijo vrivanja celic bazalnega endometrija v spodaj leZe¢i miometrij

Prekomerna neuroangiogeneza

Angiogeneza

(Wang J. in 1 VEGFA v Zlezah epitelija EVEA in EKEA proti K, pridobljenih v P in S fazah;

sod., 2016) 1 gostota malih zilic v EKEA proti EVEA in K — VEGFA inducira angiogenezo pri razvoju A;
1 VEGFA in STAT3 v Ishikawa celical po transfekciji z NDUFA13-siRNA — spremenjeno izrazanje NDUFA13 vpliva na
uravnavanje apoptoze in angiogeneze pri razvoju A.

(Goteri in 1 VEGFA v epiteliju, stromi in endoteliju EVEA proti K, pridobljenih v P in S fazi.

sod., 2009)

(Liu in sod.,
2011)

1 F3 (angl. tissue factor. Spada v druzino citokinskih receptorjev z vlogo pri procesu koagulacije) v zlezah epitelija EKEA in
EvEA proti K, pridobljenih v P in S fazah — 1 imunoreaktivnost F3 v poz. povezavi s stopnjo dismenoreje in koli¢ino
menstrualne krvi pri A.

Tvorba Zivénih

viaken

(Zhang in
sod., 2010)

1t UCHLI (angl. ubiquitin carboxyl-terminal hydrolase isozyme L1, pogosto uporabljen sinonim PGP9.5. Povezuje se s tvorbo
zivénih niti) v P in S fazah funkcionalnega EVEA Zensk z v primerjavi z Zenskami brez simptomov bole¢in v mali medenici.

(Carrarelli in
sod., 2017)

1 NGF (angl. beta-nerve growth factor), SYP (angl. synaptophysin), MAP2 (angl. microtuble associated protein 2) v EKEA
proti EVEA in K, pridobljenih v P fazi — ozivcene A lezije bi lahko povzrocale bolecine v predelu medenice;

1 NGF v kulturi ESCs iz K po 3-urnem gojenju z UCN (urokortinom: vnetni dejavnik).

(Wang F. in
sod., 2015)

T NCAMI (angl. neural cell adhision molecule 1, pogosto uporabljen sinonim CD56. Molekula, vkljuéena v adhezijo
nevronov) v epiteliju EKEA z dismenorejo proti EKEA brez dismenoreje, EVEA ter K — izrazanje NCAMI znacilno poz.
povezano s stopnjo dismenoreje. Pri A Zleze epitelija 1 izlo¢ajo NCAMI, kar stimulira rast zivénih niti v stromi in povzroc¢a
dismenorejo;

T NCAMI1 v S proti P fazi EVEA Zensk z dismenorejo (ni bilo razlik v izrazanju NCAM1 med fazama v EKEA) — Spolni
steroidni hormoni bi lahko uravnavali izrazanje NCAMI.

(Nie in sod.,
2010b)

1 TRPV1 (angl. transient receptor potential cation channel subfamily V member 1. Vlogo pri vnetni bolecini in hipealgeziji —
preobcutljivost na bolecinske drazljaje) in OXTR v EKEA proti EVEA in K, pridobljenih v P in S fazah (izrazanje TRPV1
tekom ciklusa se pri K ni spreminjalo, medtem ko je bilo izrazanje OXTR visje v S kot pa v P fazi) — 1 OXTR in TRPV1 v
znacilni poz. povezavi s stopnjo dismenoreje.
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Prekomerna neuroangiogeneza

Tvorba Zivcnih
viaken

(Miyashita in
sod., 2019)

1 NINJ1 (angl. ninjurin-1. Molekula nevronskih celic) v epiteliju EKEA proti EVEA in K (ni navedene faze ciklusa ob
vzoréenju);

1 NINJ1 v kulturi ESC, pridobljenih iz zensk z endometriomom, po 3- do 6-urnem gojenju z IL1B — vnetni drazljaji bi lahko 1
NINJ1, kar 1 simptom bole¢ine v predelu medenice.

Blokirana
apoptoza

(An in sod.,
2017)

1 apoptoza (pretocna citometrija) Ishikawa celic po 48-urnem gojenju z makrofagi — makrofagi 1 invazivnost in migracijo
endometrijskih epitelijskih celic v procesu EMT.

(Yang in
sod., 2007)

| apoptoza (FACS) v kulturi ESC iz EVEA proti K po 24-urnem gojenju z ali brez vodikovega peroksida (H,0,).

(Li J. in sod.,
2019)

1 BCL2 in protein (angl. apoptosis regulator Bcl-2. Blokira signalne poti apoptoze in spodbuja prezivetje celic) v P in S fazi
EvEA proti K;

1 stopnja apoptoze (pretocna citometrija) in | stopnja prezivetja (kit za Stetje celic 8, CCK-8 assay) ter relativne razdalje
migracije (in vitro test celjenja rane) v kulturi ESC iz EVEA 48 ur po transfekciji z BCL2-siRNA proti neg. K.

(Jones in
sod., 1998)

| BCL2 v strome EKEA proti EVEA, brez variacij v izraZzanju tekom menstru. ciklusa;

Brez razlik v izrazanju BCL2 v EVEA tekom menstr. ciklusa (pri K 1 BCL2 v PS fazi);

Nizka stopnja apoptoze v K, EKEA in EVEA (barvanje celic z metodo TUNEL (the dUTP nick-end labelling));

BCL2+ stromalne celice identificirane kot pretezno levkociti (dvojno imunohistokemijsko barvanje) — povisano izrazanje
BCL2 v endometriju v PS fazi sovpada z znacilnim 1 Stevilom infiltriranih levkocitov.

