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RESUMO

A Transicao Epitélio-Mesénquima (TEM) ¢ um potencial mecanismo envolvido no
desenvolvimento da endometriose devido a alteragdes em moléculas de adesdo celular e vias
que podem levar a uma maior capacidade de migragdo e invasdo do endométrio ectopico.
Modificagdes pods-traducionais (PTMs, do inglés), como glicosilagdo e fosforilagdo, sao
cruciais na regulagdo da atividade de marcadores da TEM, e até o0 momento ndo ha dados sobre
o perfil dessas modificagdes em lesdes endometridticas. Portanto, com o objetivo de avaliar a
expressao e as modificagdes (PTM) das proteinas envolvidas na TEM, o presente estudo foi
dividido em uma andlise retrospectiva das variagdes dos marcadores de TEM em lesdes
endometrioticas de diferentes estruturas pélvicas por meio da avaliagdo da expressdo génica por
RT-gPCR e proteica por imunohistoquimica; assim como uma andlise baseada em
espectrometria de massa do proteoma total e perfil de PTMs na endometriose peritoneal. No
primeiro estudo, observaram-se dois padrdes histoloégicos nas lesdes endometrioticas
examinadas: um padrdo glandular bem diferenciado e um padrao glandular indiferenciado,
ambos coexistindo nas mesmas amostras. Nao houve diferenca na expressdo de RNAm de E-
caderina entre as amostras controles ¢ as de lesdes endometridticas. No entanto, houve uma
regulagdo negativa da expressdao gé€nica de N-caderina e Snail, € uma regulagdo positiva da
expressdao génica de ZEBI nas lesdes endometridticas. A andlise imunohistoquimica revelou
uma maior frequéncia de baixa expressao de E-caderina, associada a uma maior frequéncia de
alta expressdo de N-caderina e P-catenina membranar na endometriose. Todos os grupos
apresentaram baixa expressao de P-catenina nuclear. Vimentina foi positiva em todas as
amostras, com uma expressdo discretamente aumentada nas lesdes endometridticas. Esses
dados corroboram a hipotese de que as células epiteliais endometridticas demonstram um
fenotipo parcial de TEM, expressando marcadores tanto epiteliais quanto mesenquimais. No
segundo estudo, nossos resultados ndo apresentaram diferenga significativa no perfil geral de
expressao dos grupos analisados. No entanto, as lesdes endometridticas apresentaram 276
regulagoes significativas no proteoma total, 2240 no fosfoproteoma e 481 no N-glicoproteoma
contendo 4cido sidlico (sialioma) quando comparadas ao endométrio eutdpico de pacientes com
endometriose. Uma andlise mais aprofundada dessas regulacdes revelou enriquecimento de
processos bioldgicos no Gene Ontology (GO) e vias no KEGG para contragdo do citoesqueleto
de actina, regulacdo positiva da adesdo célula-substrato, interagdo matriz extracelular (ECM)-
receptor e adesdo focal no proteoma total e fosfoproteoma. E-caderina, p120-catenina e Twist
2 apresentaram sitios fosforilados com regulacdo negativa nas lesdes endometridticas que
podem levar a um aumento da adesdo celular. Proteinas ligantes de actina, como actinina,
filamina A e vinculina, apresentaram sitios fosforilados com regulacao positiva que poderiam
perturbar o citoesqueleto celular e diminuir a adesdo celular. Esse equilibrio entre o aumento e
a diminuicdo da adesdo celular nas lesdes endometridticas fornece importantes percepgoes
sobre as mudancas celulares necessarias para o desenvolvimento e estabelecimento da lesdo
endometridtica. Em conclusdo, os achados do presente estudo destacam a importancia da
fosforilagdo e da N-glicosilagdo contendo 4cido sidlico na preservagdo da integridade das
jungdes aderentes na endometriose e oferecem novos caminhos para pesquisas futuras sobre a
influéncia de modificacdes poOs-traducionais na regulacdo da transi¢ao epitélio-mesénquima
para o estabelecimento da endometriose.

PALAVRAS-CHAVE: Endometriose, transi¢ao epitelial-mesénquimal, TEM, caderinas, beta
catenina, pl20-catenina, twist 2, imunohistoquimica, espectrometria de massa, proteoma,
PTMoma



ABSTRACT

The Epithelial-Mesenchymal Transition (EMT) is a potential mechanism in the development
of endometriosis due to alterations in cell adhesion molecules and pathways that can lead to
enhanced migratory capacity and invasive ability of ectopic endometrium. Post-translational
modifications (PTMs) like glycosylation and phosphorylation are crucial in regulating many
EMT/cell adhesion markers, and up to date there is no data about the profile of these
modifications in endometriosis. Therefore, this study was divided into one retrospective
evaluation of variations of EMT markers in endometriotic lesions from different pelvic
structures through genic and protein expression analysis; and a prospective mass spectrometry-
based analysis of the total proteome and PTMome profile of EMT proteins in peritoneal
endometriosis. For the first study, we observed two histologic patterns in the examined
endometriotic lesions, a well-differentiated glandular pattern, and an undifferentiated glandular
pattern, both coexisting in the same samples. The mRNA expression revealed no difference in
E-cadherin expression between control and lesions samples. However, there was
downregulation of N-cadherin and Snail mRNA expression, and an upregulation of ZEB1 gene
expression in endometriotic lesions. Immunohistochemical analysis revealed a higher
frequency of low E-cadherin expression, associated with a higher frequency of high N-cadherin
and membrane (-catenin expression in endometriosis. All groups had low expression of nuclear
[-catenin. Vimentin was positive in all samples, with a discreet increased expression in
endometriotic lesions. This data corroborates the hypothesis that endometriotic epithelial cells
demonstrate a partial EMT phenotype, expressing both epithelial and mesenchymal markers.
In the second study, our results showed no major differences in the overall expression profile
of the analyzed groups, but the endometriotic lesions presented 276 significant regulations in
the total proteome, 2240 in the phosphoproteome and 481 in the sialic acid (SA) N-
glycoproteome when compared with the endometrium of endometriosis patients. A deeper
analysis of those regulations reveled Gene Ontology (GO) biological processes and KEGG
pathways enriched for actin cytoskeleton contraction, positive regulation of cell-substrate
adhesion, ECM-receptor interaction and focal adhesion in the total proteome and
phosphoproteome. E-cadherin, pl20-catenin and Twist 2 presented downregulated
phosphosites in endometriotic lesions that can potentially lead to increased cell adhesion. Actin-
binding proteins like actinin, filamin A and vinculin presented upregulated phosphosites that
could disrupt the cell cytoskeleton and decrease cell adhesion. That balance between increased
and decreased cell adhesion in endometriotic lesions provide us important insights about the
cellular changes needed for the development and progression of endometriosis. In conclusion
our findings highlight the significance of phosphorylation and SA N-glycosylation in
preserving the integrity of adherens junctions in endometriosis, and offer new insights for future
research into the influence of post-translational modifications on the regulation of epithelial-
mesenchymal transition for the establishment of endometriosis.

KEYWORDS: Endometriosis, epithelial-mesenchymal transition, cadherins, beta catenin,
p120-catenin, twist 2, immunohistochemistry, mass spectrometry, proteome, PTMome



LISTA DE TABELAS
Tabelas tese
Tabela 1: Sequéncia dos Primers utilizados na PCR em tempo real ...........ccccceevveeniennnennnen. 38

Tabela 2: Lista de anticorpos, com os respectivos fabricantes, clones, dilui¢do, tempo de

incubagao, método de recuperagdo antigénica € anticorpo Secundario. ...........c.cceeveeeveernrennnen. 39

Tabelas primeiro artigo

Table 1: Primers sequence for real time PCR...........cccoiiiiiiiiiiieeeceeee e 49
Table 2: IHC protocol for E-cadherin, N-cadherin, Vimentin and B-catenin antibodies......... 49
Table 3: Patients clinical fEatures. .........c..oooiiiiiiiiiiiiiie e 51

Tabelas segundo artigo

Table 1: Patients clinical fEatures ..........coouevieriiiiiienieeeee e 72
Table 2: Phosphorylation of cell adhesion-related proteins in endometriotic lesions.............. 79

Table 3: Sialic acid glycosylation of cell adhesion-related proteins in endometriotic lesions 83



LISTA DE FIGURAS
Figuras tese

Figura 1: Resumo das interagdes entre as principais moléculas e fatores de transcrigdo

ENVOIVIAOS 118 TEM .. oot e e e e e e e e e e e e e e e e e e e e aaaeaaaaaees 28

Figuras primeiro artigo

Figure 1: Histological features of control endometrium and endometriotic lesions ........ 64
Figure 2: Relative expression of EMT target genes..............cccccooeviiiiieiiiiee e 65
Figure 3: Immunostaining of EMT targets ...............ccoocoiiiiiiiiiiiiiceeeeeeee e 66
Figure 4: Immunostaining frequency of EMT main targets .................cccccoeviiiiinniinnnnnnn, 67

Figuras segundo artigo

Figure 1: GO biological processes and KEGG enriched pathways from the upregulated total

proteome fraction in endometriotic [ESIONS .........eeevvieiiiieeiiieeiie e e 109

Figure 2: GO biological processes and KEGG enriched pathways from the upregulated

phosphoproteome fraction in endometriotic I€SIONS........eeerieeeriieeiiieeiieeeie e 110

Figure 3: Cell adhesion-related proteins and their post-translational modifications (PTMs)

1dentified 1N €NAOMELTIOIC LESIOMS ...uueeeeeeeieieeee e e e e e e e et eeeeeeeeeeereeeaaaanns 111

Supplemental Figure 1: Upset plot of identified and quantified proteins in the total proteome,
phosphoproteome and SA glycoproteome of the analyzed samples. .........ccceeeevvveeiveenreenne. 112

Supplemental Figure 2: Overall total proteome and PTMome profile of analyzed samples



Supplemental Figure 3: Significantly regulated proteins, phosphopeptides and SA
glycopeptides in analyZed SIrOUPS .......ccveeiciieeiiieeie ettt etee e e s e e eeseaeeesebeeeeaee s 114

Supplemental Figure 4: Overlap of significantly regulated proteins, phosphopeptides and SA
glycopeptides in analyZed SrOUPS .......cueeiiiieeiiieeie ettt et e eree s e e eeseaeeessbeeeeaee s 115

Supplemental Figure 5: Enriched GO biological processes from the downregulated
phosphoproteome fraction (A) and the downregulated SA glycoproteome fraction (B) in

ENAOMELIIOTIC LESIOMS. «oeeeeieiiiiieieieeee ettt ettt eeee et et et et et et e eeeeeee e e e eeeeeeaeeeeeeeaeeaeeaeaeeeneneeennne 116

Supplemental Figure 6: Predicted kinases activity between Control Endometrium (CE),

Endometriosis Endometrium (EE), Endometriosis Lesion (EL) ........cccccoecieviieviienieiiiienne, 117



LISTA DE ABREVIATURAS E SIGLAS

pL: Microlitro

AKT: Proteina kinase B

ASRM: Do inglés “American Society for Reproductive Medicine”
CAM’s: Do inglés “Cell adhesion molecules”

cDNA: DNA complementar

CKII: Do inglés “casein kinase 2

COX-2: Ciclo-oxigenase-2

CNPq: Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
Ct: Do inglés “Cycle Threshold”

CTBP: do inglés “C-terminal-binding protein”

DAB: 3’3-diaminobenzidina

DNase: Desoxirribonuclease

DIE: do inglés “deep infiltrating endometriosis”

E2: Estradiol

ECM: Do inglés “extracellular matrix”

EGF: Fator de crescimento epidérmico

EGFR: Receptor de fator de crescimento epidérmico

EMT: Do inglés “epithelial-mesenchymal transition”
FAPEMIG: Fundagao de Amparo a Pesquisa de Minas Gerais
FGF: Fator de crescimento fibroblastico

FSH: Hormonio foliculo estimulante

GAPDH: Gliceraldeido-3-fosfato desidrogenase

GDF: Fator de crescimento e diferenciacao;

GSK3B: Do inglés “Glycogen synthase kinase-3 beta”



GnRH: Horménio liberador de gonadotrofinas
GO: Do inglés “gene ontology™”

hCG: Gonadotrofina coridnica humana

HE: Hematoxilina-eosina

HGF: Fator de crescimento do hepatécito
HIFla: do inglés “factor hypoxia-inducible factor 1 &’
ICB: Instituto de Ciéncias Bioldgicas

IGF: Fatores de crescimento tipo insulina
IL-1B: Interleucina 13

IL-6: Interleucina 6

IL-8: Interleucina 8

KEGG: Do inglés “Kyoto Encyclopedia of Genes and Genomes”
kg: Quilograma

LC: do inglés “liquid chromatography”

LCC: Laboratério do Comportamento Celular
LH: Hormonio luteinizante

MEC: Matriz extracelular

miRNA: Micro Acido Ribonucléico

mL: Mililitro

MMP: do inglés “matrix metalloproteinases”
mRNA: Acido Ribonucléico mensageiro

MS: do inglés “mass spectrometry”

N: arginina

°C: Grau Celsius



O-GlcNac: do inglés “O-linked N-acetylglucosamine”
OMS: Organizagao Mundial de Saude

pb: Pares de base

PBS: Tampao fosfato-salino

PCR: Reacgdo em cadeia da polimerase

PGE2: prostaglandina E2

pH: Potencial hidrogenidnico

PI3K: do inglés “Phosphatidylinositol-3-kinase”
PRC2: do inglés “Polycomb Repressive Complex 2
PTMs: do inglés “post-translational modifications”
qRT-PCR: Transcrig¢do reversa com rea¢ao em cadeia da Polimerase quantitativa
RE: Receptores de estradiol

ReTIAR: do inglés “repeated tissue injury and repair”
RNA: Acido ribonucleico

RNase: Enzima ribonuclease

RP: Receptores de progesterona

Rpm: Rotagdes por minuto

RT: Transcri¢do reversa

SDC: desoxicolato de sddio

SE: do inglés “superficial endometriosis”

TCF/LEF1: do inglés “T cell factors e lymphocyte enhancer binding factor 1”
TEM: transic¢ao epitélio mesenquima

TGF: Fator de crescimento transformador

TNF-a: Fator de necrose tumoral alfa

U: Unidades



UFMG: Universidade Federal de Minas Gerais



SUMARIO

L. INTRODUCAO ..ottt et 20
2. REVISAO BIBLIOGRAFICA ......ooooiveieieeeeeeeeeeeeeeeeeeeee e, 22
2.1. CLASSIFICACAO E ASPECTOS CLINICOS DA ENDOMETRIOSE............... 22
2.2. ETIOPATOGENESE E FISIOPATOLOGIA DA ENDOMETRIOSE................. 24
2.3. TRANSICAO EPITELIO-MESENQUIMA ......ccevuerrrencrennennene 26
2.4. TRANSICAO EPITELIO-MESENQUIMA NA ENDOMETRIOSE ............cc...... 31
2.5. PTMS NA ENDOMETRIOSE .......ccuovurerresrnsnssessesssssessessessessssssessssassssssessessessasssens 32
3. JUSTIFICATIVA E HIPOTESE ...t neneen. 34
4. OBIETIVOS ...ttt e e nas 34
4.1. OBJETIVO GERAL ......overrerrerererressessesssnssessessessssssessssessasees .34
4.2. OBJETIVOS ESPECIFICOS........oeeerersresressessessessessessessssssssssessessessessessessesssssssasssss 34
5. MATERIAIS E METODOS.......ooiuieeeeeeeeeeeeeeeeeeeeeeees e 35
5.1. CONSIDERACOES ETICAS ....cuvuevureererreersssessessessesssessessessessssssessssessasssessessessasssens 35
5.2. AMOSTRAS DE ENDOMETRIO EUTOPICO E LESOES
ENDOMETRIOTICAS......cuvvreerererressessesssessessessesssessessessessssssessessessassssssessessesssessssessassasses 36
5.3. ANALISE MORFOLOGICA ......cvurerersressessessessessesssssesssssssssssessessessessessessssassesssss 37
5.4. EXTRACAO DO RNA TOTAL E TRANSCRICAO REVERSA .......coveeerererennene 37
5.5. OLIGONUCLEOTIDEOS ESPECIFICOS........cccevvevuerrerrerrenees 37
5.6. IMUNOHISTOQUIMICA ......cuevuerrrrrrrrererssessessessessessessessssssssssssessessessessessessssassassesss 38
5.7. ANALISE ESTATISTICA ESTUDO RETROSPECTIVO .39
5.8. EXTRACAO E DIGESTAO DE PROTEINAS.......ooovveerrrrerrnrresressessenssessessssessaens 40
5.9. MARCACAO COM TANDEM MASS TAGGING (TMT) ....cueeerrerrerenrsessessessassanns 41
5.10. ENRIQUECIMENTO DE PEPTIDEOS FOSFORILADOS E N-
GLICOSILADOS CONTENDO ACIDO SIALICO ....ccuveueeressnsenssessessessessssssessessessaens 42
5.11. ANALISE POR CROMATOGRAFIA LiQUIDA E ESPECTROMETRIA DE
MASSA (MS) EM TANDEM .....oovuerrerreeressessesessssssessessessessessessessassssessessessessessesssssssesssse 42
5.12. IDENTIFICACAO E QUANTIFICACAO DAS PROTEINAS.......coevrerrerrrrenns 43
6. RESULTADOS E DISCUSSAO.......oooiiieieieeeeeeeeeeeeeeeeeee e, 44
6.1. PRIMEIRO ARTIGO ......ouevrerrerreerressessessnsssessessssessssssessssessanes 44
6.2. SEGUNDO ARTIGO .....currrrecrenerersessesssessessessssessssssessessessasses ..68
7. FATORES LIMITANTES DO PROJETO/ESTUDO.......cccvvvvivieeeeeeeeeeenn. 120

8. CONCLUSOES .....c.coiiieiieeieteiieeieseeeeie e nass s 121



9. REFERENCIAS BIBLIOGRAFICAS ..., 123

LO.ANEXOS ..ot 130

10.1. ANEXO 1 - TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
T X©) 1) ) YO 130




20

1. INTRODUCAO

Endometriose ¢ uma desordem comum que afeta em torno de 15% das mulheres em idade
reprodutiva, e estd associada a dor pélvica severa (de maneira ciclica através de todo o ciclo
menstrual e durante e/ou apos relagdes sexuais) assim como infertilidade (ZONDERVAN et
al., 2018). Apesar de ter sido exaustivamente estudada no ultimo século, muitos aspectos da
fisiopatologia da endometriose ainda sd3o obscuros, e progressos praticos quanto a predigao,

prevencao e tratamento da doenca permanecem de certa forma inconclusivos.

E necessario que uma série de eventos ocorram para a formacio das lesdes endometridticas.
Dentre eles estdo a adesao e penetracao da superficie peritoneal pelas células endometridticas,
proliferacdo e invasdo local, angiogénese, neurogénese e inflamacao, todos esses fatores sendo
passiveis de promover dor. O microambiente tecidual controla esses fendmenos e sua regulagao
¢ influenciada por uma variedade de hormdnios e componentes celulares. Até entdo, o maior
enfoque foi dado ao componente hormonal, sendo os hormdnios ovarianos extensivamente
estudados, tornando-se a base das terapias e do manejo atual de pacientes com endometriose
(ZONDERVAN et al., 2018). Outros mecanismos, porém, t€ém ganhado destaque nos ultimos

anos, como a transicao epitélio-mesénquima (TEM).

TEM ¢ um processo bioldgico no qual células epiteliais polarizadas, através de mudancgas
consecutivas, adquirem fenotipo de células mesenquimais. A TEM possui papel importante em
uma série de processos bioldgicos, como a implantagcdo e embriogénese, patogénese de tumores
malignos, além de estar associada a cicatrizacdo de feridas, regeneracdo tecidual e fibrose
(KALLURI; WEINBERG, 2009). O mecanismo molecular da TEM em células epiteliais
envolve a perda funcional de moléculas epiteliais, como E-caderina, -catenina e queratina, e
aumento da expressao de marcadores mesenquimais como N-caderina, vimentina, actina de
musculo liso entre outros (LAMOUILLE; XU; DERYNCK, 2014). Células de origens distintas,
como epitélio peritoneal, células endoteliais e células epiteliais do endométrio, sdo passiveis de
sofrer transi¢do epitélio-mesénquima, levando ao desenvolvimento de endometriose (YANG;
YANG, 2017). Diversos trabalhos ja demonstram a atuacdo de fatores de transcrigdo
importantes para a regulagdo da TEM no agravamento da endometriose: ZEB1, TWISTI e
SNAIL foram associados a supressao da expressdo de E-caderina, liberacao de [-catenina e

maior expressdo de vimentina, promovendo TEM e uma ativagdo anormal da endometriose
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(BARANOV; MALYSHEVA; YARMOLINSKAYA, 2018; LIN et al., 2018; XIONG et al.,
2016).

No entanto, KONRAD et. al. (2020) demonstraram que as mudangas nesses marcadores de
TEM sdo ténues entre o endométrio eutdopico de mulheres com e sem endometriose.
Adicionalmente, poucas alteragcdes sdo observadas nos marcadores de contato célula-célula,
sem alteragdes no fendtipo epitelial. Isso sugere que o processo de TEM ocorre parcialmente,
e ndo seja um pré-requisito para o descolamento de células endometriais do endométrio
eutdpico de pacientes com endometriose, em comparagdo com o endométrio eutopico de
pacientes sem endometriose e, portanto, ndo seria um processo critico para a patogénese da
endometriose. Em contraste, a maioria das mudangas na expressao de marcadores relacionados
a TEM foram encontrados no endométrio ectopico, especialmente em lesdes de endometriose

ovariana, peritoneal e infiltrativa profunda, em comparagdo com o endométrio eutdpico.

