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Suppl Table 1:  List of studies reporting pluripotent marker OCT-4 in the uterus 

Reference Salient findings 
Singh and Bhartiya 
2022 
PMID: 35389139 

After 7 months of neonatal exposure to endocrine disruption, one mouse developed endometrial cancer. 
Immunofluorescence on uterine sections shows high expression of OCT-4, SSEA-1, NANOG, c-KIT, and qPCR study shows 
high expression of the pluripotent transcript.  

Singh and Bhartiya 
2022 
PMID: 35123545 

 

This study shows OCT4+SSEA1+VSELs partake in endometrial regeneration. They engrafted and differentiated into the 
epithelial cells lining the lumen as well as the glands during the estrus stage when maximum remodeling occurs. 
Mechanical scratching activated tissue-resident, nuclear OCT-4 positive VSELs and slightly bigger ‘progenitors’ 
endometrial stem cells (EnSCs, cytoplasmic OCT-4) which underwent a clonal expansion and further differentiated into 
luminal and glandular epithelial cells.  Neonatal exposure to endocrine disruption resulted in increased numbers of OCT-
4 positive VSELs/EnSCs in adult endometrium.   

Singh et al 2021 
PMID: 34750780 
 

Showed that uterine stem cells are affected by endocrine disruption and do not respond to circulatory hormones in 
circulation in adult life. Study reveals stem/ progenitors’ cells upregulated after neonatal exposure to endocrine 
disruption, shows Erβ dominance and progesterone resistant phenomena, and their role in initiating various 
uteropathies independent of the circulatory hormones in adult life.   

Singh and Bhartiya 
2021 
PMID:  32710237 
 

Reported robust protocol to enrich stem/progenitors’ cells (VSELs/EnSCs). VSELs express OCT-4, NANOG, SCA-1, SSEA-1, 
and, c-KIT and were studied by flow cytometry (LIN-CD45-SCA-1+) and qRT-PCR (Oct-4A, Sox2, Nanog, Stella, Fragilis). 
OCT-4 positive VSELs/EnSCs co-expressed ERα, ERβ, PR, and FSHR and thus are expected to be directly regulated by 
ovarian hormones and also become vulnerable to endocrine disruption.  
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James et al 2018 Reported OCT4+ve VSELs in mice endometrium, they survived bilateral ovariectomy and responded to treatment with 
E, P, and FSH. Showed asymmetrical, symmetrical & clonal expansion of VSELs/EnSCs by studying colocalization of OCT-
4 & NUMB in stem cells smears 

Bhartiya and 
James 2017  

Reported OCT4+ve VSELs in mice uterine myometrium, they survived bilateral ovariectomy and responded to treatment 
with E, P, and FSH 

Gunjal et al  
2015 

Two populations of stem cells were visualized for the first time in the uterine smears including small-sized VSELs with 
nuclear OCT-4 and EnSCs with cytoplasmic OCT-4.  They showed cyclic variation across the estrus cycle 

Usta et al 2020, 
PMID: 33218351 

Reported differential expression of Oct-4, CD44, and E-cadherin in eutopic and ectopic endometrium in ovarian 
endometriomas and their correlations with clinicopathological variables 

Anwar & Amer 
2020 

Reported OCT4, Ki-67, and VEFF as prognostic factors in endometrial carcinoma and their role in the differentiation 
between atypical endometrial hyperplasia and grade 1 endometrial carcinoma: an immunohistochemical study 

Shariati et al, 2019 
PMID: 31417979 

Increased expression of stemness genes REX-1, OCT-4, NANOG, and SOX2 in 
women with ovarian endometriosis versus normal endometrium 

Salama et al, 2018     
PMID:30647706 

 OCT-4, SOX2, STAT3, CDH1, and CDH2 were differentially expressed in cultured mesenchymal stem cells challenged with a 
serum of women with endometriosis. 

Brakta et al, 2018 
PMID: 30486855 

This group identified and localized putative myometrial stem cell population in the mouse uterus by using specific surface 
markers Nanog+/CD44+ which co-localized with Oct-4 using the OCT4-GFP transgenic mouse model. 

Song et al 2017 
PMID: 28253866 

Expression of SOX2, NANOG, and OCT4 in a mouse model of lipopolysaccharide-induced acute uterine injury and 
intrauterine adhesions 

Davoudi et al, 2016   
PMID: 27525332 

OCT4 and SOX2 mRNA expression in mouse uterine tissues of ovariectomized mice is regulated by steroid hormones 

Proestling et al, 
2016 
PMID: 27881125 

Reported co-expression of OCT4 with stemness markers (SOX 15 and Twist 1) in epithelial and stromal cells of endometriotic 
samples.  

Pitynski et al, 2015    
PMID: 26339387 

Reported co-expression of nuclear OCT-4 and SOX2 in endometrial adenocarcinoma tissue. 

Song et al, 2014   
PMID:  24884521         

Higher expression of Nanog and Sox2 along with lower OCT4 mRNA and higher OCT4 protein expression in ectopic 
endometrium by qRT-PCR, Western blotting, and IHC. 

Chang et al, 2013           
PMID: 23290742 

Expression of OCT4 and NANOG mRNA was significantly higher in ectopic endometriotic tissues, compared with that of the 
normal endometrium, the normal myometrium, and the hyperplastic endometrium 

  Silveria et al, 2012  
  PMID: 22940770 

 Reported positive immunostaining for CD9, CD34, c-Kit, and Oct-4 markers in isolated epithelial and/or stromal cells in 
 eutopic and ectopic endometrium in the majority of cases. 
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Please note that all studies in bold are published by our group, blue text shows human studies while normal black text are mice studies published 
by other groups 

 
 

 

 

 
 
 
 
 
 
 

Zhou et al, 2011 
PMID:  21464727 

Detected expression of Oct-4, Sox2, and Nanog in human endometrial adenocarcinoma samples 

Götte et al, 2011   
PMID:  20850729       

Reported aberrant expression of pluripotency marker SOX-2 in endometriotic samples. 