(Hu in sod.,
2017)

| PTEN in protein (tumor supresor, ki se povezuje s celi¢no proliferacijo, apoptozo, invazijo in metastazo) in T MIR17 v EvVEA
proti K (ni navedene faze ciklusa ob vzorcenju);

1 PTEN in BAX (angl. apoptosis regulator BAX) ter | BCL2, CCNE1 (angl. G1/S-specific cyclin-EI) in CCNDI v kulturi
ESCs po utiSanju MIR17;

1 apoptoza (pretocni citometer) in | zivost (test MTT: kolorimetricen test za dolocevanje aktivnosti celicnega metabolizma)
kulture ESCs po prekomernem izrazanju PTEN ali utiSanju MIR17 — miR-17 bi lahko ciljala 3'UTR regijo PTEN. Izrazanje
MIR17 pri A bi lahko vplivalo na celi¢no apoptozo in izrazanje ciklinov, ki regulirajo celi¢ni cikel.
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Blokirana (Wang J. in | NDUFAI13 (angl. NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13. Regulator apoptoze in angiogeneze) v
apoptoza sod., 2016) EvEA in EKEA proti K, pridobljenih v P in S fazah;
| stopnja apoptoze EKEA in EVEA proti K (TUNEL barvanje) — | NDUFA13 v Zlezah epitelija bi lahko | stopnjo apoptoze in
1 kapaciteto infiltracije v miometrij, kar vodi v razvoj A.
(Huang in 1T NTRK2 (angl. BDNF/NT-3 growth factors receptor: tirozin kinazni receptor, ki sodeluje tudi pri odpornosti celic na
sod., 2011) apoptozo) v S fazi EVEA proti K.
o Avtofagija (Ren in sod., | BECNI (angl. Beclin-1) v EVEA proti K (ni podatka o fazi ciklusa ob vzorcenju);
2010) | BECNI in protein v kulturi ESC iz EVEA proti K;
Znacilna neg. korelacija v izrazanju BECN1 v EVEA in serumskimi vrednostmi CA125 ter bolecinami v predelu medenice.
Prekomerna (Wang in 1 celi¢na proliferacija (in vitro test tvorbe kolonij na plosci in test celicne viabilnosti) kulture ESC iz EVEA in EKEA proti K,
celi¢na sod., 2021b) pridobljenih v P fazi;
proliferacija Dodatno 1 proliferacija (1 PCNA (angl. proliferating cell nucleas antigen) in MKI67 (angl. proliferation marker protein Ki-
67)) kulture EEC iz EKEA in EVEA proti K po 24-urnem gojenju z E2 — E2 s 1 TLNI1 bi lahko spodbujala proliferacijo
stromalnih endometrijskih celic in tvorbo novih Zil, kar omogoca rast in prezivetje A lezij.
(LiJ.insod., | stopnja prezivetja (in vitro stetje celic) kulture ESC iz EVEA 48 ur po transfekciji z BCL2-siRNA.
2019)
(Yang insod., 1 MKI67 in celi¢na proliferacija (test celicne proliferacije CellTiter 96 AQueous Nonradioactive) kulture ESC iz EVEA proti
2007) K, pridobljenih v ZS ali SS fazah, po 48-urnem samostojnem gojenju ali ob dodajanju E2, MPA, IL6 ali IFNG — spremenjena

proliferacija in apoptoza EVEA bi lahko nakazovala nekatere mehanizme patofiziologije A.

(Zhai in sod.,
2020a)

1 IGFI (angl. insulin-like growth factor. Rastni dejavnik, ki uravnava proliferacijo epitelijskih celic in signalne poti AKT) v P
fazi v EVEA proti K;

Spremenjeno izrazanje /GFI v znaCilni povezavi z izrazanjem METTL3 (metilira adenozinske ostanke na polozaju N¢ nekaterih
RNA) v EVEA (dolocanje transkriptoma z mikromrezo) — IGF1 bi lahko bil ciljni gen regulatorjev m°A RNA metilacije.
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Prekomerna (Carrarelliin 1 rastnih dejavnikov proliferacije, apoptoze in angiogenezo (INHBA (angl. inhibin beta A chain, pogosto uporabljeno ime
celi¢na sod., 2015) Activin A. Spada med citokine) in MSTN (miostatin)) v EKEA proti EVEA in K, pridobljenih v P fazi;

proliferacija 1 FST (folistatin) v EKEA in EVEA proti K;

T ACVR2A (tip 2A receptorja za aktivin) in ACVR2B v EKEA in EVEA proti K — 1 INHBA v A lezijah bi lahko vodilo v
vnetje, spremenjeno celicno proliferacijo, 1 invazivnost in angiogenezo v miometriju. Spremenjeno izrazanje rastnih
dejavnikov v EKEA vpliva, preko avtokrinih/parakrinih efektov, na spremenjeno izrazanje pripadajoc¢ih receptorjev v EVEA,
kar bi lahko vplivalo na plodnost taksnih Zzensk.

(Xu in sod.,
2018)

1 LINC-ROR (intergenska IncRNA) v EVEA in EKEA proti K, pridobljenih v P fazi,

1 proliferacija (test CCK-8), (| PTEN in 1 p-Akt, p-PTEN in p-PDK1) kulture EEC ob prekomernem izrazanju LINC-ROR oz.
1 PTEN in | p-Akt, p-PTEN ter p-PDK1 po izbitju LINC-ROR — LINC-ROR spodbuja delitev endometrijskih celic preko poti
PI3K-Akt.