A regulagdo da TEM ocorre desde a nivel pré-transcricional (LAMOUILLE; XU; DERYNCK,
2014) quanto pos-traducional, ja que as principais proteinas envolvidas no processo possuem
algum tipo de modificagao pos-traducional (post-translational modifications — PTMs). Grande
parte dos marcadores da TEM sdo proteinas fosforiladas e/ou glicosiladas, sendo assim, esta
acdo combinada entre diferentes PTMs ¢ um mecanismo essencial em varios processos, tais
como a modulacgdo da atividade de receptores, enzimas e fatores de transcri¢do. De fato, ja foi
observada alteracdo no perfil de fosforilacdo de proteinas de vias de sinalizacdo da adesdo
celular na TEM, como actina e -catenina, no endométrio de mulheres com endometriose (XU
et al., 2015). Porém, até o presente momento ndo ha na literatura estudos que investiguem a
participacao das PTMs na regulacao de marcadores da TEM em lesdes endometridticas. Devido
a relevancia clinica da endometriose e recursos terapéuticos escassos ou controversos, tornam-
se necessarios estudos que aprofundem o conhecimento sobre os mecanismos envolvidos no
desenvolvimento das lesdes, e o presente trabalho tem como objetivo investigar o papel da
fosforilagdo e da N-glicosilagao contendo acido sidlico em marcadores importantes da transi¢ao

epitélio-mesénquima na endometriose.
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2. REVISAO BIBLIOGRAFICA

2.1. CLASSIFICACAO E ASPECTOS CLINICOS DA ENDOMETRIOSE

A endometriose ¢ uma desordem reprodutiva que corresponde a uma inflamagdo cronica
estrogeno-dependente associada ao crescimento de tecido semelhante ao endométrio em outros
locais que ndo a cavidade uterina. Esses locais incluem normalmente a cavidade pélvica como
ovarios, ligamentos, peritonio, bexiga e segmentos do intestino grosso. Ela afeta
aproximadamente 10% a 15% das mulheres em idade reprodutiva, e até¢ 30% a 50% de pacientes
que sofrem de dores pélvicas cronicas e/ou infertilidade (SIGNORILE et al., 2022; WANG;
NICHOLES; SHIH, 2020; ZONDERVAN; BECKER; MISSMER, 2020). A doenga pode ser
dividida em trés diferentes entidades: peritoneal superficial (SE), endometriose ovariana
(endometrioma ou “cistos de chocolate”) e endometriose infiltrativa profunda (DIE). Essa
categorizagdo se baseia nas possiveis diferengas de patogénese, distribuicdo anatdmica e
variagdes morfoldgicas (como a distribuicdo de células epiteliais glandulares e estromais).
Porém, principalmente para lesdes superficiais e profundas, essa categorizagdo ainda nao ¢ tao
direta, ha pouca concordancia entre a cor, formato e profundidade do endométrio ectdpico
(ZONDERVAN et al., 2018). Com o surgimento de novos dados moleculares e métodos mais
padronizados de coleta, processamento e analise das lesdes, espera-se que seja desenvolvida
uma subcategoriza¢cdo mais eficiente e funcional para a endometriose analoga as que existem
para diferentes neoplasias e doencas autoimunes, levando a um manejo cada vez mais

especializado da doenca.

A Sociedade Americana de Medicina Reprodutiva (ASRM, do inglés) estratifica a
endometriose em 4 estadios (I, II, III e IV) baseados em um sistema de pontos que leva em
consideragdo a localizagdo, extensdao e profundidade das lesdes em relagdo as estruturas
pélvicas (CANIS et al., 1997). Orgdos como ttero, trompas uterinas e ovarios, além de
estruturas que incluem a fossa ovarica, ligamentos uterossacro, septo retovaginal, escavacdes
retouterina e vesicouterina, sd3o normalmente afetadas. O tamanho das lesdes pode variar de
pontos de poucos milimetros até estruturas nodulares com alguns centimetros e cistos ovarianos
(endometrioma) do tamanho de uma laranja (ALIMI et al., 2018; ZONDERVAN et al., 2018).
O estadio I (minima, 1-5 pontos) normalmente se refere a poucos pontos de lesdes superficiais
ou aderéncias. No estadio II (leve, 6-15 pontos) pode haver poucas lesdes profundas, em

combinacdo ou ndo com lesdes superficiais e aderéncias finas. O estadio III (moderada, 16-40
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pontos) normalmente inclui um endometrioma isolado ou associado a lesdes superficiais ou
profundas e/ou aderéncias densas. J& o estadio IV (severa, >40 pontos) ¢ caracterizado por todos
os achados acima, além de endometriomas bilaterais e/ou adesdes densas que podem levar a
obliteragao parcial ou total da pélvis (CANIS et al., 1997, ZONDERVAN et al., 2018). O fato
de a classificagdo da ASRM associar a predomindncia de lesdes superficiais aos quadros
minimos e leves (estadios I e II) pode levar a uma associagdo erronea entre a SE e quadros
clinicos mais brandos. Porém ¢ importante ressaltar que essa classificacdo ¢ limitada a visao
laparoscopica da cavidade pélvica e ja foi demonstrado que pacientes com diagndstico cirtrgico
apenas de lesdes superficiais apresentam frequéncia aumentada de infertilidade primaria,
dismenorreia moderada a severa e dispareunia profunda (REIS et al., 2020). Assim, mesmo
descrita como o fendtipo mais agressivo da doenga, a DIE ndo deve ser considerada a tinica
responsavel pelos piores quadros de dor ou infertilidade, sendo que algumas pacientes
classificadas como estadio IV podem ser inclusive assintomaticas (ZONDERVAN; BECKER;
MISSMER, 2020).

Lesdes superficiais e profundas sdo estabelecidas e mantidas através de mecanismos de
interacdo celular que promovem adesdo celular e proliferacao, esteroidogénese local e
sistémica, desregulagdo localizada da resposta imune e inflamatoria, vascularizagdo e
inervagdo. Mas alguns dos mecanismos de invasdo caracteristicos da endometriose, como a
expressao de metaloproteinases de matriz (MMPs) e ativinas, estdo intensificados na DIE, além
da expressao aumentada de diferentes fatores neuroangiogénicos (NGF, VEGF e moléculas de
adesdo intercelular). Fatores imunolégicos (macrofagos, células NK e linfocitos peritoneais)
também se encontram criticamente alterados na DIE, e seu comportamento agressivo pode estar
associado ainda a apoptose bastante reduzida (ROLLA, 2019; ZONDERVAN; BECKER;
MISSMER, 2020). Alguns estudos apontam ainda para mudangas genéticas e epigenéticas
especificas ocorrendo para cada fenotipo da endometriose, levando a regulagdes distintas dos
fatores de transcricdio e moléculas envolvidas no processo de estabelecimento e
desenvolvimento das lesdes (BARANOV; MALYSHEVA; YARMOLINSKAYA, 2018;
KONINCKX et al., 2019).

Por ndo possuir patogénese, diagnostico e terapias completamente definidos, a endometriose
ainda ¢ considerada uma doenca bastante obscura. Devido a essa lacuna nas informacdes

disponiveis sobre a doenca, ainda ha uma grande defasagem no diagndstico e tratamento, com
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um intervalo bastante longo e desproporcional entre o inicio dos sintomas (normalmente
durante a adolescéncia) e um diagndstico conclusivo: de 8 a 12 anos (SIGNORILE et al., 2022).
Apesar do desenvolvimento crescente de antagonistas ou agonistas do hormoénio liberador de
gonadotrofina (GnRH), inibidores de aromatase, moduladores seletivos de receptores de
estrogeno (RE) e progesterona (RP), e drogas anti-inflamatdrias, algumas pacientes ainda sdo
refratarias ao tratamento farmacologico. O surgimento de novos farmacos direcionados a alvos
especificos e individualizados nas pacientes (antioxidantes, inibidores de quinases,
modificadores epigenéticos, microRNAs (miRNAs)) levantam novas possibilidades de
tratamentos personalizados que sejam mais eficazes, reforcando a necessidade do estudo de

novos alvos farmacologicos (WANG; NICHOLES; SHIH, 2020).
2.2. ETIOPATOGENESE E FISIOPATOLOGIA DA ENDOMETRIOSE

Existem muitas teorias e hipoteses sobre a origem das células endometriais ectopicas, sendo as
principais delas a menstrua¢do retrograda, metaplasia do celoma, distribui¢do por vias
angiolinfaticas e sangramento uterino neonatal. A hipotese principal e de maior aceitagao, pelo
menos para a endometriose peritoneal, ¢ a da menstruacdo retrograda, proposta inicialmente
por Sampson em 1927. Ela postula que fragmentos de tecido endometrial menstrual contendo
glandulas e estroma endometriais vidveis sdo capazes de alcangar a cavidade peritoneal através
da expulsdo retrograda pelas tubas uterinas, onde irdo aderir e invadir o mesotélio subjacente
(SAMPSON, 1927). Entretanto, ndo ha uma tnica teoria capaz de explicar todas as diferentes
manifestagdes clinicas e tragos patologicos da endometriose, especialmente em apresentagoes
mais raras como nos pulmdes ou em homens (WANG; NICHOLES; SHIH, 2020). A
menstruacao retrograda, por exemplo, demonstrou ser um processo fisioldgico extremamente
comum, acometendo mais de 90% das mulheres (HALME et al., 1984), o que levantou novos
questionamentos devido a prevaléncia relativamente baixa da endometriose na populacao,
demonstrando que, além da presenca de células endometriais na cavidade pélvica, outros
mecanismos como desbalanco na sinaliza¢do de hormonios esterdides no tecido endometrial,
comprometimento da resposta imune € mecanismos epigenéticos, sdao extremamente

importantes para o desenvolvimento da doenca (GIUDICE; KAO, 2004).

O endométrio eutdpico ¢ considerado a origem da maioria das lesdes endometrioticas e uma
infinidade de estudos tem buscado encontrar diferencas na expressdo génica e modificacdes

epigenéticas entre o endométrio eutdpico e ectopico, em genes especificos ou sua regulacao por
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miRNAs. Alguns trabalhos ja demonstraram que a maioria das lesdes de endometriose profunda
apresentavam mutagdes somaticas, incluindo em genes ja associados ao processo
carcinogénico, como KRAS, PIK3CA, ARIDIA, e PPP2R14 (ANGLESIO et al., 2017; WANG;
NICHOLES; SHIH, 2020), mas por nao apresentarem acumulo de mutagdes elas nao seriam o

bastante para originar uma lesao neoplasica.

Somente a presenca dessas células endometriais “semeadas” na cavidade peritoneal (ou
transformadas apds metaplasia) ndo ¢ o suficiente para dar origem a doenga. E necessério que
ocorra a adesdo dessas células na superficie peritoneal (no caso da menstruagao retrograda),
escape do sistema imune e apoptose, e ativacdo da proliferacdo celular,
angiogénese/neurogénese e invasao — sendo que todos esses fendmenos sdo passiveis de causar
sintomas de dor. Tudo isso ¢ regulado pelo microambiente tecidual, orquestrado por fatores
inflamatdrios, alteragdes no sistema imune, desbalangos hormonais, alteragdes genéticas e
epigenéticas, assim como fatores ambientais (CHAPRON et al., 2019; ZONDERVAN;
BECKER; MISSMER, 2020).

Dentre os diferentes fatores envolvidos na patogénese da endometriose, o papel dos hormonios
ovarianos foi estudado de forma mais expressiva, tornando essa abordagem a base dos
tratamentos farmacoldgicos e manejo das pacientes com endometriose. Ja se sabe que o
endométrio de pacientes com endometriose apresenta uma menor atividade de vias de
sinaliza¢do ativadas por RP e uma maior atividade de vias ativadas por RE, sendo essa variagao
ainda mais pronunciada quando lesdes endometridticas sao comparadas com o endométrio
eutopico. Isso € bastante importante, considerando que terapias antiestrogénicas e com uso de
progesterona sdo a base dos tratamentos de endometriose, e que algumas pacientes sdo
refratarias a essas medicagdes, levantando a hipdtese de uma possivel resisténcia a progesterona
na endometriose (AL-SABBAGH; LAM; BROSENS, 2012; PATEL et al., 2017, WANG;
NICHOLES; SHIH, 2020; ZONDERVAN et al., 2018). A maior atividade dos receptores de
estradiol resulta em um aumento na transcricdo de genes anti-apoptoticos, maior producao de
fatores de crescimento, aumento da proliferacao celular e maior expressao de marcadores da
TEM associados ao perfil mesenquimal (HAN et al., 2015; PELLEGRINI et al., 2012). Uma
menor atividade de vias ativadas pela progesterona também promove a inflamacdo na
endometriose, j4 que uma menor atividade dos RP reduz seus efeitos antagonistas ao perfil pro

inflamatorio das vias dos RE (WANG; NICHOLES; SHIH, 2020; ZONDERVAN et al., 2018).
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Hé inumeras evidéncias do papel da inflamag¢do e do desbalanco do sistema imune na
endometriose, sendo a inflamacdo — e fibrose subsequente — responsaveis pela maioria dos
sintomas clinicos, incluindo dor pélvica, problemas intestinais e urinarios, e infertilidade. Uma
explicagdo para a inflamacao cronica observada na doenga € a presenga por si s6 do endométrio
ectdpico, que seria reconhecido como um corpo estranho, levando a ativacdo de uma resposta
inflamatoria para elimina-lo. A ineficacia dessa resposta em eliminar todos os focos de lesdo
seria responsavel pelos sintomas e agravamento da doenca (WANG; NICHOLES; SHIH, 2020;
ZONDERVAN et al.,, 2018). Diversos mediadores como a ciclo-oxigenase-2 (COX-2),
interleucina 13 (IL-1pB), 6 (IL-6) e 8 (IL-8), fator de necrose tumoral o (TNF-a), prostaglandina
E2 (PGE2) e estradiol (E2) estao elevados nas lesdes endometridticas em comparagdo ao
endométrio eutopico, trabalhando de forma sinérgica para sustentar e agravar a inflamacao
(GRUND et al., 2008; JUHASZ-BOSS et al., 2011; NOBLE et al., 1997; TSENG et al., 1996;
WU et al., 2005). Ativagdo de células T e B, macrofagos e disfuncdes na atividade de células
NK também sao descritas, levando a produgao de diversas citocinas e quimiocinas que mantém
o perfil pro-inflamatério da endometriose e, consequentemente, ao seu agravamento

(ZONDERVAN et al., 2018).

Juntamente com a maior ativacdo das vias de sinalizagdo dos receptores de estradiol, a
inflamagao cronica e o contexto de reparo tecidual permanente que caracteriza o microambiente
das lesdes endometridticas levam a uma modificagdo do perfil de expressao das moléculas de
adesao no local, abrindo margem para a investigagao de mais um fenomeno que pode contribuir

para o agravamento da endometriose: a transi¢ao epitélio-mesénquima.
2.3. TRANSICAO EPITELIO-MESENQUIMA

A transigdo epitélio-mesénquima foi inicialmente proposta por Gary Greenburg e Elizabeth Hay
ao observarem essas alteragdes fenotipicas em células tanto embrionarias quanto ja bem
diferenciadas, levando-os a cunhar o termo para retratar a plasticidade e dinamicidade do
fenomeno (GREENBURG; HAY, 1982). Ela ¢ desencadeada em resposta a fatores de
sinalizacdo que estimulam a expressdo de fatores de transcricdo, miRNAs e reguladores
epigenéticos e pos-traducionais, que por sua vez irdo promover alteragdes genotipicas e
fenotipicas que conferem as células epiteliais caracteristicas de células mesenquimais,
favorecendo processos migratorios, invasivos, além de resisténcia a apoptose (FORONI et al.,

2012; NIETO et al., 2016).
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Células epiteliais e mesenquimais apresentam diferengas em sua expressao génica e proteica, o
que impacta em suas respectivas morfologias e func¢des. Células epiteliais funcionam como
barreiras de permeabilidade em 6rgdos e tecidos, geralmente estruturadas em uma tinica camada
de células dispostas de maneira uniforme. Apresentam polaridade basal-apical, além de
diferentes complexos de adesdo e comunicacdo celular, como juncdes aderentes e
comunicantes, desmossomas e zonulas oclusivas, garantindo a integridade e rigidez do epitélio
como estrutura (HUANG; GUILFORD; THIERY, 2012). J4 as células mesenquimais formam
os tecidos conjuntivos € nao apresentam processos de organizacdo ou adesdao celular tao
estruturados quanto as células epiteliais, apresentando morfologia fusiforme e auséncia de
polaridade basal-apical (SHOOK; KELLER, 2003). Estas diferencas estruturais entre células
epiteliais e mesenquimais impactam na capacidade migratoria de cada tipo celular: por estarem
fortemente aderidas umas as outras, células epiteliais se movimentam em blocos ou camadas,
enquanto as células mesenquimais tém um potencial mais dindmico de migragdo, podendo
migrar de maneira mais individualizada (LEE et al.,, 2006; MAEDA; JOHNSON;
WHEELOCK, 2005).

Uma das principais alteracdes necessarias para a ocorréncia da TEM ¢ a alteracao do padrdo de
adesdo celular, permitindo que alteracdes morfoldgicas e de capacidade migratéria ocorram.
Essas alteragdes sdo observadas principalmente nas moléculas de adesdao celular (CAMs),
glicoproteinas transmembranares com dominio extracelular cdalcio-dependente, como as
caderinas, integrinas, selectinas, mucinas e imunoglobulinas, que fazem a liga¢ao da célula com
a matriz extracelular (MEC). Essa alteracao da adesdo celular ¢ caracterizada principalmente
pela redugdo da expressdo de marcadores epiteliais, como a E-caderina, [-catenina e
citoqueratina, associado ao aumento da expressdo de marcadores mesenquimais, como a N-

caderina, vimentina e fibronectina (KALLURI; WEINBERG, 2009).

Devido ao aspecto transiente da TEM, diversos autores tém observado a ocorréncia de uma
TEM “parcial”, onde as células que passam por este processo ndo adquirem caracteristicas
completas de células mesenquimais, gerando células com fenétipo hibrido entre o status
epitelial e mesenquimal (JORDAN; JOHNSON; ABELL, 2011; NIETO et al., 2016; YU etal.,
2013). A TEM, seja total ou parcial, ¢ associada a fenOmenos tanto fisioldgicos
(desenvolvimento embriondrio e cicatrizacdo de feridas), quanto patoldgicos (processos

fibroticos e neoplésicos). A aquisicao de um perfil mesenquimal ¢ um dos fendmenos que
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favorece a migragdo e invasao celular que ocorrem por exemplo nas neoplasias, pois a reducao
da expressao de E-caderina favorece a invasao estromal podendo ser considerada um marcador
de malignidade em diferentes neoplasias (BERX; VAN ROY, 2001). J4 o aumento da expressao
de N-caderina, além de também facilitar a invasao ao promover a adesao a células endoteliais,
¢ responsavel ainda pela ativagdo de vias anti-apoptéticas, como a Akt/PKB, e inativa¢do de

vias pré-apoptoticas associadas ao BCL-2 (LI; SATYAMOORTHY; HERLYN, 2001).

A regulacdo da expressdo de moléculas relacionadas a TEM ocorre tanto a nivel pré-
transcricional quanto poés-transcricional. A regulacdo pré-transcricional ¢ realizada pelos
fatores de transcricdo das familias Zinc-finger E-box binding (ZEB1 e ZEB2), Snail (Snail,
Slug, Smuc) e Basic helix-loop-helix (Twistl e Twist2), que atuam promovendo o perfil
mesenquimal. A ativagdo destes fatores de transcri¢do ocorre nos primeiros estagios da TEM,
e eles possuem diferentes perfis de expressao, a depender do tipo celular ou tecido envolvido,
ou ainda das vias de sinalizagdo que iniciam a transi¢do. Além disso, ¢ comum que eles
controlem a expressdo uns dos outros e regulem os genes-alvo de forma conjunta (Fig. 1).
Diversas vias de sinalizagdo cooperam na ativagdo e progressdao da TEM, muitas delas através
da ativagao dos fatores de transcrigdo, sendo que as familias de proteinas TGF-3 ¢ WNT e vias
ativadas pelo estradiol estdo diretamente associadas a repressdo do perfil epitelial (HAO;

BAKER; DIJKE, 2019; LAMOUILLE; XU; DERYNCK, 2014; XIONG et al., 2019).

Figura 1: Resumo das intera¢des entre as principais moléculas e fatores de transcricdo envolvidos na TEM. A
reducdo na expressao de E-caderina (E-cad) leva a liberagdo de 3-catenina no citoplasma, que pode ser translocada
para o nucleo e atuar como ativador da transcricao de vimentina, ZEB1, Snail e Twist. A ativagao destes fatores
de transcricdo da TEM bloqueiam a expressdo de E-cad e induzem a expressao de N-caderina (N-cad), alterando
o perfil de adesdo e motilidade celular (juntamente com a vimentina). LEF-1: do inglés “lymphocyte enhancer
binding factor 1°’; TCF: do inglés “T cell factor”. Tlustragdo da autora (Camila Pereira Almeida).
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Snail estd associado ndo s6 a repressdo de genes associados ao fendtipo epitelial como também
a ativagdo de genes que contribuem para um perfil mesenquimal e atua se ligando as sequéncias
E-box do DNA através da por¢do carboxi-terminal de seus dominios zinc-finger (PEINADO;
OLMEDA; CANO, 2007; WU et al., 2009). Ao se ligar ao promotor do gene da E-caderina,
SNAILI1 recruta o Polycomb Repressive Complex 2 (PRC2), um complexo proteico que
coordena metilacao e acetilagdo de histonas especificas em “dominios bivalentes” do promotor,
levando ao silenciamento reversivel da E-caderina (LAMOUILLE; XU; DERYNCK, 2014).
Além do TGF-p, E2 e fatores de crescimento, a 3-catenina parece ter um papel importante na
ativagdo de Snail. A B-catenina livre no citoplasma ¢ translocada para o nucleo, induzindo a
transcri¢do de Snail e criando assim um mecanismo de feedback positivo da ativacdo da TEM,
através da reducdo da expressdo de E-caderina e consequente liberagdo de mais P-catenina

(WANG et al., 2018; XIONG et al., 2019).
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Assim como Snail, a expressdo de Twist regula negativamente os genes de perfil epitelial e
positivamente genes associados ao perfil mesenquimal, ¢ em células neoplasicas Twistl
silencia E-caderina e induz a expressdo de N-caderina independente da participagdo de Snail
(HAO; BAKER; DIJKE, 2019; XU; LAMOUILLE; DERYNCK, 2009). Twist1 atua através da
regulacdo de mecanismos de migracao celular e reorganizacdo tecidual, envolvendo a perda
funcional de E-caderina acompanhada de uma expressao excessiva de MMP, favorecendo as
condi¢des para a migragio (BARANOV; MALYSHEVA; YARMOLINSKAYA, 2018). Sua
principal via de ativagao ocorre em condigdes de hipoxia, pela atuacdo do Fator Induzivel por
Hipoéxia la (HIF 1 o), mas também mediado pela -catenina em condigdes de estresse mecanico,
levando a monometilagio do H4K20, um marcador de histona associado a repressao de
promotores da E-caderina e ativacdo de promotores da N-caderina (LAMOUILLE; XU;
DERYNCK, 2014).

Os fatores de transcricdo ZEB, como Snail e Twist, também se ligam ao dominio E£-box e atuam
como repressores da transcricdo de genes epiteliais que regulam moléculas juncionais e a
polaridade celular, e ativadores de genes de marcadores mesenquimais (por exemplo, a N-
caderina e vimentina) que definem o fendtipo da TEM. Além de ser induzido pela agdo do TGF-
[, via de sinalizagdo candnica WNT/B-catenina e fatores de crescimento que ativam vias RAS-
MAPK, a expressdao de ZEB normalmente se segue a ativacao de Snail (com auxilio de Twistl),
e seus mecanismos de repressdo transcricional estio normalmente associados ao recrutamento
de um co-repressor da proteina C-terminal de ligagdo (CTBP) (LAMOUILLE; XU;
DERYNCK, 2014; QIN et al., 2019; SANCHEZ-TILLO et al., 2010; WU et al., 2020).