(Guo in sod.,

1 TLR4 (angl. toll-like receptor 4. Mediator naravne imunosti) in pripadajo¢ protein v EVEA in EKEA proti K, pridobljenih v
ZP fazi;

1 proliferacija (fest CCK-8) in invazivna rast v ESC po 24-urnem gojenju z LPS (bakterijski lipopolisaharid, ki v gostitelju
izzove vnetje) — aktivacija LPS/TLR4 signalne poti (1 TLR4, LY96, (angl. lymphocyte antigen 96. Veze bakterijski LPS),
MXD8S8, NFKB v kulturi ESC iz EVEA, EKEA in K — signalna pot TLR4 izzvala T TGFBI1, IL6, VEGF, EGF in MMP2 —
LPS bi lahko stimuliral stromalne celice, da izrazajo dejavnike proliferacije in invazivnosti pri A.

2016)
Spremenjeno (Zhihong in
izraZanje sod., 2016)

mediatorjev vnetja

1 IL6, IFNG in CCL2 (kemokin, ki je mocan aktivator celic uNK. Visoko §tevilo uNK bi lahko bilo povezano s splavi in
neplodnostjo) ter | IL10 in IL17 v EVEA proti K, pridobljenih sedem dni po injeciranju hCG v procesu kontrolirane stimulacije
jajénikov.

(citokini, kemokini (gstnikova in
in prostaglandini) sod., 2002)

1 IFNG, IFNA, TNF, ILIB in EGF ter | CXCL8 (pogosto uporabljen sinonim IL8) v supernatantu 24 ur gojenih
mononuklearnih celic, pridobljenih iz PS faze EVEA proti K — spremenjeno izraZanje citokinov bi lahko nakazovalo aktivacijo
T limfocitov. 1 aktivnost imunskih celic bi lahko ustvarila pogoje, ki dovoljujejo infiltracijo in proliferacijo celic, s tem pa
razvoj A.
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Spremenjeno (Carrarelliin 1 /LIB in CRH (angl. corticoliberin. Vnetni dejavnik) v P fazi EVEA proti K;
izrazanje sod., 2017) 1 vnetnih posrednikov (IL/B, CRH, UCN (angl. urocortin)) in 1 nevrogenih posrednikov (NGF, SYP in MAP2) v EKEA proti
mediatorjev vnetja EvEA in K — A lezije so nova mesta izrazanja vnetnih in nevrogenih posrednikov, ki so vpleteni v patogenezo A.
(citokini, kemokini (yano in sod., 1 /L6 v primarni kulturi ESC iz EVEA proti K ob gojenju z makrofagi — Makrofagi naj bi izlodali citokine, ki 1 celi¢no
in prostaglandini) ¢ proliferacijo ektopi¢nih implantov pri A (Seprav so makrofagi sposobni citolize EVE in EKE, lahko z izlo¢anjem citokinov tudi
1 celi¢no rast in proliferacijo — IL6 ima angiogeni in mitogeni efekt).
(Wang F. in 1 IL10 (protivnetni citokin) v zlezah epitelija EKEA in EVEA proti K, pridobljenih v S fazi;
sod., 2009) 1 IL10 v epiteliju EVEA v S proti P fazi — cikli¢no variranje izraZzanja IL10 v EVEA tekom faz menst. ciklusa — v EVEA in
EKEA prihaja do nenormalnega vnetnega odziva.
(Wang in } IL10, HOXA10 (prepisovalni dejavnik, ki sodeluje pri razvoju endometrija: decidualizacija strome, infiltracija levkocitov in
sod., 2018) razvoj pinopodov ter vpliva na izrazanje drugih genov, ki sodelujejo v procesu vgnezdenja zarodka) in p-STAT3 v SS fazi v

EvEA proti K;

Znacilna poz. povezava med stopnjo IL10 in p-STATS3;

1 HOXA10 po 12-urnem gojenju Ishikawa celic z IL10 — 1 stopnja vezave in vifro modela blastociste (BeWo sferoidi) na
Ishikawa celice — IL10 1 fostofilacijo STAT3, s tem pa T HOXAI10, kar deluje spodbudno na proces vgnezdenja —
spremenjena signalna pot IL10/STAT3/HOXA10 v EvVEA bi lahko vplivala na vgnezditev zarodka ali decidualizacijo.

(Fischer in
sod., 2011)

| HOXAT10 v SS fazi v stromi EVEA proti K — | HOXA10 bi lahko vplivala na niZjo stopnjo vgnezitve zarodka pri A.

(Qin in sod.,
2012)

1 IL10RA v epiteliju EKEA in EVEA proti K, pridobljenih v P in S fazah (visje izrazanje ILIORA v S kot pa v P fazi pri K in
EvEA);

1 IL10RB v epiteliju EKEA proti EVEA in K (brez variabilnosti v izrazanju med P in S fazama) — receptorji za IL10 bi lahko
bili vkljuceni v imunotolerantne in/ali protivnetne procese pri A.