A TEM também pode ser regulada a nivel pds-traducional, j4 que as principais proteinas
envolvidas no processo possuem algum tipo de modifica¢do pos-traducional (post-translational
modifications — PTMs). As PTMs podem modular proteinas pela adi¢ao e/ou remogao de
grupos quimicos ou biomoléculas, como carboidratos, fosfatos e grupos acetila, sendo
importantes reguladores das propriedades fisico-quimicas das proteinas, modulando suas
funcdes e interacdes com outras moléculas, sendo que varias doengas sdo causadas por
anormalidades relacionadas as PTMs (PRABAKARAN et al.,, 2012). Grande parte dos
marcadores da TEM sdo proteinas glicosiladas e/ou fosforiladas, incluindo E- e N- caderina, [3-
catenina, vimentina, ZEB1, Twist 1 ¢ 2 e Snail, e essas PTMs funcionam de maneira

combinatoria na modulacdo dos efeitos celulares. As jungdes aderentes, formadas pelo
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complexo caderina-cateninas ¢ amplamente regulado pela fosforilagdo das proteinas
envolvidas. O dominio de ligagdo da E-caderina ¢ altamente regulado por meio da fosforilagao
dos residuos Ser840, Ser846 e Ser847 pela caseina quinase 2 (CKII) e pela glicogénio sintase
quinase-3 beta (GSK3p), permitindo ligagao de alta afinidade com a B-catenina, promovendo
adesdo celular e estabilidade de superficie da E-caderina. (LICKERT et al., 2000; MCEWEN
et al., 2014; STAPPERT; KEMLER, 1994). Outro exemplo ¢ a B-catenina, cuja fosforilagao
regula sua expressdo no citoplasma (impedindo ou ativando sua degradacdao), mas a
translocagdo dessa proteina para o nucleo ¢ dependente de glicosilagdo (SAYAT et al., 2008).
Isso demonstra a importancia das PTMs para a ativa¢ao dos fatores de transcri¢ao da TEM pela
via Wnt/B-catenina. Adicionalmente, entre os fatores de transcri¢do, ndo so6 a localizagdo celular
e degradacdo de Snail sdo dependentes de fosforilagcdo, como sua capacidade de ligacdo ao
promotor da E-caderina também ¢ regulada por essa PTM (SERRANO-GOMEZ; MAZIVEYT;
ALAHARI, 2016). Além disso, o aumento da O-GIcNAc glicosilagdo de Snail em condi¢des
hiperglicémicas leva a sua estabilizagdo e consequentemente uma maior supressdo de E-

caderina e ativacao da TEM (PARK et al., 2010).
2.4. TRANSICAO EPITELIO-MESENQUIMA NA ENDOMETRIOSE

As primeiras evidéncias da ocorréncia de TEM na endometriose foram observadas a partir de
ensaios in vitro de células epiteliais de cultura primaria de lesdes peritoneais, onde as células
negativas para E-caderina apresentavam perfil invasor, e demonstrando ainda uma diminui¢ao
da expressao de E-caderina em bidpsias de lesdes endometrioticas, em comparacao ao
endométrio eutdpico (GAETIJE et al., 1997). Desde entdo, diversos trabalhos tém se debrugado

sobre esse tema, sugerindo o envolvimento da TEM na patogénese da endometriose.

Como descrito anteriormente, devido as condigdes de inflamagdo cronica e injuria/reparo
tecidual constante, diversas moléculas envolvidas na ativacdo da TEM estdo presentes no
contexto da endometriose, como TGF-3, TNF-a, E2 e vias de sinalizagdo WNT/B-catenina.
Porém ainda existem lacunas sobre os possiveis mecanismos de regula¢do dos principais
marcadores tanto da transi¢do epitélio-mesénquima quanto mesénquima-epitelial (como E-

caderina e N-caderina, vimentina, 3-catenina e os fatores de transcri¢do) na endometriose.

A maioria dos trabalhos aponta para uma reducao de marcadores epiteliais como a E-caderina

e B-catenina nas lesdes endometrioticas, sendo esse fendtipo associado & uma maior capacidade
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de migracdo e invasdo (GAETIE et al., 1997; GRUND et al., 2008; KONRAD et al., 2020;
MATSUZAKI; DARCHA, 2012; PONCELET et al., 2002). Porém, mesmo apresentando uma
expressdo reduzida em comparagdo ao endométrio eutdpico, lesdes profundas e lesdes
superficiais pretas t€ém expressao de E-caderina mais elevada dentre as 3 manifestagdes tipicas
da endometriose (KONRAD et al., 2020; MATSUZAKI; DARCHA, 2012). Considerando
outras moléculas importantes para a manutencdo do perfil epitelial, como as claudinas
(presentes nas juncdes célula-célula), existem relatos da diminui¢do da expressao das claudinas
1 e 4, mas sem alteragdes na expressao de 2, 5, 7e 11 (GAETIJE et al., 2008; HOERSCHER et
al., 2020; HORNE et al., 2019). Assim, a reducdo desses marcadores representa uma perda
parcial do fenotipo epitelial pelas lesdes endometriodticas, indicando que a TEM pode ndo ser
necessaria para a disseminacdo das células endometriais, e que a aquisicdo de caracteristicas
mesenquimais ocorre apos a implantagdo dessas células em locais ectopicos, mas com

manuten¢ao do perfil epitelial (KONRAD et al., 2020).

Quanto aos marcadores mesenquimais, a maioria dos estudos mostra um aumento de expressao
nas lesdes — ndo s6 de N-caderina ¢ vimentina, como também de Snail, ZEB1 ¢ Twist
(BARTLEY et al., 2014; CAI et al., 2018; FURUYA et al., 2017; KONRAD et al., 2019;
LAMOUILLE; XU; DERYNCK, 2014; MATSUZAKI;, DARCHA, 2012; NISOLLE,;
CASANAS-ROUX; DONNEZ, 1995; XIONG et al., 2019). A maior expressao dos fatores de
transcri¢do, suprimindo a expressdo de E-caderina, e induzindo a expressao de N-caderina e
vimentina, induzem alteragdes nos padrdes de adesdo celular e do citoesqueleto que
possibilitam uma maior motilidade das células epiteliais de lesdes endometrioticas, permitindo
que lesdes profundas alcancem até mesmo a camada mucosa de por¢des do intestino, por
exemplo. Ja foi sugerido que existam variacdes no perfil de fosforilacdo da P-catenina no
endomeétrio de pacientes com endometriose, € que as lesdes expressam uma isoforma especifica
de vimentina, mas o nimero de trabalhos que abordam PTMs na endometriose ainda € bastante
limitado (FERRERO, 2019; SOLKIEWICZ et al., 2021; STEPHENS et al., 2010; XU et al.,
2015).

2.5. PTMs NA ENDOMETRIOSE

O estudo do fosfoproteoma e do glicoproteoma tem se mostrado uma abordagem promissora
no campo da endometriose, proporcionando novas perspectivas sobre os mecanismos

moleculares subjacentes ao desenvolvimento da doenca. As modificagdes poOs-traducionais,
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como a fosforilagdo e a glicosilagdo de proteinas, tém um impacto significativo na regulacao
das vias de sinalizagdo celulares, na adesdo e na interagao celular, na resposta inflamatoria e
imune (COHEN, 2001; CUMMINGS, 2019), portanto altera¢des nos padroes de PTMs podem

impactar diretamente o desenvolvimento da endometriose.

Trabalhos que utilizam ferramentas protedmicas no estudo da endometriose tém focado nas
diferencas do endométrio eutopico de pacientes com e sem endometriose, ou na avaliacao de
marcadores soroldgicos e no fluido peritoneal (BAUGH et al., 2022; FERRERO et al., 2007;
HWANG et al., 2014; MANOUSOPOULOU et al., 2019; POLINESS et al., 2004; TEN HAVE
et al., 2007). Nessa perspectiva, foram propostas regulacdes na adesdo focal e na via de
sinalizagdo PI3K/AKT no endométrio de pacientes com endometriose, além do uso das
proteinas matriz oligomérica da cartilagem (COMP) e proteina IG-H3 induzida pelo fator de
crescimento transformador B (TGFBI) como possiveis marcadores diagnosticos no fluido
peritoneal (JANSA et al., 2021; MEAR et al., 2022). Avaliagdes comparativas entre o
endomeétrio eutdpico e lesdes endometridticas sdo escassas, € um trabalho buscando marcadores
diagndsticos demonstrou enriquecimento de proteinas de adesdo focal/matriz extracelular e vias
de sinalizac¢do da progesterona em pacientes com endometriose (IRUNGU et al., 2019). Porém,

estes estudos ndo buscaram avaliar alteragdes nos padrdes de PTMs.

A analise do fosfoproteoma na endometriose foi realizada exclusivamente no endométrio
eutodpico de pacientes com e sem a doenca. Nessa andlise, foram observadas alteragdes nas vias
de adesdo focal (XU et al., 2015). No entanto, ¢ importante mencionar que essa avalia¢ao foi
conduzida de maneira ampla, sem discussao sobre quais fosforilagdes especificas em proteinas
associadas a essa via foram afetadas. Quanto ao perfil do glicoproteoma na endometriose, a
literatura  atualmente  descreve apenas que os niveis de sialilagdo e
galactosilagdo/agalactosilagio de IgG no soro de pacientes podem ser utilizados como
parametros para identificar pacientes com alto risco de desenvolver endometriose
(SOLKIEWICZ et al., 2021). Portanto, mesmo oferecendo um amplo campo de investigagao
sobre a etiopatogénese da endometriose pouco ainda se foi explorado sobre o papel destas PTMs
no desenvolvimento da doenga, especialmente levando-se em conta possiveis alteragdes em

proteinas envolvidas na TEM.

Em conjunto, a literatura atual demonstra a expressao concomitante de marcadores epiteliais e

mesenquimais na endometriose, corroborando a teoria de um fendtipo de TEM parcial
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(KONRAD et al., 2020), mas ainda deixam em aberto em que momento essas modificagdes
ocorrem nas lesdes, como os diferentes fenotipos da endometriose sofrem essa transi¢ao, como
as proteinas da TEM podem ter seus padrdes de PTMs alterados, e como essas modificagdes

podem influenciar no estabelecimento das lesdes endometrioticas.

3. JUSTIFICATIVA E HIPOTESE

Apesar da existéncia de diversos estudos apontando a importancia da TEM na patogénese da
endometriose, ainda ha diversas lacunas sobre como este processo atua. Além disso, a maioria
dos trabalhos presente na literatura buscaram por marcadores diagndsticos no soro ou no
endométrio eutdpico de pacientes com endometriose, sem avaliacdo direta nas lesdes
endometridticas. Sendo assim, pouco se foi discutido sobre as possiveis alteragdes nos padroes
de fosforilacdo e N-glicosilagdo contendo acido sialico das proteinas e em especial dos
marcadores da TEM nas lesdes endometridticas. Sabe-se que a aquisi¢do de um perfil
mesenquimal leva a uma maior capacidade de invasdo e sobrevivéncia das células, logo a
hipotese do presente estudo é que os principais marcadores da TEM sdo regulados por
modificagdes pos-traducionais de forma distinta no endométrio eutdpico e nas lesdes
endometrioticas, induzindo um fen6tipo e comportamento celular associado a um perfil mais

nvasivo.

4. OBJETIVOS

4.1. OBJETIVO GERAL

Investigar a expressdo génica, a abundancia proteica e os padrdes de fosforilagdo e N-
glicosilagao contendo 4cido sidlico de moléculas relacionadas a TEM em amostras de

endométrio eutopico e de diferentes tipos de lesdes endometridticas humanas.
4.2. OBJETIVOS ESPECIFICOS

- Descrever e avaliar possiveis variacdes morfologicas do componente epitelial de lesdes
endometridticas humanas superficiais e profundas provenientes de diferentes estruturas

pélvicas;
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- Determinar a expressdo génica de E-caderina, N-caderina, ZEB1 e SNAIL em amostras de
lesdes endometridticas humanas superficiais e profundas provenientes de diferentes estruturas

pélvicas;

- Determinar a imunolocalizagdo de E-caderina, N-caderina, vimentina, 3-catenina, ZEBI,
Snail, Twist no componente epitelial de lesdes endometridticas humanas superficiais e

profundas provenientes de diferentes estruturas pélvicas;

- Avaliar quantitativamente o perfil protedmico das lesdes endometridticas superficiais e
profundas provenientes do ligamento uterossacro a partir da andlise do fosfoproteoma e

sialioma destas lesdes, € mapear as proteinas envolvidas na TEM;

- Correlacionar os achados de expressdo génica, imunohistoquimica e protedmica das lesdes

endometridticas.

5. MATERIAIS E METODOS

5.1. CONSIDERACOES ETICAS

O estudo retrospectivo € uma extensao do trabalho registrado na Plataforma Brasil sob o nimero
CAAE: 60378816.1.0000.5149 e aprovado pelo Comité de Etica em Pesquisa da Faculdade de
Medicina da UFMG (Projeto original aprovado em 03/11/2016; Emenda 1 aprovada em
08/11/2019). O estudo protedmico esta registrado na Plataforma Brasil sob o nimero CAAE:
52182921.4.1001.5102 e aprovado pelo Comité de Etica em Pesquisa da Fundagdo De Ensino
Superior Do Vale Do Sapucai.

Todas as participantes receberam informacdes detalhadas sobre o projeto e s6 foram incluidas
apos ler, compreender e assinar o Termo de Consentimento Livre e Esclarecido aprovado pelo
COEP-UFMG (Anexo 1). Foram incluidas pacientes preferencialmente sem uso de
contraceptivos hormonais, em fase proliferativa do ciclo menstrual, com indicagdao de video

laparoscopia para tratamento de endometriose ou pacientes submetidas a laqueadura tubaria.
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5.2. AMOSTRAS DE ENDOMETRIO EUTOPICO E LESOES
ENDOMETRIOTICAS

As amostras de ambos os estudos foram obtidas no Hospital das Clinicas “Samuel Libanio”
(HCSL) ou Hospital ¢ Maternidade Santa Paula (HMSP) em Pouso Alegre, provenientes de
fragmentos a fresco de bidpsias realizadas durante cirurgias de laqueadura tubaria, investigacao

de infertilidade ou para retirada das lesoes.

No estudo retrospectivo, o processamento histoldogico/inclusdo em parafina e a extragdo de
RNA total do material coletado nas cirurgias foram realizados pelos nossos colaboradores,
sendo recebidos 23 blocos de parafina para a realizagao da coloracdo de hematoxilina e eosina
(HE) e imunohistoquimica (IHQ), e 23 amostras de RNA total para a realizagdo da transcrigao
reversa ¢ PCR em tempo real. Foram recebidas 4 amostras de endométrio controle de pacientes
submetidas a laqueadura tubdria sem diagnostico de endometriose pélvica a laparoscopia. As
amostras de pacientes com endometriose foram obtidas de pacientes submetidas a laparoscopia
para investigacdo de infertilidade ou tratamento de endometriose, sendo 6 amostras de
endométrio, e 13 amostras de lesdes endometridticas: 5 lesdes de peritonio, 6 lesdes de

retossigmoide, 1 lesdo de ligamento uterossacro e 1 lesao de ureter.

As amostras de tecido de endométrio humano, amostras de lesdes endometridticas e amostras
saudaveis de peritonio utilizadas no estudo protedmico foram coletadas de outras nove mulheres
submetidas a cirurgia laparoscopica nos centros cirurgicos citados acima, entre novembro de
2021 e maio de 2022. Trés pacientes submetidas a ligadura tubaria sem endometriose pélvica
diagnosticada por laparoscopia e sem condi¢des subjacentes tiveram bidpsias coletadas do
endométrio e peritonio associado ao ligamento uterossacro para os grupos Endométrio Controle
(CE) e Peritonio Controle (CP). Seis pacientes submetidas a cirurgia laparoscopica para
investigar causas de infertilidade ou para tratamento de endometriose tiveram bidpsias
coletadas do endométrio e lesdes endometridticas do ligamento uterossacro para os grupos
Endométrio Endometriose (EE) e Lesdao Endometriose (EL). O diagndstico foi baseado na
visualizagdo das lesdes endometridticas e em critérios histopatoldgicos, € o estagio da
endometriose foi avaliado de acordo com a classificagdo revisada da Sociedade Americana de
Fertilidade (CANIS et al., 1997). Todas as amostras foram coletadas durante a fase secretora
do ciclo menstrual (quando aplicavel), congeladas rapidamente em nitrogénio liquido apds

serem dissecadas em PBS a 4 °C e armazenadas em nitrogénio liquido até o processamento.
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5.3. ANALISE MORFOLOGICA

Seccdes histologicas de 4 um de espessura foram cortadas e coradas com hematoxilina e eosina,
e analisadas por duplo observador. As amostras foram analisadas para a presenca de
endometriose a partir da identificagdo de elementos histoldgicos epiteliais e estromais
compativeis com o endométrio, com presenga ou auséncia de estroma e associados a sinais de
hemorragia e fibrose. Apo6s confirmagdo de endometriose, as lesdes foram avaliadas
morfologicamente com base nas variagdes no aspecto das estruturas endometriais ectopicas
encontradas, segundo os seguintes padrdes: glandular bem diferenciado, glandular

indiferenciado, glandular misto e estromal (ABRAO et al., 2003).
5.4. EXTRACAO DO RNA TOTAL E TRANSCRICAO REVERSA

No estudo retrospectivo, a expressao dos genes-alvo para TEM (E-caderina, N-caderina, ZEBI1,

Snail) foi avaliada por PCR em tempo real apds a extragdo de RNA total das amostras.

Para a extragdo do RNA total as amostras foram homogeneizadas em 1000 pL de TRI Reagent
(Sigma-Aldrich, St. Louis, USA), utilizando-se o protocolo do fabricante sem modificagdes.
Ao término do protocolo, 0 RNA total foi ressuspenso em 20 uL de dgua diethylpyrocarbonate
(H20 DEPC), livre de ribonuclease (RNase) e desoxirribonuclease (DNase) (Invitrogen Life
Technologies, Carlsbad, CA, USA) para biologia molecular e quantificado no NanoDrop Lite
(Thermo Fisher Scientific, Wilmington, Delaware, USA).

A sintese do cDNA foi realizada utilizando-se o High-Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor (Thermo Fisher Scientific, Wilmington, Delaware, USA), seguindo o

protocolo do fabricante sem modificacdes.
5.5. OLIGONUCLEOTIDEOS ESPECIFICOS

Os primers utilizados foram desenhados entre exons com base na andlise da sequéncia do
RNAm descrito no GeneBank do NCBI (National Center for Biotechnology Information, U.S.
National Library of Medicine, Bethesda, MD, USA) com auxilio do site da empresa Integrated
DNA Technologies (Integrated DNA Technologies, Inc., Skokie, IL, USA) e tiveram sua
homologia com o gene em questdo avaliados por meio do Blastnt no NCBI (NCBI, U.S.

National Library of Medicine, Bethesda, MD, USA).
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Como gene de referéncia para controle interno utilizamos o gene GAPDH. As reac¢des foram
realizadas no aparelho QuantStudio™ 3 Real-Time PCR (Thermo Fisher Scientific,
Wilmington, Delaware, USA) no Laboratorio de Biofisica de Sistemas Nanoestruturados
(Departamento de Fisiologia e Biofisica, ICB/UFMG), utilizando-se o Kit SYBR Green® PCR
Master Mix Kit (Invitrogen Life Technologies, Carlsbad, CA, USA). As amostras foram
aplicadas em placas de 96 pogos MicroAmp® Optical 96-Well Reaction Plate (Applied
Biosystems, Waltham, Massachusetts, USA), em duplicata, no volume final de reacdo de 20 pL.
A quantificagdo foi realizada pelo método do Ct comparativo (2°24¢), depois de serem
normalizadas pelo controle interno. A sequéncia dos primers e suas caracteristicas estdo listados

na Tabela 1.

Tabela 1: Sequéncia dos Primers utilizados na PCR em tempo real

Primers Sequéncia de nucleotideos (5°-3°) T; I:ga:lg:: t((i)o Numeéoegle;:lclisso do
GAPDHForw TGGGTGTGAACCATGAGAAG 125 NM 001289746.1
GAPDHRev  GAGTCCTTCCACGATACCAAAG

E-CADForw CCCTTCACAGCAGAACTAAC 108 NM 001317185.1
E-CADRev CACCTCTAAGGCCATCTTTG

N-CADForw  GGACCGAGAATCACCAAATG 94 NM _001308176.1
N-CADRev CGTTCCTGTTCCACTCATAG

SNAILForw  GCAGGACTCTAATCCAGAGTTTACC 127 NM 005985.4
SNAILRev GACAGAGTCCCAGATGAGCATT

ZEB1Forw GGGAGGATGACAGAAAGGAA 100 NM_001323654.1
ZEB1Rev GCATCTGACTCGCATTCATC

5.6. IMUNOHISTOQUIMICA

No estudo retrospectivo, a imunohistoquimica foi realizada pela técnica de reacdo em
peroxidase com identificagdo a partir de anticorpo secundario polimerizado (Novolink Polymer
Detection Sistem; Leica Biosistems, Newcastle upon Tyne, UK). A recuperagdo antigénica foi
feita em calor imido (banho-maria a 98°C) com Target Retrieval Solution Citrate - pH 6,0
(Dako Cytomation, Glostrup, Denmark). Para bloqueio da peroxidase endégena as laminas
foram incubadas por dois tempos de 10 minutos em solugdo de H202 3% em alcool metilico.
Para bloqueio das proteinas enddgenas as ldminas foram incubadas por 20 minutos em Protein
Block Serum-Free Ready to Use (Dako North America; Via Real Carpinteria, CA, USA). Os
reagentes foram aplicados pela técnica manual, sendo o tempo de incubacdo do anticorpo
primario de 16 horas, e do cromog no 3’3-diaminobenzidina (Liquid DAB+Substrate

Chromogen system; Dako North America, Via Real Carpinteria, CA, USA) de 3 minutos. Apos
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a incubagdo no DAB os cortes foram contracorados com 3 mergulhos em hematoxilina e
lavados em 4gua corrente por 5 minutos. Na Tabela 2 estdo listadas as caracteristicas dos
anticorpos e da reagdo. Para controle negativo foi omitida a etapa do anticorpo primario, com
sua substitui¢ao pelo diluente de anticorpo (Antibody Diluent with Background Reducing
Components; Dako North America; Via Real Carpinteria, CA, USA).

Tabela 2: Lista de anticorpos, com os respectivos fabricantes, clones, diluigdo, tempo de incubagido, método de
recuperacdo antigénica e anticorpo secundario.

Fabricante Clone Diluicio Tempo de incubacio Recuperacio antigénica

E-Caderina Invitrogen 4A2C7 1:50 16h Citrato + calor imido
N-Caderina Dako 6G11 1:75 16h Citrato + calor umido
Vimentina  Santa Cruz Vim3B4  1:500 16h Citrato + calor iimido
B-catenina  Santa Cruz  sc-7963 1:200 16h Citrato + calor umido

A interpretacdo da marcagdo imunohistoquimica foi realizada em microscopia Optica
convencional, em aumento de 600x (Olympus — BX41), e foi avaliada nas células epiteliais
endometriais e endometridticas. A marcagdo membranar/citoplasmatica de E-caderina, a
marcagdo membranar/citoplasmatica de N-caderina e a marcagdo membranar/citoplasmatica e
nuclear de P-catenina foram classificadas segundo o percentual de células marcadas: 0
(auséncia de marcacdo), 1 (<25%), 2 (25-50%), 3 (50-75%), 4 (>75%) (adaptado de PRASAD
et al., 2009). Para Vimentina foram contadas 500 células (marcadas e nao marcadas) por
avaliador unico, de forma aleatoria utilizando-se o plug-in “grid” do software Imagel (National

Institutes of Health, NIH), e o resultado foi dado como percentual de células marcadas.

5.7. ANALISE ESTATISTICA ESTUDO RETROSPECTIVO

Para as analises citadas até aqui, os dados da expressao génica foram normalizados utilizando-
se o gene de referéncia GAPDH por meio do método ACt (Ct do gene alvo — Ct do gene
normalizador), e a expressdao génica relativa avaliada através do fold change com os dados de

284 (LIVAK; SCHMITTGEN, 2001). A normalidade dos dados foi avaliada através do teste
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de Shapiro-Wilk. Para relacionar as variaveis semi-quantitativas, devido ao niimero reduzido
de amostras os casos foram segmentados em dois grandes grupos: abaixo de 50% de células
marcadas e acima de 50% de células marcadas, e em seguida foram feitas as comparagdes com
o teste Exato de Fisher. Para analise das varidveis quantitativas foi feita analise de média pelo
one-way ANOVA com pos teste de multiplas comparacdes de Tukey ou teste de Kruskal-Wallis
com pos teste de multiplas comparacdes de Dunn. Possiveis correlagdes foram avaliadas pelo
Teste de Spearman ou Pearson. O software utilizado foi o GraphPad Prism 9 e foram
consideradas como significativos resultados cuja probabilidade de significancia do teste foi de

p<0,05.
5.8. EXTRACAO E DIGESTAO DE PROTEINAS

Todos os reagentes foram adquiridos pela Sigma (Sigma-Aldrich, St. Louis, MO, EUA), a

menos que indicado de outra forma.

No estudo protedmico, o endométrio (controle e endometriose), peritonio e lesdes
endometridticas foram homogeneizados em Reagente TRI utilizando 1 mL para cada 50-100
mg de tecido, utilizando um homogeneizador de tecidos, de acordo com o protocolo fornecido
pelo fabricante. A fase aquosa superior incolor contendo RNA foi transferida para um tubo livre
de RNA e armazenado a -80 °C. A fase intermediaria contendo DNA foi cuidadosamente
descartada e a fase organica inferior vermelha (proteinas) foi transferida para um tubo Lobind

(Eppendorf) e armazenada a -80 °C até a extragdo das proteinas.

Para remover qualquer contaminagdo de DNA, foi adicionado 0,3 ml de etanol 100% frio por
1 ml de Reagente TRI a fase proteica, misturado e centrifugado a 2.000 g por 5 minutos a 4 °C.
O sobrenadante foi coletado em tubos Lobind (Eppendorf), e o pellet de DNA foi descartado.
As proteinas do sobrenadante fenol-etanol foram precipitadas com 1,5 ml de 2-propanol por 1
ml de Reagente TRI, as amostras foram deixadas por pelo menos 10 minutos em temperatura
ambiente (RT) e centrifugadas a 12.000 g por 10 minutos a 4 °C. O sobrenadante foi descartado,
e os pellets de proteinas foram lavados 3 vezes com solugdo de cloreto de guanidina 0,3 M em
etanol 95%, utilizando 2 ml por 1 ml de Reagente TRI. Durante cada lavagem, as amostras
foram incubadas com a solu¢do de lavagem por 20 minutos em temperatura ambiente (TA) e
depois centrifugadas a 7.500 g por 5 minutos a 4 °C (KANG et al., 2021). Apos a tltima

lavagem, o sobrenadante foi removido e o pellet foi lavado com 2 ml de etanol 100%, vortexado,
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incubado por 20 minutos em TA e centrifugado a 7.500 g por 5 minutos a 4 °C. O sobrenadante

foi descartado, e o pellet foi seco sob centrifugagdo a vacuo.

Os pellets foram ressuspendidos em uma solugdo contendo 1% de SDS, 0,2% de desoxicolato
de sodio (SDC), inibidor de protease (Cocktail de Inibidor de Protease cOmplete™, Mini,
EDTA-free - Roche) e inibidor de fosfatase (PhosSTOP - Roche) em 100 mM de TEAB (pH
8,0). A amostra foi sonicada de 2 a 5 vezes por 20 segundos a 40% de amplitude em gelo e
centrifugada a 3.200 g por 10 minutos a 4 °C para sedimentar o material insolubilizado. O
sobrenadante com proteinas solubilizadas foi incubado com 10 mM de ditiotreitol (DTT) a 60
°C por 30 minutos. Apds resfriamento para TA, as amostras foram incubadas com 25 mM de
iodoacetamida por 30 minutos no escuro. Para remover completamente fenol, tiocianato de
guanidina e SDS, a precipitacdo com cloroféormio/metanol foi realizada conforme descrito
anteriormente com adaptacdes (WESSEL; FLUGGE, 1984). Resumidamente, 100 uL de cada
amostra foi misturada com metanol, cloroféormio e 4gua destilada (4:1:3, v/v/v) e, em seguida,
centrifugado a 14.000 g por 1 min a TA. O sobrenadante foi cuidadosamente descartado e 0,4
mL de metanol foi adicionado ao anel proteico turvo na fase intermediaria/fase inferior do
cloroférmio, seguido de vortex e centrifugagdo a 20.000 g por 5 minutos a TA. O metanol foi
removido o maximo possivel e os pellets de proteinas foram secos sob centrifugacdo a vacuo.
Os pellets foram dissolvidos em 100 pL de SDC a 0,2% em 50 mM de TEAB (pH 8,0) e
incubados no sonicador por 5 minutos. Tripsina (Promega, Madison, WI, EUA) foi adicionada
as amostras (1:50, p/p) e a solucdo foi incubada durante a noite a 37 °C. A remogao assistida
por transferéncia de fase do SDC foi realizada conforme descrito por Erde e colaboradores
(ERDE; LOO; LOO, 2014). As amostras foram ressuspendidas com acido formico (FA) a 2%,
centrifugadas para remover possiveis residuos de SDC e secas novamente para marcagdo com

“Tandem Mass Tagging” (TMT).
5.9. MARCACAO COM Tandem Mass Tagging (TMT)

A amostra foi ressuspendida em tampdo HEPES a 100 mM (pH 8,5) para atingir uma
concentracao de proteinas de 2 pg/uL, e a quantificagdo foi confirmada usando o kit de ensaio
de proteinas Qubit no Qubit® Fluorometric Quantitation (Thermo Scientific, Waltham, MA,
EUA). Um total de 50 ug de cada amostra foi marcado com o TMTpro™ 18-plex (Thermo
Scientific, San Jose, CA, EUA), de acordo com as instru¢des do fabricante. As 18 amostras,

divididas em 4 grupos, foram marcadas da seguinte forma: i) Endométrio Controle (CE): 128N,
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128C e 129N; ii) Peritonio Controle (CP): 126, 127N e 127C; iii) Endométrio Endometriose
(EE): 131N, 131C, 132N, 134N, 134C e 135; e iv) Lesao Endometriose (EL): 129C, 130N,
130C, 132C, 133N e 133C. Apos a marcagao, os peptideos foram misturados em proporgdes

iguais para enriquecimento e analise simultanea de PTMs.

5.10. ENRIQUECIMENTO DE PEPTIDEOS FOSFORILADOS E N-
GLICOSILADOS CONTENDO ACIDO SIALICO

O enriquecimento de peptideos fosforilados e/ou N-glicosilados contendo 4cido sidlico foi
realizado a partir da mistura de peptideos marcados com TMT, seguindo um protocolo
previamente publicado (PALMISANO et al., 2012). A fragdo de peptideos nao modificados foi
obtida a partir do flow-through do enriquecimento com TiO2 e secado sob centrifugacao a
véacuo. Os peptideos eluidos do TiO2 foram ressuspendidos em 50 mM de TEAB (pH 7,5-8,0)
e tratados com PNGase F (New England BioLabs Inc., Massachusetts, EUA), para remocao de
glicanos ligados a asparagina, e Sialidase A (Agilent Technologies, Santa Clara, CA, EUA)
para remocao de acido sialico, durante a noite a 37 °C para remover glicanos de acido sialico
ligados a asparagina (LARSEN et al., 2007). Apds a desglicosilagdo, as fracdes de peptideos
fosfo/deglicosilados e ndao modificados foram acidificadas (pH 1,5-2,0) com 4acido
trifluoroacético (TFA) a 100% e dessalinizadas com uma mistura 1:1 das resinas de fase reversa
PorosTM 50 R2 e R3 (Thermo Scientific, EUA) em uma coluna stage tip. Em seguida, as
amostras foram submetidas a fracionamento usando fase reversa de alto pH (High-pH RP) para
diminuir a complexidade, conforme publicado (BOLL et al., 2020). Os peptideos
fosfo/deglicosilados foram concatenados em 12 fragcdes e os peptideos ndo modificados

concatenados em 20 fragdes, e subsequentemente secos por centrifugacdo a vacuo.

5.11. ANALISE POR CROMATOGRAFIA LiQUIDA E ESPECTROMETRIA DE
MASSA (MS) EM TANDEM

Todas as fracdes foram dissolvidas em tampao A (0,1% de acido féormico; FA) e carregadas em
um sistema EASY-nLC (Thermo Scientific, Odense, Dinamarca) contendo uma coluna capilar
de silica fundida interna de 20 cm (100 um de didmetro interno) preenchida com material de
fase reversa ReproSil-Pur C18 AQ de 1,9 um (Dr. Maisch, Ammerbuch-Entringen, Alemanha).
Os peptideos foram eluidos com o seguinte gradiente cromatografico (em porcentagem de

solvente B): 1% a 25% por 100 minutos; 25% a 40% em 20 minutos; 40% a 95% em 1 minuto;
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95% por 5 minutos; 95% a 1% em 1 minuto; e 1% por 5 minutos, com fluxo de 300 nl/min
usando um gradiente de 132 minutos. A ionizagdo foi realizada por nanoespray e a analise foi
feita por um Espectrometro de Massa Orbitrap Exploris 480 (Thermo Scientific). O MS foi
realizado na faixa de massa de 350 a 1200 m/z no Orbitrap com uma resolucao de 120.000
FWHM, um valor de alvo de AGC normalizado de 300% e um tempo de inje¢do maximo no
modo automatico. Para cada MS, os 10 ions precursores mais intensos foram selecionados para
fragmentacdo por dissociagdo induzida por alta energia de colisdo (HCD), com uma energia de
colisd@o normalizada de 32. Os parametros MS/MS foram: resolugao de 45.000 FWHM, valor
de alvo de AGC normalizado de 300%, tempo de inje¢do maximo de 100 ms para as fragdes
nao modificadas e 200 ms para as fracdes fosfo/deglicosiladas, janela de isolamento de 0,7 m/z

e janela de exclusao dinamica de 20 segundos.
5.12. IDENTIFICACAO E QUANTIFICACAO DAS PROTEINAS

Os conjuntos de dados brutos de MS foram processados para identificacdo de proteinas usando
o Proteome Discoverer (PD, v2.5, Thermo Scientific) e confrontados com o banco de dados
humano do Swiss-Prot (20.594 entradas, 3 de setembro de 2022) usando um servidor MASCOT
interno (v2.8.2, Matrix Science Ltd, Londres, Reino Unido) e o algoritmo de busca Sequest HT.
A pesquisa no banco de dados foi realizada com os seguintes parametros: tolerancia de massa
do precursor de 10 ppm; tolerancia de m/z de fragmento de 0,05 Da; enzima definida como
tripsina permitindo no maximo 2 clivagens perdidas; modificagdes dindmicas definidas como
carbamidometilagdo (cisteina), oxidagdo (metionina) e, para os peptideos fosfo/deglicosilados,
a adicao de fosforilagdo (serina, treonina e tirosina) ¢ deamidacao (asparagina); modificagdes
estaticas definidas como TMT-pro (lisina ¢ N-term) e um false discovery rate (FDR) de 1%
para proteinas e peptideos. A quantificagdo e a normalizagdo das abundancias foram realizadas
pelo Reporter lons Quantifier node do PD, com o modo Configuragdes Gerais de Quantificagao
para peptideos unicos, o modo Normaliza¢ao da Quantidade Total de Peptideos e utilizando
todos os peptideos para normalizacdo e roll-up de proteinas. Para andlise bioinformatica do
proteoma total as fragdes ndo modificadas foram avaliadas a nivel de proteina, enquanto para
andlise do fosfoproteoma e do sialioma as fragdes modificadas foram avaliadas a nivel de
peptideos. Os valores de abundancia normalizados das proteinas com pelo menos 2 peptideos
unicos e os fosfo/glicopeptideos contendo acido sidlico foram transformados para logaritmo

(base = 2) para obter uma distribuicdo normal para analises subsequentes. A analise quantitativa
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foi realizada utilizando a ferramenta combinada de teste estatistico PolySTest (SCHWAMMLE
et al., 2020). Peptideos ou proteinas significativamente reguladas entre grupos foram
determinados com base no teste Limma com valor de p ajustado < 0,05, combinado com um
log2 Fold Change de 1 (positiva ou negativa). Apenas os sitios glicosilados dentro da sequéncia
de consenso (N-X-S/T/C - onde X ¢ qualquer aminoacido, exceto prolina) foram selecionados
para analise adicional. A probabilidade de localizacao de sitios fosforilagao foi verificada nos
conjuntos de dados MS/MS usando o PhosphoRS (TAUS et al., 2011) e apenas os sitios

fosforilados com pelo menos 99% de probabilidade foram selecionados para analise adicional.

A caracterizag¢do funcional de proteinas reguladas e peptideos modificados foi realizada no R
(POSIT TEAM, 2022) e analisada com os pacotes Clusterprofiler (WU et al., 2021) e Enrichplot
(YU, 2022) para analise estatistica e graficos. Clusters de proteinas ou peptideos modificados
foram analisados com base em seus nomes de genes em relacdo ao proteoma total como
background, e os processos biologicos e vias foram avaliados com base na analise de super-
representacao (over-representation analysis, ORA) (BOYLE et al., 2004), utilizando as
anotacdes da Gene Ontology (GO) e do Kyoto Encyclopedia of Genes and Genomes (KEGQ)
(NAM; KIM, 2008). A previsdo de atividade das quinases foi realizada usando o pacote
KinSwing (ENGHOLM-KELLER et al., 2019). As andlises estatisticas foram realizadas
utilizando o método de Benjamini-Hochberg com um limite de valor de p e valor de ¢ inferior

a 0,05.

6. RESULTADOS E DISCUSSAO

Os resultados e discussao serdo apresentados na forma de dois artigos, sendo o primeiro

referente ao estudo retrospectivo, € o segundo referente ao estudo protedmico.

6.1. PRIMEIRO ARTIGO

THE INVOLVEMENT OF COEXISTING EPITHELIAL AND MESENCHYMAL
PHENOTYPE IN ENDOMETRIOTIC LESIONS IN THE PATHOPHYSIOLOGY OF
DISEASE
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ABSTRACT

Objective: To investigate variations in the genic and protein immunolocalization and expression
of epithelial-mesenchymal transition (EMT) markers in different endometriotic lesions
compared to healthy endometrium.

Methods: Samples of control endometrium (CTR; n=4) from patients submitted to tubal
ligation, and of eutopic endometrium (EE; n=6) and endometriotic lesions (LE; n=13) from
endometriosis surgeries were collected and submitted to mRNA extraction and histological
processing. Gene expression of E-cadherin, N-cadherin, SNAIL and ZEB1 was evaluated
through qPCR. After morphological evaluation, protein expression of E-cadherin, N-cadherin,
[-catenin and vimentin was performed by immunohistochemistry (IHC).

Results: E-cadherin gene expression was similar in all three groups. IHC analysis showed higher
frequency of low E-cadherin expression in LE (11% vs. 25%; p = 0,0159) compared to CTR.
In contrast, N-cadherin (0.13 vs. 1.05; p<0,0001) and SNAIL (0.24 vs. 1.00; p=0,0026) gene
expression was downregulated in LE group compared to CTR, and ZEB1 was upregulated (1.37
vs. 0.30; p=0.0319) in LE compared to EE. The LE group had high frequency of high protein
expression for N-cadherin (22% vs. 0%; p < 0.0001) and membrane B-catenin (75% vs. 25%; p
<0.0001) compared to CTR.

Conclusion: Endometriotic epithelial cells demonstrate a partial EMT phenotype, expressing

both epithelial and mesenchymal markers. E-cadherin expression in endometriotic lesions and
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acquisition of N-cadherin expression support the mixed phenotype theory in endometriosis

instead of a cadherin switch.

KEYWORDS: Endometriosis, epithelial-mesenchymal transition, cadherins, beta catenin,
ZEBI.

INTRODUCTION

Endometriosis is a disease that affects 15% of women of reproductive age and is associated
with severe pelvic pain, dyspareunia, gastrointestinal disorders, and difficulties in becoming
pregnant [1]. Some pieces of the puzzle of the etiopathogenesis and pathophysiology of
endometriosis have not yet been revealed. Therefore, practical scientific advances regarding the

disease's prediction, prevention, and treatment remain inconclusive.

The origin and establishment of endometriotic lesions depend on a chain of biological events,
including adhesion and infiltration of the peritoneal surface by endometriotic cells,
proliferation, establishment, local survival, angiogenesis, and neurogenesis. These events are
associated with inflammation at the implantation site, and the tissue microenvironment controls
these phenomena, and various hormones and cellular components influence its regulation. Until
then, the most significant focus was the hormonal component, with extensively studied ovarian
hormones becoming the basis of current therapies and management of patients with
endometriosis [1]. However, other biological mechanisms required for ectopic endometriotic
tissue to infiltrate and invade, such as the epithelial-mesenchymal transition (EMT), are an

important way to control and prevent disease progression.

EMT is a functional and gradual process of polarized epithelial cells towards a mesenchymal
cell phenotype, being a relevant phenomenon in the regulation of different biological processes
such as implantation and embryogenesis, the pathogenesis of malignant tumours, in addition to
being associated with wound healing, regeneration tissue and fibrosis [2]. The molecular
mechanism of EMT in epithelial cells involves the functional loss of epithelial phenotype
molecules, such as E-cadherin, B-catenin, and keratin proteins, and increased expression of
mesenchymal markers such as N-cadherin, Vimentin, muscle actin smooth, among others [3].
Epithelial cells of different origins, such as peritoneal, endothelial, and endometrial cells, are

likely to undergo the EMT process, contributing to the development of endometriotic lesions
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[4]. Several studies have already demonstrated the role of essential transcription factors in the
regulation of EMT in the worsening of endometriosis: ZEB1, TWIST1, and SNAIL, associated
with suppression of E-cadherin expression/release of B-catenin and increased expression of N-

cadherin and vimentin promoting EMT and abnormal activation of endometriosis [5—7].

However, Konrad et. al. (2020) demonstrated in a review that changes in these EMT markers
are minor between the eutopic endometrium of women with and without endometriosis.
Additionally, few changes are observed in cell-cell contact markers, with no changes in the
epithelial phenotype, suggesting that the EMT process occurs partially and is not a prerequisite
for the detachment of endometrial cells from the eutopic endometrium of patients with
endometriosis compared to the eutopic endometrium of patients without endometriosis and,
therefore, would not be a critical process for the etiopathogenesis of the disease. However,
significant changes in the expression of EMT-related markers were found in endometriotic
lesions compared to eutopic endometrium, associated with reduced expression of epithelial

markers in the lesions.

Therefore, the mechanisms behind changes in the expression of EMT markers have not yet been
fully elucidated. Due to the clinical relevance of endometriosis and the scarcity of therapeutic
approaches available, studies are needed to deepen the knowledge about the processes involved
in the development of the lesions and the behaviour of EMT markers in endometriotic lesions.
Thus, the present work aims to investigate the genic and protein expression of epithelial-
mesenchymal transition markers in different endometriotic lesions compared to healthy

endometrium.
MATERIAL AND METHODS
Ethics and samples collection

The Research Ethics Committee from Faculdade de Ciéncias Médicas Dr. José Antonio Garcia
Coutinho — FACIMPA, Pouso Alegre, MG, Brazil, approved the study protocol under the
number CAAE: 52182921.4.1001.5102. The participants signed for informed consent before
being enrolled in the study.

Control endometrium (n=4) was collected from patients submitted to tubal ligation without any
pelvic endometriosis determined by laparoscopy and no underlying conditions. The eutopic

endometrium (n=6) and endometriotic lesions (n=13) samples were obtained from fresh
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fragments of biopsies performed during surgeries to remove endometriotic lesions or surgeries
for infertility investigation causes. Twenty-three samples from 17 patients were included. At
the time of collection, part of the material was directed to histopathological analysis. The

remaining tissue was placed in RNAse and DNAse-free microtubes containing 1 ml RNAlater®

(Sigma-Aldrich, St Louis, MO, USA) and stored at —20°C until RNA isolation.

Morphological analysis

Histological sections 4 um thick were cut and stained with hematoxylin and eosin and analysed
by a double observer. The samples were analysed for endometriosis based on identifying
epithelial and stromal histological elements compatible with the endometrium, the presence or
absence of stroma, and associated signs of haemorrhage and fibrosis. After confirmation of
endometriosis, the lesions were morphologically evaluated based on variations in the
appearance of the ectopic endometrial structures found, according to the following: well-
differentiated glandular pattern, undifferentiated glandular pattern, mixed glandular pattern,

and pure stromal pattern [8].