(Jiang J.F. in
sod., 2018)

| IL37 (protivnetni citokin) v EVEA in EKEA proti K, pridobljenih v P in S fazah — v EVEA lahko pride do nenormalnega
vnetnega odziva.
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Spremenjeno (Huang H.in 1 IL18R in razmerje med IL18BP in IL18 (IL18BP/IL18) v EVEA proti K (ni navedene faze ciklusa ob vzorcenju).
izraZzanje sod., 2010)
mediatorjev vnetja (Wang in 11022, IL22RA1, IL10RB v EKEA in EVEA proti K (ni navedene faze ciklusa ob vzor&enju);
(citokini, kemokini o4 2014) 1 invazivnost (in vitro test invazivnosti z Matrigel), IL22RA1, IL10RB, CCL5, CXCLS, IL6 in VEGFA ter | CD82 (supresor
in prostaglandini) metastazij) po 48-urnem gojenju z IL22 kulture ESC iz EVEA proti K — IL22 ima avtokrini efekt na izrazanje IL22RA1 in
IL10RB. 1 izrazanje IL22 vodi v 1 izrazanje z invazivnostjo povezanih molekul, kar 1 invazivnost ESC pri razvoju A.
(Lai in sod., 1 CXCLI (kemoatraktant za nevtrofilce. Avtokrino prenasa vpliv na endotelijske celice) v epiteliju EVEA proti K (ni navedene
2016) faze ciklusa ob vzor¢enju);
Znacilna poz. povezava med konc. VEGFA in CXCL1 v epiteliju — VEGFA je moc¢an mediator izlocanja CXCLI;
1t CXCLI v kulturi EECs iz EVEA po 16-urnem gojenju z narascajo¢imi koncentracijami VEGFA — VEGFA inducira
spros¢anje CXCL1 preko NADP oksidaze (1 NCF1: encim s sodelovanjem pri tvorbi reaktivnih kisikovih spojin) in signalne
poti NFKB (1 NFKBIB, RELA in NFKB1), kar 1 proliferacijo EEC (in vitro test celicne viabilnosti/proliferacije) in celi¢no
migracijo vaskulatornega endotelija (in vitro test migracije HUVEC (angl. human umbilical vein endothelial cell)).
(Jiang in 1 IL6, CXCLS (pogosto uporabljen simbol IL8), TLRI, -6, -8 in -9 (angl. Toll-like receptors. Komponentne naravne imunosti,
sod., 2017) ki varujejo gostitelja pred vdorom bakterij in virusov) in pripadajocih proteinov v EKEA in EVEA proti K, pridobljenih v P fazi;
Znacilna poz. korelacija med izrazanjem TLR1, -2, -4, -5 in -9 ter IL6 in CXCL8 v EKEA in EVEA — IL6 in CXCLS bi lahko
bili vkljuceni v vnetne procese pri A.
(Ulukus E.C. | CXCL8 (kemoatrtaktni dejavnik, ki aktivira nevrofilce in T celice, ne pa monocit) in CCL2 (pogosto uporabljen simbol

in sod., 2005)

MCP-1. Izzove kemotakso in aktivacijo mononuklearnih fagocitov) v S fazi v epiteliju EVEA proti K (pri K 1 izrazanje CCXL
in CCL2 v S proti P fazi) — ni cikli¢ne variacije v izrazanju CXCLS8 in CCL2 v epiteliju EVEA (spolni steroidni hormoni bi
lahko v EVEA izzvali nenormalni vnetni odziv);

1 CXCLS8 in CCL2 v EKEA proti EVEA — v EVEA bi lahko potekal nenormalen vnetni odziv.
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Spremenjeno (Ulukus in T CXCRI1 in CXCR2 (receptorja za CXCLS8, ki se nahajata na nevtrofilcih) v P fazi v epiteliju EVEA in EKEA proti K —
izraZanje sod., 2006) receptorji za CXCLS bi lahko bili vkljuceni v patogenezo A.

m.edia.to‘rjev Vnefjff (Otainsod., 1 PTGS2 (angl. prostaglandin G/H synthase 2, pogosto uporabljen simbol COX-2. Vzdrzuje celitno homeostazo, izraza se
(citokini, kemokini 2001p) tekom vnetja in celi¢ne proliferacije ter diferenciacije. Vlogo ima tudi v procesih reprodukcije) v P fazi na povrsini epitelija

in prostaglandini)

EvEA proti K (ni razlik v izrazanju PTGS2 tekom menstruacijskega ciklusa v EVEA, medtem ko je pri K najnizje v ZP fazi s
postopnim naras¢anjem, ki ostaja visoko v S fazi) — 1 PTGS2 in posledi¢na 1 produkcija prostaglandinov bi lahko vodila v
nenormalne pogoje v maternici, z negativnim vplivom na procese vgnezdenja zarodka.

(Li C. in sod.,

2019)

1T ALOXS5 (angl. polyunsaturate fatty acid 5-lipoxygenase. Encim, ki katalizira pretvorbo arahidonske kisline v levkotrine, ki so
pomembni mediatorji vnetja) in protein, PTGS?2 in protein, /L6 in CXCLS8 v EKEA in EVEA proti K, pridobljenih v ZP fazi;
Znacilna poz. povezava med stopnjami izrazanja ALOXS5 in PTGS2 z IL6 in CXCL8 v EVEA — A je kroni¢na imunska vnetna
bolezen.

(Xiao in sod.,
2010)

| LIF v SS fazi EVEA proti K in LIF v izpirku materni¢ne teko¢ine A vs. K — A bi lahko vplivala na hormonske in
imunoloske pogoje, kar | receptivnost endometrija za zarodek.

(Yen in sod.,
2016)

| LIF in protein, LIFR in protein, pSTAT3 in pERK v SS fazi EVEA proti K;

1 p-STAT3 in pERK v kulturi ESC po 5 do 60 min gojenja z LIF — ovirana signalizacija LIF sovpada z | stopnjo vgnezditve
zarodka pri zenskah z A.

Spremenjene

znotrajceli¢ne

signalne poti

(Xue in sod.,
2013)

1 z AMP aktivirana protein kinaza (AMPK) v kulturi ESC iz EVEA proti K, pridobljenih v P in S fazah;

1 p-AMPK in | signalna pot PI3K/AKT ter proliferacija po gojenju z metforminom (zdravilo, ki se uporablja za zdravljenje
diabetesa tipa 2, poz. pa naj bi vplival tudi na endometrijske nepravilnosti) kulture ESC iz EVEA proti K, pridobljenih v S fazi
— metformin inhibira celi¢no rast preko aktivacije AMPK in posledi¢nega zaviranja signalne poti PI3K/AKT v stromi EVEA,
kar je opazno predvsem v S fazi.

(Zheng in
sod., 2018)

1 PI3K in protein ter AKT in protein v P in S fazah EVEA proti K;
| PI3K in AKT ter oznafevalci EMT po transfekciji kulture endometrijskh celic s PTK2-siRNA — Signalna pot
PTK2/PI3K/AKT bi lahko sodelovala v procesu EMT endometrijskih celic pri razvoju A.
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Spremenjene (Wang in 1 CTNNBI (angl. catenin beta-1) in GSK3B (angl. glycogen synthase kinase-3 beta) ter | AXIN1 (angl. axin-1) po 72-urnem
znotrajceli¢ne sod., 2021a)  gojenju kulture EEC iz EKEA in EVEA, pridobljenih v P in S fazah, s prekomernim izrazanjem TLN1 — aktivacija signalne poti

signalne poti

Wht/beta-katenin bi lahko 1 migracijske in invazivne lastnosti epitelija EVEA in EKEA.

(Shen in sod.,
2019)

| CNRI (angl. cannabioid receptor 1. Receptor za endogene kanabinoide) in protein, ter CNR2 in protein v EVEA in EKEA proti
K, pridobljenih v P in S fazah — Izguba cikli¢ne spreminjanja izrazanju CNR1 glede na menstr. ciklus pri A (pri K izrazanje
CNRI in -2 vi§je v S kot pa v P fazi) — kanaboidni receptorji bi lahko imeli vlogo pri patogenezi A.

(An in sod.,
2017)

1 izrazanje genov signalnih poti TGFB1/SMAD?3 in IL6/STAT3 po gojenju Ishikawa celic z makrofagi (analiza globalnega
transkriptoma).

(Nie in sod.,
2009)

| NFKBIA (angl. nuclear factor-kappa-B inhibitor alpha) in T RELA (NFKB podenota p65), NFKB1 (NFKB podenota 50) in
NFKB2 (NFKB podenota p52) v EKEA in EvEA proti K, pridobljenih v P in S fazah — EVEA kaZe stalno aktivnost signalne
poti NFKB (NFKB je prepisovalni dejavnik z vlogo uravnavanja izrazanja genov, vkljuenih v procese vnetja, proliferacije,
apoptozo, invazijo in angiogenezo. Razli¢ni rastni dejavniki in oksidativni stres lahko aktivirajo NFKB), kar bi lahko | izoobliko
B PGR (deluje kot protivnetni dejavnik, tako da zavira aktivacijo NFKB);

Znacilna poz. povezava med izrazanjem NFKB2 in hudo menstrualno krvavitvijo.

(Li in sod.,
2013)

1 NFKB-DNA vezavna aktivnost (1 RELA in NFKB1), PTGS2, VEGF in F3 (angl. tissue factor: vlogo pri vzpostavitvi
aktivacije trombocitov in koagulacije) v stromi EKEA proti K, pridobljenih v P in S fazah — NFKB bi lahko vplival na razvoj A,
saj regulira izrazanje PTGS2 in genov vnetnih citokinov/kemokinov, celi¢ne proliferacije, invazije, angiogeneze ter
oksidativnega stresa.

(Park in sod.,
2016)

1 RELA v jedru in citoplazmi stromalnih celic EVEA in EKEA proti K v P, ZS (ne v EKEA proti K) in SS fazah;
1 RELA v jedru Zleznih celic EVEA in EKEA proti K v P, ZS, SS in PS fazi in v citoplazmi zZleznih celic EVEA in EKEA proti K
v P fazi — aktivirana signalna pot NFKB bi lahko sodelovala pri patogenezi in/ali patofiziologiji A.

(Yiin sod.,
2015)

1 PAK4 (angl. serine/threonine-protein kinase PAK 4. Serin proteaza z vlogo v signalnih poteh, ki uravnavajo organizacijo
citoskeletnega aktina, celi¢no morfologijo, adhezijo in motilnost) v P, ZS, SS in PS fazah v epiteliju EVEA in EKEA proti K;

1 PAK4 v ZS in SS fazah v stromi EVEA in EKEA (ne v ZS fazi) proti K;

1 aktivacija NFKB (1 RELA) in PAK4 v kulturi ESC iz EVEA po dodajanju TNF — Pot NFKB regulira izrazanje PAK4 — 1
PAK4 lahko vpliva na invazivnost endometrijskih celic preko uravnavanja aktivnosti MMP?2 in -9, kar prispeva k razvoju A.
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Spremenjene (Kiminsod., 1 PAKI v S fazi v Zlezah epitelija EKEA (in LS fazi) in EVEA proti K;

znotrajcelicne 2010) 1 PAKI1 v SS fazi v stromi EVEA in EKEA (in P, ES in LS fazah) proti K — V EVEA tekom SS faza bi lahko bilo ovirano

signalne poti

zmanjsevanje izrazanja PAK1, ki ga narekuje P4.