RNA isolation, cDNA synthesis, and quantitative real-time PCR

Total RNA extraction was performed by homogenizing 50-100 mg tissue samples in Trizol
(Invitrogen) reagent following the manufacturer’s instructions. The first cDNA strand was
synthesized using High-Capacity Reverse Transcription Kit (ThermoFisher-Applied
Biosynthesis) in a 20 pl reaction volume using random hexamers primers following the
manufacturer’s protocol. Real-time PCR was carried out in a QuantStudio™ 3 Real-Time PCR
system (Applied Biosystems, Foster City, CA), using Power Sybr®Green Master Mix Kit
(Invitrogen, Cat. No. 4368577). The cycling conditions were as follows: [1] one cycle of 50°C/2
min; [2] one cycle at 95°C/10 min; [3] 40 cycles of 95°C/15s, followed by melting curve from
60°C, for amplicon specificity analysis. Primers used in gPCR amplification for target genes E-
cadherin, N-cadherin, ZEB1, Snail, and GAPDH are listed in table 1. Data were accessed by
comparative CT method ([CT target gene mean] — [CT endogenous control mean]), as the

endogenous control was used to normalize target gene expression and generate ACT.
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Table 1: Primers sequence for real time PCR

Fragment GenBank accession
Primers Nucleotide Sequence (5°-3°) .
size number
GAPDHForw TGGGTGTGAACCATGAGAAG 125 NM _001289746.1
GAPDHRev  GAGTCCTTCCACGATACCAAAG
E-CADForw CCCTTCACAGCAGAACTAAC 108 NM_001317185.1
E-CADRev CACCTCTAAGGCCATCTTTG
N-CADForw  GGACCGAGAATCACCAAATG 94 NM_001308176.1
N-CADReyv CGTTCCTGTTCCACTCATAG
SNAILForw  GCAGGACTCTAATCCAGAGTTTACC 127 NM_005985.4
SNAILRev GACAGAGTCCCAGATGAGCATT
ZEB1Forw GGGAGGATGACAGAAAGGAA 100 NM 001323654.1
ZEB1Rev GCATCTGACTCGCATTCATC
Immunohistochemistry

Immunohistochemical staining was performed using the peroxidase reaction method with a
polymerized secondary antibody (Novolink Polymer Detection System; Leica Biosystems,
Newcastle upon Tyne, UK). For antigen retrieval, sections were incubated for 20 min in Target
Retrieval Solution Citrate pH 6.0 (Dako Cytomation, Glostrup, Denmark) in a water bath at 98
°C. Slides sections were washed in PBS buffer, and endogenous peroxidase was blocked by
incubating the slides twice, for 10 min, in 3% H20:2 in methanol solution. In addition, non-
specific binding sites of endogenous proteins were blocked by incubation for 20 min in Protein
Block Serum-Free Ready to Use reagent (Dako North America; Via Real Carpinteria, CA,
USA). The sections were then incubated with primary antibodies for 16 h at room temperature,
followed by 3 min incubation with chromogen 3'3-diaminobenzidine (Liquid DAB + Substrate
Chromogen System; Dako North America, Via Real Carpinteria, CA, USA). After DAB
incubation, tissue slides were counterstained with hematoxylin for 30 seconds and rinsed with
water for 5 minutes. The primary antibody step was omitted for the negative control, with its
replacement by the antibody diluent (Antibody Diluent with Background Reducing
Components; Dako North America; Via Real Carpinteria, CA, USA). Table 2 lists the

characteristics of the antibodies and the reaction.

Table 2: IHC protocol for E-cadherin, N-cadherin, Vimentin and -catenin antibodies
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Antibody Manufacturer Clone Dilution Incubation time Antigen retrieval

E-Cadherin Invitrogen 4A2C7 1:50 16h Citrate buffer + water bath
N-Cadherin Dako 6Gl11 1:75 16h Citrate buffer + water bath
Vimentin Santa Cruz Vim3B4 1:500 16h Citrate buffer + water bath
B-catenin Santa Cruz sc-7963 1:200 16h Citrate buffer + water bath

Immunohistochemistry staining was interpreted using conventional optical microscopy at 600x
magnification (Olympus — BX41) and evaluated in endometrial and endometriotic epithelial
cells. E-cadherin membrane/cytoplasmic staining, N-cadherin membrane/cytoplasmic staining,
and B-catenin membrane/cytoplasmic and nuclear staining were classified according to the
percentage of stained cells: 0 (absence of staining), 1 (< 25%), 2 (25-50%), 3 (50-75%), 4
(>75%) [9]. For vimentin, 500 cells (stained and not stained) were counted by a single evaluator,
randomly using the grid plug-in of the Image]J software (National Institutes of Health, NIH),

and the result was given as a percentage of stained cells.
Statistical analysis

The gene expression data were normalized using the reference gene GAPDH through the ACt
method previously described. The relative gene expression was evaluated through the fold
change with the 2-2A¢t data [10]. Data normality was assessed using the Shapiro-Wilk test. To
relate the semi-quantitative variables, due to the reduced number of samples, the cases were
segmented into two large groups: below 50% of stained cells and above 50% of stained cells.
Then comparisons were made with the Fisher’s exact test. For analysis of quantitative variables,
mean analysis was performed by one-way ANOVA with Tukey's multiple comparisons post-
test or Kruskal-Wallis test with Dunn's multiple comparisons post-test. Possible correlations
were evaluated using the Spearman or Pearson test. The software used was GraphPad Prism 9,

and statistical significance was considered when the p-value was p<0.05.
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RESULTS
Patents clinical features

The main clinical features of the patients enrolled in the study are summarized in table 3.

Table 3: Patients clinical features.

Without Endometriosis With Endometriosis (n=13)

(n=4)
Control Endometrium Eutopic Endometriotic Lesior
Endometrium
Number of samples 4 6 13
Age (mean t standard
deviation) 35.5£10.8 33.745.1 35.445.2
Hormonal
contraceptive/progestin 1 5 11
ASRM stage
I - 0 1
11 - 1 2
I - 1 2
v - 4 8

ASRM: American Fertility Society classification
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Were received 23 samples from 17 patients, 4 without endometriosis and 13 with endometriosis.
The lesion samples came from biopsies of the following pelvic structures: rectum/sigmoid

(n=6), uterosacral ligament (n=1), ureter (n=1), and peritoneum (n=5).

Morphological features of endometriotic lesions

The eutopic endometrium of patients without endometriosis (n=4) had typical morphological
features from the early to mid-proliferative phase of the menstrual cycle: tubular glands of
pseudostratified columnar epithelium, most of the nucleus with basal orientation and the
absence of vacuolization. Epithelial cells had minor variations, presenting sometimes as
cuboidal. The stroma had fusiform cells with dense nuclei and scant cytoplasm wisps,
sometimes with edema (Fig 1A). Some haemorrhagic foci were observed, possibly due to the
biopsy collection. Samples from the eutopic endometrium of patients with endometriosis had

similar morphology and findings, with no difference from those without endometriosis.

Endometriotic lesions showed 2 of the 4 morphological patterns analysed: the well-
differentiated pattern, with glandular or cystic epithelium formations containing cells
indistinguishable from the eutopic endometrium during the different phases of the menstrual
cycle (Fig 1B), and the undifferentiated pattern, with glandular or cystic formations consisting
of cuboidal or flattened epithelial cells, with no resemblance with the eutopic endometrium (Fig
1C). Some samples presented both patterns. The stroma in the lesions had morphology like the
eutopic endometrium, with minor variations of density and the presence of edema. Still, none
of those variations had a correlation with the associated epithelia. Although rare areas
presenting only stroma were observed, they were seen in samples that also showed glandular

epithelia.

EMT gene expression in eutopic endometrium and endometriotic lesions

Eighteen out of the 23 samples were included in mRNA gene expression. All of those samples
had homogenous amplification of the GAPDH reference gene. Tree samples of eutopic

endometrium were from patients without endometriosis (CTR), 6 samples of eutopic



53

endometrium from patients with endometriosis (EE), and 9 samples of endometriotic lesions

(LE).

Down-regulation of N-cadherin mRNA expression was observed in the EE group (Fig 2B)
(0.30 vs. 1.05; one-way ANOVA, p=0.0001) and LE (0.13 vs. 1.05; one-way ANOVA,
p<0.0001) when compared to the CTR group. No significant difference in E-cadherin gene
expression was found comparing all groups (Fig 2A). SNAIL gene expression was
downregulated in EE (0.44 vs. 1.00; one-way ANOVA, p=0.0272) and LE groups (0.24 vs.
1.00; one-way ANOVA, p=0.0026) when compared to the CTR group (Fig 2C). Transcription
factor ZEB1 gene expression had an upregulation in the LE group compared to the EE group
(Fig 2D) (1.37 vs. 0.30; Kruskal-Wallis, p= 0.0319).

Eutopic endometrium and endometriotic lesions IHC expression of EMT main targets

Samples analysed by IHC were selected based on morphological characteristics by HE staining.
Four samples of eutopic endometrium from patients without endometriosis (CTR), 4 samples
of eutopic endometrium from patients with endometriosis (EE), and 9 samples of endometriotic

lesions (LE) were submitted to protein immunolocalization by IHC.

E-cadherin protein immunolocalization and expression were detected in all samples, with
membrane and cytoplasmic staining of epithelial cells in eutopic endometrium and
endometriotic lesions. The glandular structures presented cells with positive and negative
staining for E-cadherin (Fig 3 E-CAD). E-cadherin high expression was observed in 25% (1/4)
of the CTR group, 33% (1/3) of the EE group, and 11% (1/9) of the LE group samples. There
was a significant difference in the frequency of E-cadherin high expression in the lesions when
compared with the eutopic endometrium of patients without endometriosis (LE x CTR; p =
0.0159) and with the eutopic endometrium of patients with endometriosis (LE x EE; p =0.0003)
(Fig 4A).

N-cadherin protein expression was positive in all samples, with membrane, cytoplasmic, and,
in some cases, nuclear staining in epithelial and stromal cells (Fig 3 N-CAD). In epithelial cells,
N-cadherin was highly expressed in 33% (1/3) of the EE group and 22% (2/9) of the LE group

samples. There were no samples with high expression of N-cadherin in CTR group. It was
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observed a significant difference in frequency of high expression cases in EE (EE x CTR; p <

0.0001) and LE (LE x CTR; p <0.0001) groups when compared with CTR group (Fig 4B).

-catenin THC protein expression was observed in all analysed samples with membrane,
cytoplasmic, and nuclear staining localization in epithelial and stromal cells (Fig 3 B-CAT). In
epithelial cells, high membrane [-catenin expression was observed in 25% (1/4) of CTR group
samples, in 75% (3/4) of the EE group, and in 75% (6/8) of LE group samples, with a significant
difference in the frequency of high expression cases between the eutopic endometrium of
patients with endometriosis and endometriotic lesions when compared with control
endometrium (EE x CTR and LE x CTR; p <0.0001) (Fig. 4C). None of the cases presented
epithelial cells with high expression of nuclear 3-catenin, and even though there was no nuclear
staining in the samples of eutopic endometrium from patients without endometriosis, no

significant differences between the groups were observed (Fig 4D).

Additionally, cytoplasmic immunolocalization and expression of vimentin protein were
observed in all samples, mainly in the stroma and in epithelial cells of eutopic endometrium
and lesions (Fig 3 VIM). Vimentin staining in epithelial cells was 43% in the CTR group, 65.5%
in the EE group, and 70% in the LE group. There was no significant difference in vimentin IHC

expression in epithelial cells between the groups (Fig 4E).

In addition, there was no correlation between the gene (qPCR) and protein (IHC) expression of

the EMT targets analysed in case samples.

DISCUSSION

EMT has been extensively studied in several pathologies, and it is associated with malignant
progression in tumours by altering cell adhesion properties and increasing invasiveness.
However, the role of this process in endometriosis still faces contradictory results. This study
shows that epithelial cells of endometriotic lesions have a “mixed” phenotype by keeping the
expression of E-cadherin and membrane B-catenin and increasing the expression of the

mesenchymal markers N-cadherin, vimentin, and ZEBI.
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Morphological analysis showed no significant changes in the eutopic endometrium stroma and
epithelia from patients with and without endometriosis. Endometriotic lesions presented a well-
differentiated and undifferentiated glandular pattern, with a predominance of glands with more
flattened epithelial cells. This could be associated with the use of combined oral contraceptives
and progestins, which act as agonists of progesterone receptors and lead to the atrophy of
epithelial and stromal endometrial/endometriotic cells [11]. Since that is the leading treatment
choice for endometriosis, most of the patients enrolled in the study were under hormonal

medication at the moment of sample collection (71%).

Considering that EMT goes through processes that alter cell differentiation, we could infer that
the variations in the morphology of the glands observed in our cases would be related to the
acquisition of a mesenchymal profile. However, conserving the tissue architecture for both
epithelial and mesenchymal cells seem critical for the ectopic endometrium's ability to infiltrate
and develop lesions in vitro [12]. A lower E-cadherin expression can also shift cell adhesion
and migration profile without necessarily inducing cell morphological changes [13]. Therefore,
the more aggressive and infiltrative profile associated with undifferentiated lesions is possibly
due to morphology and other molecular changes, such as the expression of mesenchymal

markers [8,14].

One of the main traits of EMT is the modification in the epithelial cells’ gene expression,
leading to a decrease in the expression of epithelial proteins usually present in the cell-cell and
cell-matrix junctional complexes and changes in cytoskeleton proteins. That will favour the
adhesion of epithelial cells to mesenchymal cells and alter the cellular interaction with ECM
[2]. The decrease in E-cadherin expression is considered a hallmark of EMT, as it promotes the
destabilization of the cell junction complexes, facilitating their detachment and release of the
B-catenin, which, when translocated to the nucleus, plays an essential role in inducing the

expression of mesenchymal markers such as Snail, Twist, ZEB1, and vimentin [3,15,16].

Although there were no significant differences in E-cadherin gene expression between eutopic
endometrium samples of patients without endometriosis, with endometriosis, and in
endometriotic lesions, most studies claim to find a lower gene expression of E-cadherin in
endometriosis [17]. However, there is no description of E-cadherin total depletion in
endometriotic epithelial cells, which would be indicative of the maintenance of an epithelial

phenotype in endometriosis lesions, and that the loss of E-cadherin is not determinant for the
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spread of endometriotic cells [4,17]. Indeed, the results showing a lower frequency of high E-
cadherin protein expression in endometriotic lesions and the variation of positivity for this
marker in the same glandular structure have also been described in different studies for both the

lesions and the eutopic endometrium of endometriosis patients [18—20].

Another hallmark of EMT is balancing the reduction of E-cadherin with the increased
expression of the cadherin associated with the mesenchymal profile (N-cadherin), resulting in
the so-called cadherin switch, which alters cell adhesion patterns [3,13]. Our results showed a
considerable reduction of N-cadherin gene expression in lesions compared to the control
endometrium. Nonetheless, the endometrium of patients with endometriosis and endometriotic
lesions presented a significantly higher frequency of cases with high protein
immunohistochemistry expression of N-cadherin compared to the eutopic endometrium of
patients without endometriosis. The majority of the studies demonstrate an increase of
mesenchymal markers in lesions when compared to the eutopic endometrium, corroborating
with the theory of a partial EMT in endometriotic epithelial cells [17,19-21]. Present results
indicating E-cadherin expression in endometriotic lesions and acquisition of N-cadherin

expression support the mixed phenotype theory in endometriosis instead of a cadherin switch.

It is described as a low or negative gene and protein expression of N-cadherin in the eutopic
endometrium [6,19,20]. Nguyen et al. demonstrated a low gene expression of N-cadherin,
specifically in epithelial cells of the proliferative phase endometrium, and a high protein
expression of this marker only in the deeper glands of the basal layer of the endometrium,
suggesting a role of N-cadherin in endometrial progenitor epithelial cells [22]. Therefore, it is
possible that the variation observed in the immunostaining of N-cadherin in the eutopic
endometrium of patients with endometriosis in our samples is due to the presence of basal layer

glands that kept some positivity for N-cadherin.

E-cadherin and N-cadherin are coupled to the cytoplasm and anchored to the cytoskeleton
through a protein complex formed by catenins a, 3 e y. B-catenin is not only one of the main
proteins of this complex, but it plays an important role in signalling pathways that can trigger
EMT. When the destabilization of the cell junctions occurs, with the cleavage and degradation
of E-cadherin, B-catenin loses its connection point with the cadherin and is also degraded.
However, if there is a stimulus to activate the Wnt signalling pathways (through E2 or TGF-§3,

for example), B-catenin is protected from degradation by dephosphorylation, followed by
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glycosylation, and it is translocated to the nucleus. There, B-catenin binds to T Cell Factor and
Lymphocyte Enhancer binding Factor 1 (TCF/LEF1) and acts as a transcriptional factor for
genes involved in EMT, such as vimentin, Snail, ZEB1, and Twist [3,15,16,23-26].

Endometriotic lesions and eutopic endometrium of patients with endometriosis had a
significantly higher frequency of cases with increased membrane protein expression -catenin
when compared to control endometrium. Together with low nuclear immunostaining of -
catenin in all groups, these results suggest that the Wnt/B-catenin signalling pathway may not
be involved in the pathogenesis of these lesions. To date, there are few studies evaluating the
role of B-catenin in endometriosis, and the results are still controversial, pointing from reduction
and maintenance to increased expression of B-catenin in lesions [15,27-29]. Furthermore, some
of these studies did not evaluate the nuclear staining, do not specify the type of lesion used in
the study, or performed the evaluations only on ovarian lesions, hindering a comparative
analysis of the results since the induction of specific factors in EMT seems to be local-

dependent.

The high expression of B-catenin observed in the membrane of endometriotic lesions does not
exclude the possibility of endometriotic epithelial cells exhibiting a mixed
epithelial/mesenchymal phenotype since the -catenin is involved in the anchorage of both E
and N cadherins. But other pathways that do not have B-catenin as an intermediate may induce

the mesenchymal phenotype.

The expressive cytoplasmic staining of B-catenin in the epithelial cells of lesions, associated
with low nuclear staining, may indicate changes in -catenin phosphorylation and glycosylation
patterns, preventing its translocation to the nucleus and transcriptional activities [26]. The
accumulation of B-catenin in the cytoplasm and deregulation in its phosphorylation/degradation
are associated with apoptosis resistance and changes in cell migration. However, further studies

involving intermediate molecules of this pathway are needed to deepen this hypothesis [3].

As a second mesenchymal marker evaluated, vimentin had a higher, but non-significant,
immunostaining in lesion samples compared to eutopic endometrium samples, suggesting a
possible increase in the migratory capacity of endometriotic epithelial cells. Vimentin is

physiologically expressed in the eutopic endometrium, especially during the proliferative
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phase. Like P-catenin, its expression in the epithelium of endometriotic lesions has
controversial results [30,31]. Some studies point to a lower expression of vimentin in lesions
compared to the eutopic endometrium, and others demonstrate a higher expression of this
marker in ovarian and peritoneal lesions [15,20,30-34]. Altered expression of cytoskeleton
molecules also contributes to EMT since filaments like vimentin regulate organelles and
membrane-associated proteins traffic. [3]. Thus, despite the disagreement about its expression
in endometriosis, our results suggest that vimentin possibly has a role in establishing the mixed

profile in endometriotic lesions, favouring the invasion of pelvic structures.

To make a preliminary evaluation of the transcription factors involved in regulating EMT
markers, we investigated the gene expression of SNAIL and ZEB1 in endometriotic lesions.
SNAIL's observed lower gene expression and higher gene expression of ZEB1 in endometriosis
lesions suggest distinct activation pathways of those transcription factors in these samples.
Many factors can activate both SNAIL and ZEB1. Considering the IHC results, we hypothesize
that the lower nuclear staining of B-catenin in lesion samples had a more significant impact on
activating the activation of SNAIL gene expression. Different from what the observed in the
samples used in the present study, most works point to a higher gene and protein expression of
SNAIL in endometriosis [15,19,33]. Therefore, we believe that it is necessary to evaluate the

protein expression of these transcription factors in a more significant number of cases.

The few existing studies evaluating ZEB1 expression in endometriosis demonstrate an increase
of this transcription factor in the lesions [32,34,35]. ZEB1 is associated with e-cadherin
repression and EMT activation, and even though there was no variation in e-cadherin gene
expression in the lesions compared to the eutopic endometrium, the lesions showed a lower
frequency of high E-cadherin expression. This suggests that ZEB1 may play a regulatory role
in the protein expression of E-cadherin in these samples. However, as mentioned earlier,

evaluating the protein expression of these transcription factors is still necessary.

In conclusion, our results point to a "mixed" epithelial/mesenchymal phenotype, or a partial
epithelial-mesenchymal transition in the epithelial cells of human endometriotic lesions
evaluated, associated with concomitant immunostaining of E- and N-cadherin, -catenin and
vimentin. However, further analysis of intermediate markers of the involved signaling pathways

is necessarily better for understanding the impacts of this mixed phenotype in endometriosis.
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FIGURES

Figure 1: Histological features of control endometrium and endometriotic lesions. (A) Eutopic endometrium
of control patient, with typical morphological characteristics of the proliferative phase of menstrual cycle. (HE,
200X, insert 600X) (B) Endometriotic lesion of well-differentiated glandular pattern, showing epithelial cells
indistinguishable from eutopic endometrium during the different phases of the menstrual cycle (Sigmoid fragment,
HE, 200X, insert 600X) (C) Endometriotic lesion of undifferentiated glandular pattern, showing a cystic glandular
formation with flattened epithelial cells, with no correspondence with eutopic endometrium, but resembling the
mesothelium lining of the peritoneum (Sigmoid fragment, HE, 200X, insert 600X). Black arrows: glandular
epithelial cells of eutopic endometrium or endometriotic lesions. Red star: eutopic endometrium or endometriotic
lesions stroma.
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Figure 2: Relative expression of EMT target genes. E-CAD (A), N-CAD (B), SNAIL (C) e ZEB1 (D) in
control eutopic endometrium (CTR), eutopic endometrium of endometriosis patients (EE) and endometriotic
lesions (LE). Relative expression compared by one-way ANOVA and expressed as mean * standard error of the
mean (E-CAD, N-CAD and SNAIL), or by Kruskal-Wallis test and expressed as median and interquartile
range (ZEB1). *p < 0.05; ***p = 0.0001; ****p < 0.0001.
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Figure 3: Immunostaining of EMT targets. Protein expression of E-cadherin (E-CAD), N-cadherin (N-CAD),
B-catenin (B-CAT) and Vimentin (VIM) in control eutopic endometrium (CTR), eutopic endometrium of
endometriosis patients (EE) and endometriotic lesions (LE). 600X. Black arrows: areas represented on the insert
(1000X). Red stars: nuclear staining.
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Figure 4: Immunostaining frequency of EMT main targets. Percentual distribution of control eutopic
endometrium (CTR), eutopic endometrium of endometriosis patients (EE) and endometriotic lesions (LE) cases,
based in their low or high expression of (A) E-cadherin, (B) N-cadherin, (C) membrane (-catenin, (D) nuclear 3-
catenin, Fisher’s exact test. Percentual staining for (E) Vimentin compared by one-way and expressed as mean +
standard error of the mean. *p < 0,05; ***p = 0,001; ****p < 0,0001.
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ABSTRACT

The Epithelial-Mesenchymal Transition (EMT) may contribute to endometriosis development,
altering cell adhesion molecules and pathways, promoting migratory and invasive properties in

ectopic endometrium. This study investigates the proteome and post-translational modifications
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(PTMs) of EMT proteins in peritoneal endometriosis. Mass spectrometry-based analysis was
performed on human control endometrium (CE), control peritoneum (CP), endometrium of
patients with endometriosis (EE), and endometriotic lesions (EL). While overall expression
profiles were similar, EL exhibited significant regulations: 276 in the proteome, 2240 in the
phosphoproteome, and 481 in the sialic acid (SA) glycoproteome compared to EE. Gene
ontology and KEGG pathways enriched for actin cytoskeleton contraction, cell-substrate
adhesion, ECM-receptor interaction, and focal adhesion were identified. Downregulated
phosphosites identified in E-cadherin, p120-catenin, and Twist 2 could potentially increase cell
adhesion in EL. Conversely, upregulated phosphosites in the actin-binding proteins actinin,
filamin A, and vinculin may lead to disruptions in the cytoskeleton and decreased cell adhesion.
This balance between increased and decreased cell adhesion in endometriotic lesions suggests
cellular changes that contribute to endometriosis development. Our findings emphasize the role
of phosphorylation and SA glycosylation in maintaining adherens junction integrity in
endometriosis and provide insights for future research on post-translational modifications in

EMT regulation during endometriosis establishment.