(Streuli in
sod., 2015)

aktivirana z miotegom / kinaza regulirana z zunajceli¢nim signalom (MAPK/ERK) v miometriju pri A vodi v 1 celi¢no
proliferacijo.

(Guo in sod.,
2014)

| DUSP6, SPRY4 in SEF (angl. similar expression to FGF) v P in S fazah EVEA proti K — | izrazanje DUSP6, SPRY4 in
SEF (neg. modulatorji signalne poti FGF2/ERK1/-2) v EVEA bi lahko vplivalo na razvoj A.

(Chen in
sod., 2017)

1 NFE2L2 (angl. nuclear factor erythroid 2-related factor 2. Jederni dejavnik, ki nadzira procese stresa zaradi posSkodb) v
EKEA in EVEA proti K, pridobljenih v P in S fazah;

1 oz. | MMP9 in migracija (in vitro test hitrosti celjenja rane) v kulturi EEC iz EVEA proti K po prekomernem izrazanju
NFE2L2 oz. transfekciji celic z NFE2L2-siRNA — NFE2L2 bi lahko preko regulacije izrazanja MMP9 sprozil migracijo
endometrijskih celic na ektopi¢na mesta.

(Jiang C. in
sod., 2018)

1T ROCKI1, ROCK?2 in RHOA (povezani z organizacijo citoskeleta, celicno migracijo in celi¢nim ciklom) in pripadajoci proteini
v EKEA in EVEA proti K, pridobljenih v P fazi;

| ARHGAP26 (angl. Rho GTPase-activating protein 26. Protein, ki aktivira GTPazo za RHOA. Kljuéen pri razvoju misic,
deluje tudi kot supresor tumorjev) v EVEA in EKEA proti K, pridobljenih v P fazi — aktivirana signalna pot RHOA/ROCK pri
A bi lahko bila povezana z nenormalnim kréenjem miometrija, dismenorejo in s koli¢ino menstrualne krvavitve.

(Jiang Y. in
sod., 2016)

| NR4AI (angl. nuclear receptor subfamily 4 group A member 1), NR4A2, NR4A3, FOXOI in IGFBPI v SS fazi EVEA proti K;
| oznacevalca decidualizaacije (PRL in IGFBP1) v kulturi ESC iz EVEA proti K po 4 dnevnem gojenju z §-Br-cAMP in MPA;
1 oz. | PRL in IGFBP1 v kulturi ESC iz EVEA po prekomernem izrazanju NR4A1 oz. NR4A1-siRNA / FOXO1-siRNA —
Prepisovalni dejavnik FOXO! cilja gene receptorjev za NR4A, ki so mo¢ni regulatorji decidualizacije endometrijske strome.
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2. Molekularni procesi nastanka A glede na teorijo vrivanja celic bazalnega endometrija v spodaj leZe¢i miometrij

Spremenjene (Yang in 1 LPARI (angl. lysophosphatidic acid receptor 1. Spada med receptorje, ki vezejo LPA: fosfolipidi, ki posredujejo signale za
znotrajceli¢ne sod., 2017) celi¢no proliferacijo, diferenciacijo, preureditev citoskeleta in celi¢ne interakcije), LPAR4 in LPARS ter | LPAR2 in LPAR3 v

signalne poti

EKEA in EVEA proti K, pridobljenih v P fazi;
1 CXCL8 v kulturi ESC iz K po 24- ali 48-urnem gojenju z LPA — LPA imajo vlogo pri patofiziologiji A.

(Yan in sod.,

| NR4A1 in MIR21 ter T KLF12 in protein v SS fazi v EVEA proti K;

2019) 1 oz. | PRL in IGFBPI, KLF12 in NR4A1 (ne pri utiSanju miR-21) v kulturi ESC iz A in K pri prekomernem izrazanju oz.
utiSanju miR-21;
| decidualizacija v ESC iz K po prekomerno izrazanje KLF12 — miR-21 cilja 3'UTR regijo prepisovalnega dejavnika KLF12,
s ¢imer | KLF12, to pa dalje spodbuja decidualizacijo.
3. Molekularne spremembe zaradi prisotne adenomioze
Povecan (Ota in sod., 1 NOS3 (angl. nitric oxide synthase, endothelial) v epiteliju in stromi EVEA proti K preko celotnega menst. ciklusa (na
metabolizem 1998b) povrsini in v Zlezah epitelija K najsibkejse izrazanje NOS3 v ZP fazi, nato naras¢a z vrthom v SS fazi, ko pri¢ne upadati. V
prostih radikalov stromi K je izrazanje stalno) — citokini, ki jih izlo¢ajo ali stroma EVEA, ali prekomerno §t. makrofagov ali T celice lahko 1
NOS3, kar 1 dusikov oksid (NO). S tem pa sta lahko prizadeta gibljivost spermijev in razvoj zgodnjega zarodka.
(Kamada in 1 NOS3 v S fazi v Zlezah epitelija EKEA proti EVEA in K (izrazanje NOS3 v epiteliju in endoteliju zil K in EVEA §ibko v P
sod., 2000) fazi, ki se okrepi v S fazi. Pri EKEA izrazanje tudi v P fazi);

1 NOS2 (angl. nitric oxide synthase, inducible) v stromi EKEA proti EVEA in K, pridobljenih v P fazi;
| NOS2 v stromi EVEA in EKEA proti K, pridobljenih v S fazi — v EKEA se tvorijo visoke doze NO in superoksida.