Key words: endometriosis; epithelial-mesenchymal transition; phosphoproteome; sialiome; cell

adhesion; e-cadherin; p120-catenin; adherens junctions; focal adhesion.

INTRODUCTION

Endometriosis is a complex disease that affects around 15% of women at reproductive age and
is characterized by the growth of endometrial-like tissue outside the uterus such as the pelvic
peritoneum, uterosacral ligaments, bowels, ovaries, and bladder, which can lead to chronic pain,
infertility, and other symptoms. The physiopathology of endometriosis is not fully understood.
Still, research suggests that it may involve the abnormal migration and survival of ectopic
endometrial cells, along with poor immune response, chronic inflammation, and hormonal

unbalance [1].

One potential mechanism of endometriosis progression is the Epithelial-Mesenchymal

Transition (EMT), which leads to the dysfunction of cell adhesion molecules and pathways,
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promoting enhanced migratory capacity, invasive ability, and increased apoptosis resistance of
ectopic endometrium. Also, EMT can contribute to endometriosis progression by elevating the
production of extracellular matrix (ECM) components, such as collagen and fibronectin,
providing a scaffold for cell migration [2—4]. One important hallmark of the process is the
expression of EMT-inducing transcription factors (SNAIL, ZEB, and TWIST families), causing
the loss of E-cadherin and B-catenin expression. Several studies have described an altered
expression of these key EMT markers in endometriosis. However, there are still many gaps in

understanding how it affects the signaling mechanisms and disease progression [5-9].

E-cadherin is a transmembrane protein that functions as a cell-cell adhesion molecule in
epithelial cells. It forms homotypic interactions between adjacent cells, helping to hold them
together and maintain the integrity of the epithelial sheet. [10]. The linkage between E-cadherin
and the actin cytoskeleton occurs through the adherens junction complex, with a, 3 and p120
catenins, that helps to anchor the cells to one another and provides mechanical strength to the
epithelial sheet. B-catenin also has a role in the Wnt signaling pathway, which regulates cell
proliferation and differentiation, and is involved in forming cell-cell junctions [10,11]. In
endometriosis, epithelial endometriotic cells seems to have a decreased expression of E-
cadherin and B-catenin, especially after their implantation, but they still keep a low expression
of both markers, suggesting that the maintenance of these factors might play a role in the

development of the disease [7].

Post-translational modifications (PTMs) such as glycosylation and phosphorylation are crucial
in regulating many EMT markers [12], including the relationship between E-cadherin and the
rest of the adherens junctions complex. N-glycosylation of E-cadherin with hybrid and complex
N-glycans affects its cell-membrane expression and reduces cellular adhesion by interfering
with the recruitment of B-catenin and pl20-catenin, and also disrupts adherens junctions
organization and E-cadherin anchorage to the actin cytoskeleton [13—-16]. Also, removing
specific N-glycans of the E-cadherin structure leads to the tyrosine phosphorylation of [3-

catenin, disrupting the linkage of these two proteins [17].

Moreover, the E-cadherin binding domain is highly regulated through the phosphorylation of
S840, S846, and S847 residues by casein kinase 2 (CKII) and glycogen synthase kinase-3 beta
(GSK3p), allowing high-affinity B-catenin binding, cell adhesion, and surface stability of E-
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cadherin. When unphosphorylated at these three serine sites, cell adhesion is compromised due

to enhanced endocytosis and lysosomal degradation of E-cadherin [18-20].

Understanding the glycosylation and phosphorylation patterns of the EMT markers may
provide new insights into the development of endometriosis and the identification of new
therapeutic targets. There is evidence of E-cadherin phosphorylation (S838 and S840) and
integrin—FAK activity in the presence of TGF-B1 in an endometriosis murine model and also
in vitro [21]. However, there is still no broad description about the phosphorylation and sialic
acid (SA) N-linked glycosylation profile of EMT markers, and the possible effects in
downstream signaling pathways in human endometriotic lesions. Therefore, this study aims to
investigate the expression of EMT proteins in human peritoneal endometriosis by profiling their

total proteome (TP) and PTMome (phosphorylation and SA N-glycosylation).

METHODS
Patients and Study Design

Human endometrium tissue samples, endometriotic lesions samples and healthy peritoneum
samples used in this study were collected prospectively from nine patients undergoing
laparoscopic surgery in Clinical Hospital “Samuel Libanio” (CHSL) or Hospital and Maternity
Santa Paula (HMSP), Pouso Alegre, Minas Gerais, Brazil, between November 2021 and May
2022. The study protocol was approved by the Research Ethics Committee of Faculdade de
Ciéncias Médicas Dr. José Antonio Garcia Coutinho — FACIMPA, Pouso Alegre, MG, Brazil,
under protocol number CAAE: 52182921.4.1001.5102 and written informed consent was

obtained from all the participants.

The nine patients’ samples were divided as follows. Three patients submitted to tubal ligation
without any pelvic endometriosis determined by laparoscopy and no underlying conditions had
biopsies collected from the endometrium and peritoneum associated with the uterosacral
ligament for the Control Endometrium (CE) and Control Peritoneum (CP) groups. Six patients
undergoing laparoscopic surgery to investigate infertility causes or for endometriosis treatment
had biopsies collected from the endometrium and endometriotic lesions from the uterosacral

ligament for the Endometriosis Endometrium (EE) and Endometriosis Lesion (EL) groups. The
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diagnostic was based on the visualization of endometriotic lesions and histopathology criteria,
and the stage of the endometriosis was assessed according to the revised classification of the
American Fertility Society [22]. All samples were collected during the secretory phase of the
menstrual cycle (when applied), and the clinical characteristics of patients are summarized in

Table 1.

All samples were snap frozen in liquid nitrogen after being dissected in 4 °C PBS and stored in

liquid nitrogen until processing.

Table 1: Patients clinical features

Control Endometriosis

Endometrium Peritoneum Endometrium Lesions

Number of cases 3 3 6 6
Age (mean * SD) 34+ 1.73 34+ 1.73 40 + 8.67 40 + 8.67
Hormonal

1 1 6 6

contraceptive/progestin

ASRM stage

I 2 2
II 2 2
111 - -

IV 2 2
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Protein Extraction and Digestion

Endometrium (control and endometriosis), peritoneum and endometriotic lesions were
homogenized in TRI Reagent using 1 ml per 50-100 mg of tissue, using a tissue homogenizer,
and the protein were extracted according to the protocol provided by the manufacturer. All

reagents were purchased from Sigma (Sigma- Aldrich, St. Louis, MO, USA)

The extracted protein pellets were washed 3 times with 0.3 M guanidine hydrochloride in 95%
ethanol solution, using 2 ml per 1 ml of TRI Reagent. Samples were incubated with wash
solution for 20 minutes at RT and then centrifuged at 7,500 g for 5 minutes at 4 °C (Kang et
al., 2021 with modifications). After the last wash, the supernatant was removed and the pellet
was washed with 2 ml of 100% ethanol, vortexed, incubated for 20 minutes at RT and
centrifuged at 7,500 g for 5 minutes at 4 °C. The supernatant was discarded, and the pellet dried

under vacuum centrifugation.

Pellets were resuspended in a solution containing 1% SDS, 0.2% sodium deoxycholate (SDC),
protease inhibitor (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail - Roche) and
phosphatase inhibitor (PhosSTOP - Roche) in 100 mM TEAB (pH 8.0). The sample was
sonicated 2-5 times for 20 seconds at 40% amplitude in ice, and centrifuged at 3,200 g for 10
minutes at 4 °C. The supernatant was incubated with 10 mM dithiothreitol (DTT) at 60 °C for
10 min. After cooling to RT, the samples were incubated with 25 mM 1odoacetamide for 30

min in the dark.

Next, the chloroform/methanol precipitation was performed as previously described with
adaptation [24]. Briefly, 100 pL of each sample was mixed with methanol, chloroform, and
distilled water (4:1:3, v/v/v), and then centrifuged at 14,000 g for 1 min at RT. The supernatant
was carefully discarded and 0.4 mL of methanol was added to the cloudy protein ring in the
interphase/lower chloroform phase, followed by vortex and centrifugation at 20,000 g for 5
minutes at RT. Methanol was removed and the protein pellets were dried under vacuum
centrifugation. The pellets were dissolved in 100 pL of 0.2% sodium deoxycholate in 50 mM
TEAB (pH 8.0) and incubated in the sonicate bath for 5 minutes. Trypsin (Promega, Madison,
WI, USA) was added to the samples (1:50, w/w) and the solution was incubated overnight at

37 °C. The phase transfer-assisted removal of SDC was performed as previously described [25].
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Finally, the samples were resuspended with 2% formic acid (FA), centrifuged at 20,000 g for 5
minutes at RT to remove possible SDC residues and the supernatant was dried again for TMT

labelling.

TMT Labelling

The sample was resuspended in 100 mM HEPES buffer (pH 8.5) to achieve a concentration of
2 ng/ul and quantification was confirmed using Qubit Protein Assay Kit (Thermo Scientific,
Waltham, MA, USA). A total of 50 ug of each sample were labelled with the TMTpro™ 18-
plex (Thermo Scientific, San Jose, CA, USA), according to the manufacturer's instructions. The
18 samples, divided into 4 groups, were labelled as: 1) Control Endometrium (CE): 128N, 128C
and 129N; i1) Control Peritoneum (CP): 126, 127N and 127C; iii) Endometriosis Endometrium
(EE): 131N, 131C, 132N, 134N, 134C and 135; and iv) Endometriosis Lesion (EL): 129C,
130N, 130C, 132C, 133N and 133C (Table S1). After labelling, the peptides were mixed in

equal ratios for simultaneously PTM enrichment and analysis.

Enrichment of Phosphorylated Peptides and Formerly Sialylated Glycopeptides

Phosphopeptides and formerly sialylated glycopeptides enrichment was performed from the
TMT labelled peptide mixture according to a previously published protocol [26]. The
nonmodified peptide fraction was obtained from the flow-through of the TiO2 enrichment and
was dried under vacuum centrifugation. The eluted peptides from TiO2 were resuspended in 50
mM TEAB (pH 7.5-8.0) and treated with PNGase F (New England BioLabs Inc.,
Massachusetts, USA) and Sialidase A (Agilent Technologies, Santa Clara, CA, USA) overnight
at 37 °C to remove N-linked sialic acid glycans [27]. After deglycosylation, the
phospho/deglycosylated peptides and nonmodified peptides fractions were acidified (pH 1.5-
2.0) with 100% trifluoroacetic acid (TFA) and desalted with a 1:1 mix of PorosTM 50 R2 and
R3 reversed-phase resins (Thermo Scientific, USA) on a stage tip column. Samples were
subjected to fractionation using high-pH reversed-phase (High-pH RP) to decrease the
complexity, as published [28]. The phospho/deglycosylated peptides were separated into 12
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concatenated fractions and the nonmodified peptides into 20 concatenated fractions, and

subsequently dried by vacuum centrifugation.

Liquid Chromatography-Tandem Mass Spectrometry Analysis

All fractions were dissolved in buffer A (0.1% formic acid; FA) and loaded onto an EASY-nL.C
system (Thermo Scientific, Odense, Denmark) containing an in-house 20 cm fused silica
capillary column (100 um ID) packed with ReproSil-Pur C18 AQ 1.9 um reversed-phase
material (Dr. Maisch, Ammerbuch-Entringen, Germany). The peptides were eluted with the
following chromatographic gradient (in percentage of solvent B): 1%—-25% for 100 min; 25%—
40% in 20 min; 40%-95% in 1 min; 95% for 5 min; 95%-1% in 1 min; and 1% for 5 min, with
the flow at 300 nl/min using 132 min gradient. The nLC system was coupled to a Exploris 480
Mass Spectrometer (Thermo Scientific). The full MS scan was acquired in the mass range of
350-1200 m/z, resolution of 120,000 FWHM, a normalized AGC target value of 300%, and a
maximum injection time in automatic mode. For each full scan, the top 10 most intense
precursor ions were selected for higher energy collision dissociation (HCD) fragmentation with
a normalized collision energy of 32. The MS/MS parameters were: resolution of 45,000
FWHM, normalized AGC target value of 300%, maximum injection time of 100 ms for the
nonmodified fractions and 200 ms for the phospho/deglycosylated fractions, isolation window

of 0.7 m/z, and a dynamic exclusion window of 20 s.

Bioinformatics analysis

The raw MS data sets were processed using the Proteome Discoverer (PD, v2.5, Thermo
Scientific) and searched against the Swiss-Prot human database (20,594 entries, September 3rd,
2022) using an in-house MASCOT server (v2.8.2, Matrix Science Ltd, London, UK) and the
Sequest HT algorithm. The database search was performed with the following parameters:
peptide mass tolerance of 10 ppm; fragment m/z tolerance of 0.05 Da; enzyme set as trypsin
allowing maximum 2 missed cleavages; dynamic modifications set as carbamidomethylation
(cysteine), oxidation (methionine), and for the phospho/deglycosylated peptides the addition of

phosphorylation (serine, threonine and tyrosine) and deamidation (asparagine); static
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modifications set as TMT pro (lysine and N-term), and a false discovery rate (FDR) of 1% for
proteins and peptides. Quantification and normalization of abundances was performed by the
Reporter Ions Quantifier node of PD, with the General Quantification Settings mode for unique
peptides, the Normalization at Total Peptide Amount mode and using all peptides for
normalization and protein roll-up. The protein group from the nonmodified fractions was used
for TP analysis while the peptide group was used for the SA glycoproteome and
phosphoproteome analysis. The normalized abundances values of proteins with at least 2 unique
peptides, and the SA glyco/phosphopeptides were log-transformed (log2) to achieve a normal
distribution for subsequent analysis. Only glycosylated sites within the consensus sequence (N-
X-S/T/C - where X is any amino acid except proline) were selected for further analysis.
Phosphosite localization probability was checked in the MS/MS data sets using PhosphoRS
[29] and only phosphosites with at least 99% probability were selected for further analysis.

The quantitative analysis was performed using the combined statistical testing tool PolySTest
[30]. Significantly regulated peptides or proteins between groups were determined based on
Limma test with adjusted p-value < 0.05 combined with a log2 Fold Change of 1 in each
direction (positive or negative). Functional characterization of regulated proteins and modified
peptides was carried at the R environment [31] and analyzed with the Clusterprofiler [32] and
Enrichplot [33] packages for statistical analysis and plots. Clustered proteins or modified
peptides were analyzed based on their gene names against the TP as background and biological
processes were done based on over-representation analysis (ORA) [34] using Gene Ontology
(GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations [35]. Kinase
activity prediction was performed using the KinSwing package [36]. Statistical analyses were
performed using the Benjamini-Hochberg method with p-value and g-value lower than 0.05

cut-off.

RESULTS
Overview and quality control of total proteome, phosphoproteome and SA glycoproteome

In general, were quantified 6232 proteins in the TP, 3413 proteins in the phosphoproteome, and
1052 proteins in the SA glycoproteome (Figure S1). Notably, only 2.3% was observed in
common to the three studies. In the phosphoproteome, 10041 phosphosites with at least 99%
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confidence were quantified, corresponding to 8834 phosphopeptides. For the SA
glycoproteome, 2300 glycopeptides and glycosites were quantified. Thirty peptides presented
concomitant phospho and glycosites (Table S2). This convergence highlights the complex

interplay between phosphorylation and glycosylation in regulating cellular processes.

A hierarchical cluster analysis and a principal component analysis (PCA) were performed to
evaluate possible samples differences in the TP and PTMome profile. Although the
endometrium samples (control and endometriosis) and peritoneum samples (control and
lesions) tended to cluster into two profiles in the PCA plots of our proteome, phosphoproteome,
and SA glycoproteome datasets, it was not possible to establish a clear separation between the
groups due to the samples' heterogeneity (figure S2A). Moreover, the overall expression
profiles of samples from control and endometriosis patients showed no clear distinction for the

TP, phosphoproteome, and SA glycoproteome (Figure S2B).

Differential regulation of total, phospho and SA glycoproteome and biological pathways in

endometriosis

Several significantly regulated proteins/phosphopeptides/SA-glycopeptides were identified
(adjusted p-value < 0.05; log2 Fold Change of 1) between the main four comparisons (EExCE,
ELxCE, ELxCP and ELXEE) (Table S2 and Figure S3). The ELXCE and the ELxCP presented
a very low number of significant regulations in the TP (4 and 2 proteins, respectively) and
phosphoproteome (5 and 0 peptides, respectively), with more differences in the SA-
glycoproteome (207 and 14 peptides, respectively) (Figure S3). The EEXxCE comparison
presented 20 proteins, 278 phosphopeptides and 300 SA-glycopeptides differentially regulated
(Figure S4). ELXEE was the comparison with the highest number of significant regulations:
276 proteins in the TP, 2240 peptides in the phosphoproteome and 481 peptides in the SA
glycoproteome (Figure S4).

Only the ELXEE comparison showed GO biological process (GO-BP) and KEGG pathway
enrichments results for the up and downregulated proteins/modified peptides (Table S3). In the
TP, actin cytoskeleton contraction, striated cell differentiation, positive regulation of cell-
substrate adhesion and blood circulation were among the most significantly enriched GO-BP

of upregulated proteins (Figure 1A). ECM-receptor interaction and focal adhesion were among
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the KEGG most significant enriched pathways (Figure 1B). The downregulated proteins
presented no enriched biological processes or KEEG pathways in the TP.

The most significant GO-BP enriched from the upregulated phosphopeptides were related to
collagen adhesion and organization, muscle contraction and differentiation, and filament
depolymerization (Figure 2A). The KEGG results for upregulated phosphopeptides were
similar to those observed in the TP, with focal adhesion, ECM-receptor interaction and
regulation of actin cytoskeleton enriched pathways (Figure 2B). Both GO-BP and KEGG
analyses of downregulated phosphopeptides revealed enrichment focused on mRNA

processing/spliceosome (Figure S5A and Table S3).

In the SA-glycoproteome, only the downregulated glycopeptides had significant enriched
biological processes and pathways, most related to metabolic and glycosylation processes

(Figure S5B and Table S3).

Regulation of focal adhesion and adherens junction-related proteins and peptides in

endometriotic lesions

Considering the enrichment of focal adhesion and ECM-receptor interaction biological process
and pathways in endometriotic lesions compared to the endometrium of endometriosis patients,
we further evaluated the proteins, phosphopeptides and SA-glycopeptides related to it. Figure
3 provides a synthesis of the suggested proteins interactions in endometriotic lesions, along
with their PTM regulations, while Tables 2 and 3 lists all the considered phosphorylation and
SA-glycosylation sites. The main EMT markers (Figure 3A), including E-cadherin, N-cadherin,
B-catenin, and p120-catenin, were all identified in the TP but with no change in their abundance
when comparing EL and EE. In the phosphoproteome, E-cadherin and p120-catenin had
regulated phosphorylation sites in endometriotic lesions. E-cadherin showed a downregulation
of Thr748, located in the protein’s juxtamembrane domain (JMD). p120-catenin, in turn, had
seven different downregulated phosphosites: five in its regulatory domain (Ser268, Thr310,
Ser346, Ser349, and Ser352), and two at the C-terminal tail (Thr916 and Ser920). No EMT
transcription factors were identified in the TP, but the phosphopeptides of Zebl and 2 and
Twistl and 2 were detected. Twist2 presented four downregulated phosphosites in

endometriotic lesions: two between the nuclear localization signals at the N-terminus (Ser40
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and Ser44), and two between a nuclear localization signal and the basic helix-loop-helix
(bHLH) domain (Ser55 and Ser60). None of the proteins cited above showed significant

regulations in the SA glycoproteome.

Table 2: Phosphorylation of cell adhesion-related proteins in endometriotic lesions

Regulated
Gene Symbol Protein Phosphosite pValue
ELxEE
ACTNI1 Alpha-actinin-1 S140 UP 0.005
S1182 DOWN 0.007
AFDN Afadin S1721 DOWN 0.009
S1779 DOWN 0.003
CDHI1 Cadherin-1 (E-cadherin) T748 DOWN 0.004
S268 DOWN 0.011
S349 DOWN 0.009
S352 DOWN 0.003
CTNND1 Catenin delta-1
S920 DOWN 0.003
T310 DOWN 0.008

T916 DOWN 0.019
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S346; S349 DOWN 0.005
S349; S352 DOWN 0.003
S651 DOWN 0.010
S1734 UP 0.017
S2180 UP 0.005
S1470 UP 0.003
S1533 UP 0.017
S1630 UpP 0.013
S1946 UpP 0.009
FLNA Filamin-A
S2128 UP 0.004
S2370 UP 0.003
S2414 UP 0.017
S2577 UP 0.005
S310 Up 0.009
S966 UpP 0.006
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S2152; S2163  UP 0.024
Y442 UpP 0.015
S2475 UpP 0.001
FN1 Fibronectin
T524 uUpP 0.007
Ras GTPase-activating-like  protein
IQGAP1 S1443 DOWN 0.009
IQGAP1
ITGA4 Integrin alpha-4 S1021 DOWN 0.010
LAMBI Laminin subunit beta-1 S1222 DOWN 0.009
LMO7 LIM domain only protein 7 S1423 DOWN 0.014
MYL9 Myosin regulatory light polypeptide 9  T19 UP 0.049
S1438 UP 0.019
S1773 uUpP 0.010
Myosin light chain kinase, smooth
MYLK S1848 (0] 0.007
muscle
S1776; S1779  UP 0.021
S1776 Up 0.012
Protein phosphatase 1 regulatory
PPP1R12B 839 uUp 0.025

subunit 12B




SORBS1

Sorbin and SH3 domain-containing

protein 1

S242

S556

S412

S350

T1223

T497

S465; S472

S704; S707

S85; S89

T237; S242

S454

S700

S451; S454

S696; S700

S115

UP

UP

UP

UP

UP

UP

UP

UP

UP

UP

UP

UP

0.016

0.003

0.002

0.004

0.008

0.017

0.007

0.013

0.042

0.009

0.022

0.006

0.011

0.039

0.020

82
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S945 UP 0.007
S234 DOWN 0.020
SPP1 Osteopontin
S254 DOWN 0.017
S55; S60 DOWN 0.012
TWIST2 Twist-related protein 2 S40 DOWN 0.022
S44 DOWN 0.008
S290 UP 0.014
S456 UP 0.003
S579 UpP 0.010
S721 UP 0.018
VCL Vinculin
S275 UP 0.003
S357 UP 0.004
S787 UP 0.002
S346 UP 0.004

Table 3: Sialic acid glycosylation of cell adhesion-related proteins in endometriotic lesions
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Regulated
Gene Symbol Protein Glycosites pValue
ELxEE

N542 UP 0.003
FN1 Fibronectin

N1291 UP 0.016

N2546 UP 0.002

N2357 UP 0.019
VWF von Willebrand factor

N2636 UP 0.010

N2290 UP 0.019
LAMA4 Laminin subunit alpha-4 N787 UP 0.036
LAMB2 Laminin subunit beta-2 N1348 UP 0.007
LAMBI Laminin subunit beta-1 N1542 DOWN 0.037

N2038 DOWN 0.027
LAMAI1 Laminin subunit alpha-1 N1991 DOWN 0.023

N1717 DOWN 0.023

N329 DOWN 0.004
LAMC3 Laminin subunit gamma-3

N631 DOWN 0.008
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N1025 UP 0.002
ITGA7 Integrin alpha-7 N98&9 UP 0.002

N1045 UP 0.001

N182 uUP 0.028
ITGAS Integrin alpha-5

N594 UP 0.045

N331 UP 0.028
ITGAI1 Integrin alpha-11

N449 UP 0.045
ITGA2 Integrin alpha-2 N1074 DOWN 0.014
ITGA6 Integrin alpha-6 N930 DOWN 0.009
ITGB6 Integrin beta-6 N463 DOWN 0.000
ITGBS8 Integrin beta-8 N466 DOWN 0.022

Several ECM proteins and integrins were identified in the analyzed TP and PTMome, with most

regulations presented in the phosphoproteome and SA-glycoproteome (Figure 3B).

Additionally, actin-binding proteins such as filamin-A, a-actinin 1, and vinculin presented

upregulated phosphosites in endometriotic lesions. The possible influence of the identified

regulations in cell adhesion is summarized in Figure 3C.

Considering the kinase regulation of the phosphosites found in our analysis, the KinSwing

results demonstrated that kinases in the ELXEE comparison presented no alteration or had a

predicted lower activity (Figure S6 and Table S4), including kinases usually associated with
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the regulation of EMT, focal adhesion, and adherens junction such as casein kinase II subunit

alpha (CKIIA1) and Src protein-tyrosine kinase (SRC) (Figure 3A).

DISCUSSION

One potential mechanism of endometriosis progression is the dysfunction of cell adhesion
molecules and pathways. These molecules play a crucial role in the attachment of cells to each
other and the extracellular matrix, and their dysfunction can lead to the detachment and
migration of cells. Our work is the first to present a quantitative proteomic profile of EMT
markers involved in adherens junction and focal adhesion, as well as changes in the
phosphorylation and sialic acid N-glycosylation profile of those markers, in endometriotic

peritoneal lesions.

Considering the overall expression profile of our samples, there were no major differences
between the control and endometriosis patients for both endometrium and peritoneal fragments
(Supplemental figure S2). We observed heterogeneity within the groups, but analyzing only
peritoneal samples provided a great advantage in reducing interference from the surrounding
tissue. Since microdissection of the endometriotic lesions was not possible with enough quality
for proteomic analysis, choosing lesions from a simpler structure (compared to bowel or
bladder) allowed us to focus on the possible differences that the lesions would present. We still
face the challenges of conducting a multi-tissue analysis. Still, our results already present an
interesting perspective over the changes in TP, phosphoproteome and SA glycoproteome in

endometriotic lesions.

We observed many regulations between the four groups (Supplemental figures S3 and S4), with
the most significant changes observed when comparing the endometriotic lesions with the
endometrium of the same patients (ELXEE). Analyzing the upset plots, we observed little
overlap of the proteins, phosphosites and SA glycosites regulated in the ELXEE and the ones
found in the other three comparisons. The fact that the ELXEE is an intrapatient analysis
potentially reduces the heterogeneity observed in the groups, and considering the aims of our
work, the enriched pathways resulting from this comparison provide a clearer path to further

investigate our interest targets.
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Looking more carefully into the ELXEE comparison, we observed more significant regulations
in the phosphoproteome and SA glycoproteome of our EMT interest markers. E-cadherin, a
principal component of adherens junction complex, exhibited similar protein abundance
between the two groups. However, we observed a downregulation of Thr748 phosphosite in the
juxtamembrane domain (JMD) of the protein. While there is no specific description of the
impacts of alterations in this particular phosphosite, phosphorylation of E-cadherin at Tyr754-
755-756 by Src reduces its affinity for B-catenin [37,38] and p120-catenin [39,40], favoring E-
cadherin binding to ubiquitinase Hakai and its consequent endocytosis. Therefore, the
downregulation of phosphorylations at the E-cadherin JMD would maintain the integrity of the

cadherin-catenin complex and, consequently, the adherens junction in endometriotic lesions.

The stability of adherens junctions could also be enhanced by decreased phosphorylation levels
of three identified sites in p120-catenin: Ser268, Thr310 and Thr916. One of the key functions
of p120-catenin is to stabilize the adhesive properties of E-cadherin by binding to the JMD and
linking E-cadherin to the actin cytoskeleton [40]. p120-catenin binds to the JMD through its
Armadillo domain (ARM), and the downregulated phosphosites identified in our data are
located in the regulatory domains of the protein surrounding the ARM region [41].
Experimental evidence has demonstrated that the introduction of a p120-catenin Ser/Thr
phosphorylation dead mutant (Ser252, Ser268, Ser288, Thr310, Ser312, and Thr916) induces
enhanced cell adhesion mediated by E-cadherin in breast cancer cells [42], highlighting the
importance of these surrounding phosphosites to the regulation of JIMD-ARM binding. The
downregulation of the detected phosphorylation sites in both p120-catenin and E-cadherin
suggests an enhancement in the binding affinity between these proteins. This could potentially

lead to increased cell-cell adhesion in the analyzed endometriotic lesions.

We identified the EMT transcription factors Zebl, Zeb2, Twist 1 and Twist 2 only in the
phosphoproteome, highlighting their dynamic nature and the importance of phosphorylation in
modulating this biological process. Among them, Twist 2 exhibited downregulation in four
phosphosites in endometriotic lesions, including Ser40, which is being described here for the
first time. Currently, there is no data on how these four phosphosites might impact Twist 2
activity or its cell localization, and limited information is available about how PTMs regulate
this transcription factor. Zeng and collaborators showed that SUMOylation of Lys129 stabilizes
Twist 2 and promotes EMT [43], but there is no functional description of the phosphorylation
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impacts on Twist 2. Considering the genetic sequence and functional similarities between
Twistl and Twist 2, it is possible that PTMs in Twist 1 could explain how phosphorylation
affects Twist 2 [44]. The phosphorylation of Twist 1 at Ser68, the closest region of the identified
phosphosites in Twist 2 in our data, stabilizes its structure and promotes invasion and metastasis
in cancer [45], while dephosphorylation of pSer68 accelerates Twist 1 degradation [46].
Therefore, it is possible that the downregulation of Twist 2 phosphosites in the analyzed
endometriotic lesions could decrease its transcriptional activity and, consequently, reduce EMT
activation. However, further functional assays are necessary to validate the effects of modifying

these specific phosphosites in Twist 2.

The regulation of cell adhesion by the cadherin-catenin complex occurs by connecting
cadherins on neighboring cells to the actin cytoskeleton via other actin-binding proteins. This
complex ensures the integrity of tissues and allows for the transmission of mechanical forces
and signaling events between cells [47,48]. The interaction between the cadherin-catenin
complex and the actin cytoskeleton is dynamic and regulated by PTMs, influencing the strength
and stability of cell-cell adhesion. These modifications can lead to the reorganization of the
actin cytoskeleton, resulting in changes in cell shape, migration, and tissue morphogenesis
[49,50]. Even though endometriotic lesions presented no change in actin protein abundance or
PTMs, actin anchoring and cross-linking proteins such as vinculin, a-actinin and filamin A

displayed upregulated phosphosites.

Vinculin is a cytoskeletal protein involved in both cell-cell and cell-matrix junctions, playing a
role in anchoring F-actin to the membrane. Available data indicates that vinculin undergoes
distinct regulation depending on the specific phosphorylation site. Vinculin phosphorylation at
Tyr822 is required for E-cadherin-dependent force transmission and signaling within cell-cell
contacts [51]. Also, phosphorylation of Tyrl00/Tyrl1065 favors vinculin open/active
conformation, and is required for normal tension generation during contractile stimulation in
airway smooth muscle [52,53]. In the analyzed endometriotic lesions, all eight upregulated
phosphosites were at serine residues (Ser290, Ser456, Ser579, Ser721, Ser275, Ser357, Ser787,
Ser346). Although tyrosine phosphorylation appears to activate vinculin, the limited available
data on serine phosphorylation suggests that phosphorylation at Ser721 induces a
conformational change in vinculin towards a closed form, weakening its interaction with VE-

cadherin [54]. Despite no data is currently available for the other identified serine phosphosites,
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it is plausible that the upregulation of pSer721 in endometriotic lesions may disrupt the
interaction between the cadherin-catenin complex and the actin cytoskeleton. However,

additional functional analysis is required to validate this hypothesis.

Another protein that links adhesion proteins to the cytoskeleton is the a-actinin, which binds
actin to adherens junctions via cadherins and focal adhesions via integrins complexes,
establishing and reinforcing adhesion structures [55]. Limited available data on the protein
phosphorylation indicates that pTyrl2 decreases a-actininl-actin binding in focal adhesions,
possibly regulating focal adhesion maturation and turnover [56—58]. In our findings, we
observed an increased phosphorylation at Ser140, a residue located in the actin-binding region
of a-actinin 1, within endometriotic lesions. This modification may disrupt the binding domain

and reduce the a-actininl-actin affinity, impairing cell adhesion.

Afadin, LIM domain only protein 7 (LMO?7) and sorbin! are proteins that also interact with and
compose the actin cytoskeleton. Their role in cell adhesion is complex and not yet fully
understood, but they have been described to interact directly with actin, vinculin and a-actinin
[59-61]. Both afadin and LMO7 presented down regulated phosphosites in the endometriotic
lesions, which might lead to decreased cell migration and increased cell adhesion [62], as well
as an increase in ECM deposition and fibrosis [63]. Conversely, endometriotic lesions showed
higher protein abundance and upregulation of sorbinl phosphorylation. However, the data

about the pro or anti-metastatic role of sorbinl is still conflicting [64,65].

Filamin A is a member of the actin-binding filamin protein family involved in actin cross-
linking and can regulate cell motility and invasion through its interaction with transmembrane
complexes, especially the integrins in focal adhesions [66]. Current data shows that Akt
phosphorylation of filamin A at Ser2152 has a great impact on cell migration in cancer cells by
both interacting with smad2, promoting its phosphorylation/activation of EMT and also
mediating the effects of caveolin-1 on IGF-I-induced cell migration [66—69]. We identified 15
upregulated filamin A phosphosites in our analyzed endometriotic lesions, including the
Ser2152. However, further analysis is required to evaluate the impact of this phosphorylation

in altering endometriosis EMT activation via smad2 and cell motility.

In addition to the proteins that directly bind to actin, other intermediates that regulate the

cytoskeleton also presented regulations in the analyzed endometriotic lesions. IQGAPI1, the IQ
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motif-containing GTPase-activating protein 1, plays crucial roles in governing cytoskeletal
architecture, cell-cell adhesion, cellular polarization, and migration. The interaction between
IQGAPI1 and Racl/CDC42 inhibits the association of IQGAP1 with B-catenin, resulting in
increased levels of membrane-bound B-catenin. This, in turn, enhances cell-cell adhesion and
promotes the formation of stable F-actin cross-links [70,71]. This IQGAPI1-Racl/CDC42
interaction is repressed by two phosphorylations at Serl441 and Serl443 in IQGAPI,
disrupting the cell-cell adhesion complex interaction with F-actin [72—-74]. In our data,
endometriotic lesions presented a downregulation of phosphorylation at Ser1443, which may

result in an augmented Racl binding affinity, enhancing cell-cell adhesion.

Another complex related to the cell adhesion-actin cytoskeleton regulation is the MYLK-
MYL9-PPP1R12B. MYLK (myosin light chain kinase) phosphorylates MYL9 (myosin light
chain 9), which promotes actomyosin contractility, leading to the reorganization of the actin
cytoskeleton and strengthening of cell adhesion [75-77]. This process is modulated by
PPP1R12B (protein phosphatase 1 regulatory subunit 12B), which acts as a regulatory subunit
for protein phosphatase 1 (PP1), counteracting the phosphorylation of MYL9 and promoting
actomyosin relaxation [78,79]. Therefore, the balanced interplay between MYLK, MYL9, and
PPP1R12B allows for dynamic control of cell adhesion, ensuring proper cellular morphology,
migration, and tissue integrity. In our data, endometriotic lesions presented higher protein
abundance and upregulation of phosphorylation in both MYL9 (Thr19) and PPP1R12B
(Ser839), as well as upregulation of five phosphosites in MYLK (Table 2). Phosphorylation of
MYL9 at Thrl9 is known to induce cell adhesion [80], while other phosphorylations in
PPP1R12B (Thr646) inhibits its activity [81]. Shi et al. (2022) revealed that phosphorylation of
MYLK at Ser343 enhances cell motility in ovarian cancer [82]. However, since the identified
phosphosites in endometriotic lesions are located exclusively in the protein's C-terminal region,
further validation is required to confirm the effects of these specific phosphosites. Taken
together, we suggest that the regulations observed in endometriotic lesions involving the

MYLK-MYL9-PPPIR12B complex could increase cell adhesion.

Many of the proteins cited above are involved not only in cell-cell adhesion but also in cell-
matrix adhesion regulation, linking the actin cytoskeleton to the integrins-ECM complexes
(focal adhesion). The interactions between integrins and ECM molecules are highly dynamic,

involving a multitude of ligands, signaling pathways, and adaptor proteins. The modulation of
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these interactions is regulated not only by phosphorylation, but also by glycosylation [83,84].
Indeed, our data reveals that endometriotic lesions presented many changes in SA N-linked
glycosylation patterns for the integrins and ECM proteins (Figure 3B), which can have
significant consequences for cell adhesion, wound healing and inflammation, events critical to
endometriosis establishment. In the context of integrins, SA glycosylation can modulate their
affinity for ECM components, such as fibronectin and collagen, influencing the strength and
stability of cell adhesion. Alterations in integrin SA glycosylation patterns may disrupt the
binding ability of integrins to their ligands, impairing the formation of focal adhesions and
weakening cell-matrix interactions [85,86]. We identified both up and down regulations for
different a and P integrins subunits in the analyzed endometriotic lesions. However, it is
important to note that integrins function primarily as dimeric structures, and the association of
o and B subunits allows the extracellular domain of integrins to bind to specific ECM ligands.
Therefore, the current methodology imposes a limitation on analyzing the downstream impact
of the described integrins SA glycosylation in endometriotic lesions. Still, this preliminary

description provides a promising insight to future analysis.

Similarly, alterations in SA glycosylation and phosphorylation of ECM proteins can impact cell
adhesion by altering their binding properties, affecting cell-substrate interactions and adhesive
strength [85]. Laminins, as a major basement membrane component, are essential for
establishing epithelial cell polarity in normal tissue homeostasis [87]. Previous research on the
SA glycosylation of laminins focuses on microbial interactions [88—90], suggesting that this
PTM is necessary for pathogen cell attachment and entry. Also, N-glycosylated laminin-332
reduces keratinocyte cell adhesion and migration in vitro [91]. Different laminin glycosite
regulations were found in endometriotic lesions (Table 3). Still, the analysis of the true impact
of PTMs in laminins is limited by the techniques employed in this study, considering laminins

are heterogeneous trimeric glycoproteins [92].

In the analyzed endometriotic lesions, Fibronectin 1, an ECM component, exhibited increased
protein abundance, and upregulation of two phosphosites and two SA glycosites. SA
glycosylation affects fibronectin 1 interaction with other ECM proteins and the treatment with
PNGase F reduced cell adhesion in vitro [93-95]. Also, upregulation of fibronectin 1 is

associated with tumor metastasis, and its phosphorylation increases cell traction forces and cell
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spreading [87,96,97]. Therefore, phosphorylation and SA glycosylation of fibronectin 1 may

generate the mechanical and cell adhesion changes necessary for cell migration.

Another ECM associated with cell attachment is osteopontin, an acidic hydrophilic
glycophosphoprotein that acts as a cytokine signaling through cell adhesion molecules like
integrin and CD44 [98,99]. Phosphorylation has a major impact in osteopontin binding to these
receptors and in our data, we observed a decreased phosphorylation in two osteopontin
phosphosites. Although the effects of osteopontin phosphorylation seems to be tissue-
dependent, its dephosphorylation is associated with a decrease in integrin binding and cell

adhesion [100-102].

Von Willebrand factor (VWF) is a large multimeric plasma glycoprotein that acts as a
coagulation factor, binding platelets to collagen and other ECM proteins during normal
homeostasis [103]. Due to the cyclical nature of tissue injury and subsequent repair that occurs
in endometriosis [Recurrent Tissue Injury and Repair (ReTIAR)], alterations in VWF present
an interesting target to better understand the disease, as Von Willebrand Disease has been
associated with menorrhagia and severe recurrence of endometriomas [104,105]. Our data
showed that endometriotic lesions exhibited elevated SA glycosylation at four specific residues
(Table 3). This SA glycosylation pattern appears to hinder the clearance and proteolysis of
VWEF [106], suggesting that the SA glycosylation of VWF plays a role in sustaining the cyclic

process of wound repair in endometriotic lesions.

The regulation of EMT and cell adhesion is complex, involving many proteins and transcription
factors, making it a challenging process to investigate. However, by evaluating the TP and
PTMome of endometriotic lesions, we gained valuable insights into the significance of PTMs
in shaping the pathways governing the structure and functionality of both cell-cell and cell-
matrix junctions. The presence of phosphorylation and SA glycosylation within the
endometriotic lesions sometimes indicated contrasting regulation of cell adhesion, reinforcing

the intricate balance to which these networks are subjected (Figure 3C).

Recent studies have discussed that endometriosis presents a “mixed” epithelial and
mesenchymal phenotype due to the concomitant expression of both cell type markers [7]. Here,
we observed that more than the expression of specific proteins, their PTM regulation may also

contribute to the phenotypic fluctuation in endometriotic lesions. The maintenance of tissue
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architecture is considered crucial to the establishment of endometriosis [107], and collective
cell migration (CCM) has been proposed as a possible mechanism of invasion in endometriosis
and adenomyosis [108—110]. In CCM, as the rear of the leader cell is involved in intercellular
connections (adherens junctions), the front of the cell interacts either with the extracellular
matrix or with stationary cells within the tissue (focal adhesion) [111]. Therefore, adherens
junctions limit the positioning of focal adhesions to the front edge of the cell by suppressing
their establishment in other cell areas [112]. In this context, the regulations identified in
endometriotic lesions support the hypothesis of maintaining the stability of the adherens
junctions. At the same time, focal adhesions play a more dynamic role in balancing the level of
cell adhesion, which can either increase or decrease. However, further functional and

histopathological analysis are needed to validate our findings.

To our current understanding, this study presents the first characterization of EMT markers and
cell adhesion markers comparing the eutopic endometrium and endometriotic lesions,
examining both the total proteome and PTMome abundance. Our findings highlight the
significance of phosphorylation and SA glycosylation in preserving the integrity of adherens
junctions and maintaining the balance of cell adhesion in endometriosis. Furthermore, we
provide new insights for future research into the influence of PTMs on the regulation of EMT

and collective migration to establish endometriosis.
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FIGURES LEGENDS

Figure 1: GO biological processes and KEGG enriched pathways from the upregulated total proteome fraction in
endometriotic lesions. (A) Enriched GO-biological processes and (B) Functional interaction network created by
the STRING program. Nodes colors indicates protein involvement in ECM-receptor interaction (red) and focal
adhesion (blue) KEGG enriched pathways. Lines thickness indicates the strength of data support.
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Figure 2: GO biological processes and KEGG enriched pathways from the upregulated phosphoproteome fraction
in endometriotic lesions. (A) Enriched GO-biological processes and (B) Functional interaction network created by
the STRING program. Nodes colors indicates protein involvement in ECM-receptor interaction (red), focal
adhesion (blue) and regulation of actin cytoskeleton (green) KEGG enriched pathways. Lines thickness indicates
the strength of data support.
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Figure 3: Cell adhesion-related proteins and their post-translational modifications (PTMs) identified in
endometriotic lesions. (A) Protein-protein interaction network in endometriotic lesions based on the total
proteome, phosphoproteome and SA glycoproteome regulations; (B) Extracellular matrix (ECM) proteins and
integrins subunits differentially regulated in the total proteome, phosphoproteome and SA glycoproteome of
endometriotic lesions; (C) Proposed cell adhesion balance between the identified regulations in the total proteome,
phosphoproteome and SA glycoproteome of endometriotic lesions. Created with BioRender.com.
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SUPPLEMENTAL FIGURES LEGENDS