(Ota in sod.,
1999)

1 Cu,Zn-SOD1 (angl. superoxide dismutase [Cu-Zn]. Encim z antioksidativno vlogo, ki katalizira razpad superoksidnega
aniona na kisik (O,) in H,O,) na povrsini in v zlezah epitelija EVEA proti K preko celotnega menst. ciklusa (pri K Sibko
izrazanje v ZP in SP fazi, ki postopoma raste z vchom v SS fazi, nato pa upada);

1 Mangan (Mn)-SOD2 v Zlezah epitelija EVEA proti K preko celotnega menst. ciklusa (pri K §ibko izrazanje v P fazi, ki
narasca z vthom v PS fazi) — endometrijske celice, imunske celice ali makrofagi stimulirajo T SOD1 v EVEA, kar bi lahko bil
vzrok neplodnosti in splavov.
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3. Molekularne spremembe zaradi prisotne adenomioze

Povecan (Otainsod., 1 GPXs (angl. glutathione peroxidase (ni naveden podtip). Deluje kot koencim glutationina, s katerim katalizira razpad H,0O, in
metabolizem 2000) lipidnih peroksidov do H,O in alkohola) na povrsini in v Zlezah epitelija EKEA in EVEA proti K skozi celoten menst. ciklus (pri

prostih radikalov

K sibko izrazanje v ZP fazi, ki postopoma naras¢a z vrhom v ZS fazi, nato upade) — aktiviran imunski sistem in tvorba
prostaglandina pri A bi lahko vodila v tvorbo reaktivnih hidroksilnih radikalov.

(Ota in sod.,
2001a)

1 XDH (angl. xanthine dehydrogenase/oxidase. Katalizira oksidacijo hipoksantina in ksantina v se¢no kislino, kar ob visokih
koncentracijah O, producira superokside) na povrsini in v zlezah epitelija ter v stromi EVEA in EKEA preko K preko celotnega
menst. ciklusa (v epiteliju K nizko izrazanje v ZP fazi, ki narasc¢a z vrhom v SS fazi, medtem ko v stromi vrh izrazanja doseze v
PP fazi).

(Ota in sod.,
2002)

1 CAT (angl. catalase. Katalizira pretvorbo H,O, v H,O in O,) v Zlezah epitelija EVEA in EKEA proti K preko celotnega
menst. ciklusa (v Zlezah epitelija K nizko izrazanje v ZP fazi, s postopnim nara$canjem in vrthom v PS fazi).

Moten imunoloski (Wang in 1 izrazanje HLA-G (angl. HLA class I histocompatibility antigen, alpha chain G) v Zlezah epitelija EVEA in EKEA proti K
nadzor sod., 2008) (stroma in epitelij K skoraj brez izrazanja HLA-G) tekom menst. ciklusa;
1 izrazanje HLA-G v stromi EVEA proti EKEA — izrazanje HLA-G bi lahko ektopi¢nim celicam omogocilo, da prezivijo
imunski nadzor gostitelja.
(Yang in | receptorjev za inhibicijo celic ubijalk (angl. killer cell inhibitory receptors, KIRs - NKB1 in GL182) na povrsini uNK celic v
sod., 2004) EVEA proti K, pridobljenih v P in S fazah — nakazuje se 1 citotoksi¢nost uNK v EVEA (KIRs na povr$ini uNK se vezejo z
MHC molekulami normalnih celic, kar inhibira delovanje uNK).
(Otainsod., 1 HSPBI (angl. heat shock protein beta-1. Stresni proteini, ki sodelujejo pri imunskem nadzoru preko procesiranja/predstavitve
1997) antigena ali delujejo kot molekularni Saperoni pri vezavi denaturiranih peptidov) v P in S fazah v zZlezah epitelija EVEA proti K
(pri K visje izrazanje v S, kot pa v P fazi).
Spremenjeno (Ota and 1 integrinov (ITGA2 in -6 ter CDHI1. Tvorijo interakcije med celicami in celicami z zunajceli¢énim matriksom) v P fazi
izraZzanje Tanaka, zleznega epitelija EVEA proti K;
integrinov 1997) | ITGA4 (spodbuja interakcije med celicami) v S fazi zleznega epitelija EVEA proti K — spremenjeno izrazanje integrinov in

kaderina bi lahko nakazovalo na spremenjeno mikrookolje receptivnosti EVEA za zarodek.
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3. Molekularne spremembe zaradi prisotne adenomioze

Spremenjeno (Xiao in sod., | /ITGA3 (adhezijski receptor na povrsini celic, ¢igar izrazanje se povisa v ¢asu okna vgnezdenja) in protein ter SPP/ (ligand, ki
izraZanje 2013) se veze na ITGA3) in protein v SS fazi v lumnu in zlezah epitelija EVEA proti K — mozna | interakcija med trofoblastom in
integrinov endometrijem pri A.

Spremembe v (Mehasseb in | ESR1 v SS fazi v Zlezah epitelija in strome funkcionalne plasti EVEA proti K;

izraZanju sod., 2011) 1 ESR2 v P fazi v Zlezah epitelija funkcionalne plasti EVEA in v vseh fazah menst. ciklusa v EKEA proti K;

receptorjev za
steroidne hormone

| PGR (izooblika A in B) v SS in LS fazi v stromi funkcionalne plasti EVEA in EKEA proti K — 1 ESR2 v EvEA, ki bi lahko
omogocal 1 prenos signala E2 s proliferativnim in proapoptoznim delovanjem, in istoasno | izooblike B PGR, ki prevaja
signal P4 (ima antiproliferativni efekt), bi lahko ustvarilo okolje, ki spodbuja razvoj A. Spremenjeno izrazanje receptorjev v
EvEA bi lahko vodilo v | izrazanje genov, povezanih z vgnezdenjem zarodka.

(Nie in sod.,
2009)

| izooblika B PGR v EVEA in EKEA proti K, pridobljenih v P in S fazah — EVEA bi lahko kazal znake odpornosti na P4.
Odsotnost PGR v EKEA pa bi bil lahko vzrok slabe uspesnosti zdravljenja A s progestacijsko terapijo.

Fibroza (Shen in sod.,
adenomioznih lezij 2016)

1 §t. trombocitov (trikromo barvanje po Massonu, barvanje po Van Gieson) v EKEA v misi z inducirano A proti K — EkKEA so
rane, ki so podvrzene ponavljajo¢im se poskodbam in celjenju, kar vodi v fibrozo.
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3. Molekularne spremembe zaradi prisotne adenomioze

Fibroza (Liu in sod., 1 stopnja kolagenskih vlaken (trikromo barvanje po Massonu, barvanje po Van Gieson in Picrosirius rdece barvanje) v EKEA

adenomioznih lezij 2016)

proti K — A vsebuje fibrozno tkivo;

1 gostota trombocitov (1 ITGA2B (angl. integrin alpha-1Ib, pogost uporabljen sinonim CD41)) v stromi EKEA proti K,
pridobljenih v P in S fazah;

1 VEGF v epiteliju in CD31, ki ozna¢uje MVD, v stromi EKEA proti K;

1 PCNA (angl. proliferating cell nuclear antigen) v epiteliju EKEA proti K;

1 TGFBI (angl. transforming growth factor beta-1 proprotein) in p-SMAD3 v EKEA proti K;

| CDH1 in 1 VIM v EkKEA proti K;

1 ACTA2 (pogost sinonim a-SMA) in Kolagen 1 (ni podatka o podtipu) v epiteliju in stromi EKEA proti K;

1 LOX (Oznacevalec za doloCanje obseznosti fibroze) v epiteliju in stromi EKEA proti K;

| izooblika B PGR v EKEA proti K;

.....

.....

transdiferenciacijo fibroblastov v miofibroblaste (angl. fibroblast-to-myofibroblast transdifferentiation, FMT) in metaplazijo
gladkih miSic (angl. smooth muscle metaplasia, SMM). Tvori se fibroza. Trombociti, bi lahko bili tudi vzrok prekomernega
kréenja maternice in ozivéenja miometrija.

4. Transkriptomske raziskave EVEA

(Martinez-
Conejero in
sod., 2011)

Adenomioza potrjena s TVUZ in MR;
Biopsija endometrija pridobljena v SS fazi 6 Zenskam z in 6 brez adenomioze;
Uporabljena tehnologija mikromrez (ni naveden podatek o platformi) — 34 spremenjeno izrazenih genov (p < 0,05).

(Herndon in
sod., 2016)

Adenomioza potrjena s histerektomijo;

Vzorci endometrija pridobljeni v P fazi 3 Zenskam z difuzno adenomiozo in 5 kontrolam;

Uporabljena tehnologija mikromrez (Human Gene 1.0 ST, Affymetrix) — 1024 spremenjeno izrazenih genov (FDR < 0,05;
> 2-kratna razlika v izraZanju ).
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4. Transkriptomske raziskave EVEA
(Jiang J.F.in  Adenomioza potrjena s histerektomijo;
sod., 2016) Vzorci endometrija pridobljeni v P fazi 4 Zenskam z adenomiozo in 4 kontrolam;

Uporabljena tehnologija mikromrez (Human Transcritome Array 2.0., Affymetrix) — 165 in 612 spremenjeno izrazenih
IncRNA oz. mRNA (FDR < 0,05).

(Dior in sod.,
2018)

Adenomioza potrjena s TVUZ Zenskam s pridruzeno endometriozo;
Vzorci endometrija pridobljeni v ZP, SP, ZS, SS in PS fazi Zenskam z in brez adenomioze (ni navedenih $tevilk);
Uporabljena tehnologija mikromrez (Human HT-12v4.0 Beadchips, [llumina) — 0 spremenjeno izraZzenih genov (FDR < 0,05).

(Xiang in
sod., 2019)

Adenomioza potrjena s histerektomijo;
Vzorci endometrija pridobljeni v P fazi 6 Zenskam z adenomiozo in 6 kontrolam;
Uporabljena tehnologija RNA-seq (Hiseq 2500, Illumina) — 373 spremenjeno izrazenih genov (FDR < 0,05).

(Liu in sod.,
2021)

Adenomioza potrjena z histerektomijo;

Vzorci endometrija pridobljen (ni navedenega podatka o datiranju) eni Zenski z adenomiozo in eni kontroli z miomom,;
Uporabljena tehnologija scRNA-seq (HiSeq X Ten, [llumina) — 196 spremenjeno izrazenih genov vseh celi¢nih tipov
(» <0,05).