Supplemental Figure 1: Upset plot of identified and quantified proteins in the total proteome, phosphoproteome
and SA glycoproteome of the analyzed samples.
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Supplemental Figure 2: Overall total proteome and PTMome profile of analyzed samples. (A) PCA plots of
normalized total proteome, phosphoproteome and SA glycoproteome of Control Endometrium (CE), Control
Peritoneum (CP), Endometriosis Endometrium (EE), Endometriosis Lesion (EL); (B) Heatmaps of normalized

total proteome, phosphoproteome and SA glycoproteome of Control Endometrium, Control Peritoneum,
Endometriosis Endometrium, Endometriosis Lesion.
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Supplemental Figure 3: Significantly regulated proteins, phosphopeptides and SA glycopeptides in analyzed
groups. Volcano plots of differentially regulated (A) proteins, (B) phosphopeptides and (C) SA glycopeptides
between the four analyzed groups. Control Endometrium (CE), Control Peritoneum (CP), Endometriosis
Endometrium (EE), Endometriosis Lesion (EL). Adjusted p-value < 0.05; log> Fold Change of 1.
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Supplemental Figure 4: Overlap of significantly regulated proteins, phosphopeptides and SA glycopeptides in
analyzed groups. Upset plots showing the overlap between differentially regulated (A) proteins, (B)
phosphopeptides and (C) SA glycopeptides in the four analyzed groups. Control Endometrium (CE), Control
Peritoneum (CP), Endometriosis Endometrium (EE), Endometriosis Lesion (EL).
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Supplemental Figure 5: Enriched GO biological processes from the downregulated phosphoproteome fraction
(A) and the downregulated SA glycoproteome fraction (B) in endometriotic lesions.
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Supplemental Figure 6: Predicted kinases activity between Control Endometrium (CE), Endometriosis
Endometrium (EE), Endometriosis Lesion (EL). Plot of KinSwing scores for ELXEE, ELXCE and EExCE
(Supplemental Table 4).
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ABLI1, Abelson tyrosine-protein kinase 1; ABL2, Abelson tyrosine-protein kinase 2; ADRBKI1 (GRK2), G
protein-coupled receptor kinase 2; ADRBK2 (GRK3), G protein-coupled receptor kinase 3; AKT1, RAC-alpha
serine/threonine-protein kinase; AKT2, RAC-beta serine/threonine-protein kinase; ATM, Serine-protein kinase
ATM; ATR, Serine/threonine-protein kinase ATR; AURKA, Aurora kinase A; AURKB, Aurora kinase B; BCR-
ABL, Fusion of breakpoint cluster region protein (BCR) and Abelson tyrosine-protein kinase 1 (ABL1); BMX,
Cytoplasmic tyrosine-protein kinase BMX; BRAF, Serine/threonine-protein kinase B-Raf; BTK, Tyrosine-protein
kinase BTK; BUBI1, Mitotic checkpoint serine/threonine-protein kinase BUB1; CAMKI1, Calcium/calmodulin-
dependent protein kinase type I; CAMK2A, Calcium/calmodulin-dependent protein kinase type II subunit alpha;
CAMK2D, Calcium/calmodulin-dependent protein kinase type II subunit delta; CAMK4, Calcium/calmodulin-
dependent protein kinase type IV; CDC7, Cell division cycle 7-related protein kinase; CDK1, Cyclin-dependent
kinase 1; CDK2, Cyclin-dependent kinase 2; CDK4, Cyclin-dependent kinase 4; CDKS, Cyclin-dependent kinase
5; CDK®6, Cyclin-dependent kinase 6; CDK7, Cyclin-dependent kinase 7; CDKS, Cyclin-dependent kinase §;
CDKOJ, Cyclin-dependent kinase 9; CHEK 1, Serine/threonine-protein kinase CHEK 1; CHEK2, Serine/threonine-
protein kinase CHEK2; CHUK (IKKa), Inhibitor of nuclear factor kappa-B kinase subunit alpha; CLK1, Dual
specificity protein kinase CLK1; CSNK1A1 (CKla), Casein kinase I isoform alpha; CSNK1D (CK16), Casein
kinase I isoform delta; CSNK1E (CK1g), Casein kinase I isoform epsilon; CSNK2A1 (CK2a), Casein kinase 11
subunit alpha; CSNK2A?2 (CK2a'), Casein kinase II subunit alpha prime; DAPK 1, Death-associated protein kinase
1; DAPK3 (ZIPK), Death-associated protein kinase 3; DYRKI1A, Dual specificity tyrosine-phosphorylation-
regulated kinase 1A; DYRK?2, Dual specificity tyrosine-phosphorylation-regulated kinase 2; EEF2K, Eukaryotic
elongation factor 2 kinase; EGFR, Epidermal growth factor receptor; EIF2AK2, Eukaryotic translation initiation
factor 2-alpha kinase 2 (also known as PKR); EPHA2, Ephrin type-A receptor 2; ERBB2, Receptor tyrosine-
protein kinase erbB-2 (also known as HER2); FER, Tyrosine-protein kinase Fer; FGFR1, Fibroblast growth factor
receptor 1; FLT3, Receptor-type tyrosine-protein kinase FLT3; FYN, Tyrosine-protein kinase Fyn; GRKI,
Rhodopsin kinase; GRK4, G protein-coupled receptor kinase 4; GRKS, G protein-coupled receptor kinase 5;
GSK3A, Glycogen synthase kinase-3 alpha; GSK3B, Glycogen synthase kinase-3 beta; HCK, Tyrosine-protein
kinase HCK; HIPK?2, Homeodomain-interacting protein kinase 2; IGF1R, Insulin-like growth factor 1 receptor;
IKBKB, Inhibitor of nuclear factor kappa-B kinase subunit beta; IKBKE, Inhibitor of nuclear factor kappa-B
kinase subunit epsilon; ILK, Integrin-linked protein kinase; INSR, Insulin receptor; IRAKI1, Interleukin-1
receptor-associated kinase 1; IRAK4, Interleukin-1 receptor-associated kinase 4; ITK, Tyrosine-protein kinase
ITK/TSK; JAK2, Tyrosine-protein kinase JAK2; JAK3, Tyrosine-protein kinase JAK3; KIT, Mast/stem cell
growth factor receptor Kit; LATS2, Serine/threonine-protein kinase LATS2; LCK, Tyrosine-protein kinase Lck;
LRRK?2, Leucine-rich repeat serine/threonine-protein kinase 2; LYN, Tyrosine-protein kinase Lyn; MAP2K4,
Dual specificity mitogen-activated protein kinase kinase 4; MAP3K 14, Mitogen-activated protein kinase kinase
kinase 14 (also known as NIK); MAP3K5, Mitogen-activated protein kinase kinase kinase 5 (also known as
ASK1); MAP3K7, Mitogen-activated protein kinase kinase kinase 7 (also known as TAK1); MAP3K8, Mitogen-
activated protein kinase kinase kinase 8 (also known as COT); MAPK1, Mitogen-activated protein kinase 1 (also
known as ERK2); MAPK 10, Mitogen-activated protein kinase 10 (also known as JNK3); MAPK11, Mitogen-
activated protein kinase 11 (also known as p3883); MAPK 12, Mitogen-activated protein kinase 12 (also known as
p38y); MAPK13, Mitogen-activated protein kinase 13 (also known as p383); MAPK 14, Mitogen-activated protein
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kinase 14 (also known as p38a); MAPK15, Mitogen-activated protein kinase 15 (also known as ERK7); MAPK3,
Mitogen-activated protein kinase 3 (also known as ERK1); MAPK?7, Mitogen-activated protein kinase 7 (also
known as ERKS5); MAPKS8, Mitogen-activated protein kinase 8 (also known as JNK1); MAPK9, Mitogen-
activated protein kinase 9 (also known as JNK2); MAPKAPK?2, MAP kinase-activated protein kinase 2 (also
known as MK2); MAPKAPKS, MAP kinase-activated protein kinase 5 (also known as MKS5); MARKI,
MAP/microtubule affinity-regulating kinase 1; MARK2, MAP/microtubule affinity-regulating kinase 2 (also
known as PAR-1); MELK, Maternal embryonic leucine zipper kinase; MET, Hepatocyte growth factor receptor
(HGFR); MKNK1, MAP kinase-interacting serine/threonine-protein kinase 1; MTOR, Serine/threonine-protein
kinase mTOR; NEKI, Serine/threonine-protein kinase Nekl; NEK2, Serine/threonine-protein kinase Nek2;
NEKG®6, Serine/threonine-protein kinase Nek6; NLK, Serine/threonine-protein kinase NLK; NTRK 1, Neurotrophic
tyrosine kinase receptor type 1 (also known as TrkA); NTRK2, Neurotrophic tyrosine kinase receptor type 2 (also
known as TrkB); OXSR1, Serine/threonine-protein kinase OSR1; PAK1, Serine/threonine-protein kinase PAK1;
PAK2, Serine/threonine-protein kinase PAK2; PDGFRB, Platelet-derived growth factor receptor beta; PDPK1, 3-
phosphoinositide-dependent protein kinase 1; PIMI1, Serine/threonine-protein kinase PIM-1; PIM2,
Serine/threonine-protein kinase PIM-2; PKN1, Serine/threonine-protein kinase N1 (also known as PRK1); PLK1,
Serine/threonine-protein kinase PLK 1; PLK2, Serine/threonine-protein kinase PLK?2 (also known as SNK); PLK3,
Serine/threonine-protein kinase PLK3 (also known as FNK or PRK); PRKAAL, 5'-AMP-activated protein kinase
catalytic subunit alpha-1; PRKAA2, 5'-AMP-activated protein kinase catalytic subunit alpha-2; PRKACA, cAMP-
dependent protein kinase catalytic subunit alpha; PRKCA, Protein kinase C alpha type; PRKCB, Protein kinase C
beta type; PRKCD, Protein kinase C delta type; PRKCE, Protein kinase C epsilon type; PRKCG, Protein kinase
C gamma type; PRKCH, Protein kinase C eta type; PRKCI, Protein kinase C iota type; PRKCQ, Protein kinase C
theta type; PRKCZ, Protein kinase C zeta type; PRKDI1, Serine/threonine-protein kinase D1 (also known as
PKDI1); PRKD2, Serine/threonine-protein kinase D2 (also known as PKD2); PRKDC, DNA-dependent protein
kinase catalytic subunit (also known as DNA-PKcs); PRKG1, cGMP-dependent protein kinase 1 (also known as
PKG1); PRKG2, cGMP-dependent protein kinase 2 (also known as PKG2); PTK2, Focal adhesion kinase 1 (also
known as FAK); PTK6, Protein tyrosine kinase 6 (also known as BRK); RAF1, RAF proto-oncogene
serine/threonine-protein kinase; RET, Proto-oncogene tyrosine-protein kinase receptor Ret; ROCK1, Rho-
associated protein kinase 1; ROCK2, Rho-associated protein kinase 2; RPS6KA1, Ribosomal protein S6 kinase
alpha-1 (also known as p90RSK); RPS6KA3, Ribosomal protein S6 kinase alpha-3 (also known as RSK2);
RPS6KAS, Ribosomal protein S6 kinase alpha-5 (also known as MSK1); RPS6KB1, Ribosomal protein S6 kinase
beta-1; SGK1, Serum/glucocorticoid-regulated kinase 1; SRC, Proto-oncogene tyrosine-protein kinase Src;
SRPK1, Serine/arginine-rich splicing factor kinase 1; STK 11, Serine/threonine-protein kinase STK 11 (also known
as LKB1); STK3, Serine/threonine-protein kinase 3 (also known as MST2); STK39, Serine/threonine kinase 39
(also known as SPAK); STK4, Serine/threonine-protein kinase 4 (also known as MST1); SYK, Tyrosine-protein
kinase SYK; TBK1, Serine/threonine-protein kinase TBK1; TEC, Tyrosine-protein kinase Tec; TGFBR1, TGF-
beta receptor type-1; TGFBR2, TGF-beta receptor type-2; TRPM7, Transient receptor potential cation channel
subfamily M member 7; TTBK1, Tau tubulin kinase 1; TTK, Dual specificity protein kinase TTK (also known as
Mpsl); ULKI1, Serine/threonine-protein kinase ULK1; VRKI, Serine/threonine-protein kinase VRK1; YESI,
Tyrosine-protein kinase Yes; ZAP70, Tyrosine-protein kinase ZAP-70.
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7. FATORES LIMITANTES DO PROJETO/ESTUDO

Tendo em vista a discussao apresentada, ¢ importante levantar os pontos limitantes do presente
estudo. Dentre as amostras analisadas, ndo foi possivel realizar a segmentagdo inicialmente
proposta de dois grupos de estudo para as lesdes de endometriose em lesoes superficiais (SE) e
lesoes profundas (DIE) devido a auséncia de lesdes superficiais tanto no estudo protedmico
quanto no retrospectivo. Apos a revisao histologica de todas as amostras foi possivel observar
que lesdes classificadas a videolaparoscopia como superficiais na verdade apresentavam padrao
infiltrativo profundo, o que impossibilitou a segmentagdo dos grupos. Como descrito
anteriormente, a categorizacao de lesdes superficiais e profundas ainda ndo possui pardmetros
muito bem estabelecidos, sendo feita de forma arbitraria a partir da visualiza¢ao do clinico a
ultrassonografia ou do cirurgido durante os procedimentos cirurgicos. Desta forma, todas as
lesdes foram analisadas em um mesmo grupo, sendo necessario se estabelecer parametros mais

solidos para classificar as lesdes em anélises futuras.

Diversos trabalhos na literatura que se propdem a estudar a TEM na endometriose nao
determinam claramente o tipo de lesdo utilizada nas andlises, considerando todas as lesdes
(inclusive de orgaos distintos) como de um mesmo fendtipo. Foi necessario utilizarmos essa
mesma abordagem no estudo retrospectivo devido a limitagdes das amostras ja existentes. Ja
para o estudo protedmico, mesmo nao sendo possivel segmentar as lesdes em superficiais ou
profundas, todas as lesdes avaliadas foram provenientes da mesma estrutura pélvica. O 6rgao
ou estrutura onde a lesdo endometridtica se estabelece ¢ claramente um fator determinante para
as alteragdes moleculares que ela apresenta. Adicionalmente, outros fatores do microambiente
como estresse oxidativo, sistema imune, hormoénios e inflamacdo desencadeiam alteragdes
genéticas/epigenéticas/transcricionais/pds-traducionais  que  podem  determinar 0
desenvolvimento das lesdes. Por isso, € importante ressaltar que lesdes do ligamento
uterossacro foram selecionadas para o estudo protedmico, pois essa estrutura pélvica pode ter
uma interferéncia menor nessa analise das lesdes endometridticas em comparacdo com
estruturas mais complexas, como o intestino ou a bexiga. Ainda assim, a interpretacdo dos
resultados da andlise protedmica deve ser feita tendo em vista as limitagdes de uma analise
multi-tecido, sendo necessarios experimentos futuros para validagao dos nossos achados, como
estudos in vitro de silenciamento/inducdo das fosforilacdes e N-glicosilagdes contendo acido

sialico de interesse ou a imunomarcagao ou protedmica direcionada desses sitios identificados.
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Portanto, a discussao dos resultados apresentados foi realizada levando em consideragao essas
limitagdes, e o objetivo deste estudo ¢ fornecer insights relevantes sobre o envolvimento da

TEM na patogénese da endometriose, mesmo diante dessas restri¢des.

8. CONCLUSOES

A partir dos dados obtidos neste estudo e nas condi¢des metodoldgicas empregadas podemos

concluir que:

- As amostras de lesdes endometridticas apresentaram dois padrdes histologicos, com glandulas
de epitélio colunar bem diferenciado semelhante ao endométrio eutopico, e glandulas de
epitélio indiferenciado, com células ctbicas e pavimentosas semelhantes ao mesotélio. Os dois

padrdes podem coexistir em uma mesma amostra;

- Foi observado um fenotipo epitelial/mesenquimal “misto”, ou uma transicao epitélio-
mesénquima parcial, nas células epiteliais de lesdes de endometriose humanas analisadas,

associado a imunomarcacao concomitante de E- e N-caderina, 3-catenina e vimentina;

- A expressdao génica de Snail apresentou reducdo nas amostras de lesdes endometridticas,
enquanto ZEB1 teve um aumento de expressdo génica, sugerindo vias de ativagdo diferentes

para esses dois fatores de transcri¢cdo no material analisado;

- Devido a baixa imunomarca¢do nuclear de B-catenina nas células epiteliais de lesdes de
endometriose, ¢ possivel que a via candnica de sinalizagdo do Wnt/B-catenina ndo esteja

envolvida na ativagdo dos fatores de transcricdo Snail e ZEB1, nessas amostras.

- As alteracdes nos padrdes de fosforilagdo e N-glicosilagcao contendo acido sialico observadas
em marcadores da TEM e em proteinas de ligacdo ao citoesqueleto de actina sugerem que ha
manutenc¢do da integridade dos complexos de adesao célula-célula enquanto a adesao célula-
MEC parece ter uma regulagdo mais dinamica, possivelmente indicando um comportamento de

migragao coletiva nas lesdes endometridticas analisadas.

- Devido a auséncia de alteragdes nos niveis de proteina dos marcadores da TEM nas lesdes
endometridticas nao foi possivel at¢ o momento correlacionar os achados dos experimentos de

protedmica com a expressdo génica e imunohistoquimica nas amostras pareadas, sendo
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necessaria a obtencdo de anticorpos especificos para os sitios modificados observados, ou

outros experimentos funcionais para validagao desses sitios.

De modo geral, esse estudo abre novas perspectivas para o entendimento dos processos

envolvidos na endometriose com um maior foco na transi¢ao epitélio-mesenquimal.
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10. ANEXOS

10.1. ANEXO 1 — Termo de Consentimento Livre e Esclarecido (TCLE)

EXPRESSAO DE MARCADORES DA TRANSICAO EPITELIO-MESENQUIMA (TEM)
NA ENDOEMTRIOSE E SUA RELACAO COM A PATOGENESE DAS LESOES
ENDOMETRIOTICAS SUPERFICIAIS E PROFUNDAS

Prezada Senhora,

Gostaria de convida-la a participar de um estudo cientifico que tem a finalidade de gerar novos

conhecimentos sobre a endometriose.

I. INFORMACOES SOBRE A PESQUISA (grupo controle)

Esta pesquisa visa estudar o funcionamento do endométrio (camada interna do utero) saudavel
de mulheres sem endometriose e compara-lo com o endométrio e as lesdes de endometriose
(tecido doente) das pacientes com endometriose, na tentativa de se entender melhor como essa
doenga se comporta e descobrir novos métodos para diagnosticar e tratar a doenca. Vocé esté
sendo convidada porque sua avaliagdo médica ja previa a realizagdo de laparoscopia,
independentemente da pesquisa. Nesta pesquisa, uma pequena parte (amostra) do tecido doente
removido (lesdo de endometriose), além de um pequeno fragmento do peritonio (membrana
interna do abddmen), serdo separados para estudo. Também sera coletada uma amostra do seu
endométrio (camada interna do tutero) através da vagina, sem necessidade de corte nem
perfuragdo. As amostras serdo coletadas quando vocé estiver anestesiada, no bloco cirtrgico,

antes e durante a cirurgia da endometriose (laparoscopia).

II. SIGILO DOS DADOS

Todos os seus dados serdo confidenciais, sua identidade ndo sera revelada publicamente em
hipotese alguma e somente os pesquisadores envolvidos neste projeto terdo acesso a essas

informacdes, que serdo utilizadas somente para fins de pesquisa. Estd assegurada a garantia de
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confidencialidade das suas informagdes pessoais, sendo garantido que todos os documentos da
pesquisa serdo anonimizados (sem seu nome), e substituido por coddigos (nimero e letras) antes
de serem encaminhados pela equipe médica responsavel pelos cuidados do participante aos
pesquisadores. A confidencialidade dos seus dados e informagdes estdo garantidos pela

Resolucdo CNS n° 466 de 2012, itens II1.2.ie IV.3.e.

III. BENEFICIOS DA PESQUISA

Embora nao traga beneficio imediato para vocé, este estudo ird contribuir para o conhecimento
mais detalhado da endometriose. Esse conhecimento podera ajudar no desenvolvimento de

novos métodos para diagnosticar e tratar a doenca.

IV. RISCOS

A coleta de amostra do endométrio pode causar desconforto e colica momentanea. A amostra
sera colhida em material inteiramente estéril e descartavel, para minimizar os riscos de
infecgdes. A biopsia endometrial sera realizada utilizando dispositivo de polipropileno (Pipelle)
com diametro de 3,1 mm, flexivel (como um mini canudinho), que pode ser utilizado
ambulatorialmente, inserido na cavidade endometrial sem necessidade de anestesia ou dilatacao
cervical, com desconforto minimo. No entanto, esse desconforto sera minimo ou até mesmo
inexistente, pois vocé estara anestesiadas para o procedimento cirargico, a ja ser realizado pelo

seu médico.

Rubrica pesquisador:

Rubrica do participante:
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V. RESSARCIMENTO DAS DESPESAS

De acordo com a Resolu¢ao numero 466 de 2012 do CNS (Conselho Nacional de Saude),
previsto no item IV.3 g, explicitamos a garantia e o direito de solicitagdo de ressarcimento e
cobertura de quaisquer danos ou despesas decorrentes da sua participacdo na pesquisa. Portanto,
as despesas especificas relacionadas com o estudo s@o de responsabilidade dos pesquisadores.
Caso seja identificado quaisquer problemas de saude, ndo identificados previamente durante o

seu acompanhamento, garantimos o seu encaminhamento para o tratamento.

VI. DEMAIS ESCLARECIMENTOS

Sua participag¢@o na pesquisa nao ira onerar o seu plano de satude, o SUS, e vocé participante da
pesquisa, pois todos os gastos relativos a pesquisa serdo de responsabilidade dos pesquisadores.
(Resolugdo n° 466 de 2012, item II1.2.0). Todos os resultados da pesquisa serdo divulgados em
revistas cientificas, assim como em forma de semindrios, € relatorios para as instituigoes
envolvidas e participantes de pesquisa. Ressaltamos que o seu consentimento para a guarda e
utilizagdo do material bioldgico pode ser retirado a qualquer momento, devendo essa ser
formalizada por manifestacdo, por escrito e assinada, pelo participante da pesquisa ou seu
representante legal, cabendo-lhe a devolugao das amostras existentes (Resolugdo CNS n° 441
de 2011, item 10.I). As amostras serdo armazenadas em biorrepositorio até o seu
processamento, € nao serdo utilizadas para outras pesquisas além da descrita nesse termo.
Qualquer outra avaliacdo e nova pesquisa a ser realizada com o material bioldégico armazenado
em biorrepositorio, s6 sera realizada com o seu consentimento, por meio de TCLE especifico
realizado por um novo contato (de acordo com a Portaria N° 2.201 de 2011, artigo 18), e com
nova submissdo para anélise e aprovagio do Comité de Etica em Pesquisa (CEP) e, quando for
o caso, da Comissdo Nacional de Etica em Pesquisa (Conep) (Resolugio CNS n°. 441 de 2011,
item 2.11I).

Vocé podera recusar-se a participar deste estudo e/ou abandoné-lo a qualquer momento,
sem precisar se justificar. A sua aceitacdo ou nao da participagdo neste estudo nao influenciara
no seu tratamento.Vocé podera solicitar, a qualquer momento, a retirada do consentimento e do
seu material biolégico armazenado em biorrepositorio. A retirada do consentimento deve ser

formalizada por escrito e assinada por vocé, cabendo a equipe de pesquisa a devolugao das
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amostras existentes (Resolu¢do CNS n° 441 de 2011, item 10.I). Vocé dispoe de total liberdade

para esclarecer qualquer duvida que possa surgir durante a pesquisa.

VII. TERMO DE CONSENTIMENTO

Eu,

voluntariamente, concordo em participar desta pesquisa. Estou ciente do exposto acima e ainda

de que esta pesquisa ndo trara qualquer prejuizo a minha saude.

Pouso Alegre, ............... e de.iniiiiiee

Assinatura da voluntaria

Assinatura do pesquisador

Antonio Marcos Coldibelli Francisco

Identificagdo e contato do pesquisador responsavel pesquisa:
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1) Antonio Marcos Coldibelli Francisco (pesquisador principal) -Telefone: (35) 3423-
5988
2) Helen Lima Del Puerto — Telefone: (31) 98395-0804

Se tiver qualquer duvida sobre o estudo, contatar os pesquisadores e comités:

e Av. Francisca Ricardina de Paula, 45 Pouso Alegre - MG.

e Comité de Etica em Pesquisa: Avenida Prefeito Tuany Toledo, 470, Fatima I - Tel.
(35) 3449-9270 - CEP 37550-000 POUSO ALEGRE-MG - E-mail:
pesquisa@univas.edu.br

Conep — Comissao Nacional de Etica em Pesquisa, endereco: SRTV 701, Via W 5 Norte, lote
D - Edificio PO 700, 3° andar — Asa Norte CEP: 70719-040, Brasilia — DF. Horario de

funcionamento: 08:00 as 18:00. Telefone: (61) 3315-5878.


mailto:pesquisa@univas.edu.br
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