Cervello et al, 2011  
PMID: 21623195  

Reviewed that the most likely markers for endometrial somatic stem cells include 
 Oct-4, Musashi-1, CD31, CD34, and CD144  

Pachiarotti et al, 
2011 
PMID: 21075367 

Nuclear OCT-4 and c-Kit expression in epithelial and stromal cells of endometriotic endometrium suggests a stem cell 
 origin of endometriosis. 10 folds higher and more intense nuclear OCT-4 expression in ectopic endometriotic tissue. 

Bentz et al, 2010 
PMID: 20412569 

OCT-4 expression was studied in human follicular (n=49) and luteal (n=40) phase endometrium. They detected OCT-4 mRNA 
and protein expression in all samples but did not find any differential expression across menstrual cycle. 

Forte et al, 2009 
PMID: 19690622 

Differential expression of stemness markers (SOX2, SOX15, ERAS, SAL4, OCT4, NANOG, UTF1, DPPA2, BMI1, GDF3, ZFP42, 
 KLF4, TCL1) was reported in endometrial and endometriotic tissue by RT-PCR.OCT-4 was detected in all the samples studied 

Matthai et al, 2006 
PMID:16421218 

All human endometrial samples studied showed OCT-4 mRNA by RT-PCR and protein was expressed in the cytoplasm of 
 few stromal cells. 
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Suppl Table 2: Number of mice / uterine tissue used for different experiments in the present study 
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Suppl Table 3:  Details of antibody used in the Study 
Antibody 
Name 

Company/ 
Catalog Number 

Antibody 
dilution 

OCT-4 Millipore 
MAB4419 

1:100 

NANOG Millipore 
AB5731 

1:100 

SSEA-1 Abcam 
ab560886 

1:100 

SCA-1 Bio Legend 
CAT122501 

1:100 

c-KIT Millipore 
MAB1162P 

1:100 

LIF Santa Cruz 
Biotech SC-1336  

1:100 

CK-8 Abcam 
ab53280 

1:100 

αSMA Chemicon Intl 
CA92590 

1:100 

c-KIT Millipore 
MAB1162P 

1:100 

NUMB Abcam 
Ab4140 

1:100 

SOX-9 Abcam 
ab185230 

1:100 

PCNA Sigma 
P8825 

1:100 

PTEN Abcam 
ab32199 

1:100 

VIMENTIN Cell Signaling 
Technologies  
5741 

1:100 

CD90 Abcam  
Ab3105 

1:100 

Ki-67 Abcam 
Ab833 

1:100 

CD166 Invitrogen 
PA5-47083 

1:100 

ALDH1A R&D technologies 
AF5869 

1:100 

5mC Abclonal, A2341 1:100 
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Suppl Table 4:  Details of primers used for various experiments 
 

Transcript Primer Sequence Annealing 
Temp 

Amplic
on Size 

(BP) 
18S F: GGAGAGGGAGCCTGAGAAAC 

R: CCTCCAATGGATCCTCGTTA 
60 171 

Oct-4 F: CCTGGGCGTTCTCTTTGGAAAGGTG 
R: GCCTGCACCAGGGTCTCCGA 

61 177 

Oct-4A F: CCATGTCCGCCCGCATACGA                                               
R: GGGCTTTCATGTCCTGGGACTCCT 

62 235 

Sox 2 F: AGGAGTTGTCAAGGCAGAGAAGAGA                                                   
R: GCCGCCGCGATTGTTGTGATT 

61 167 

Nanog F: CAGGAGTTTGAGGGTAGCTC                                          
R: CGGTTCATCATGGTACAGTC 

61 223 

Wnt-4 F: AGCTGTCATCGGTGGGCAGCAT 
R: ACTGTCCGGTCACAGCCACACT 

58 337 

βcatenin F: CGCCGCTTATAAATCGCTCC 
R: TTCACAGGACACGAGCTGAC 

60 81 

Axin-2 F: CCACTTCAAGGAGCAGCTCAGCA 
R: TACCCAGGCTCCTGGAGACTGA 

60 379 

Pax-2 F: CACGGGGGTGTGAACCAG 

R: GCCAGTCTCGTAGTACCTGC 
 

58 180 

Msx-2 F: CCAGACATATGAGCCCCACC 

R: ACAGGTACTGTTTCTGGCGG 

58 126 

Wnt-7a F: TGAAGAGGACCCAGTGACAGG 

R: GGCGTACTGGTGTGTGTTGT 

60 124 

Lif F: TCAACTGGCACAGCTCAATGGC 
R: GGAAGTCTGTCATGTTAGGCGC 

59 119 

Hoxa-10 F: CTTGTCCGGCACCCCT 
R: TTCGCCTTTGGAACTGCCT 

56 176 

c-Kit F: CCTCTGGGAGCTCTTCTCCT 
R: TGTTGGCCTTTTCAAGGGGT 

58 175 

Sox-9 F: CACAAGAAAGACCACCCCGA                                             
R: GGACCCTGAGATTGCCCAGA 

60 209 

Sox-17 ATGCATTCTGGACCCGCTAC 
AGCTCTCCTGCCTCTCAGAA 

61 195 

Ki67 F: AACCATCATTGACCGCTCCTT 
R: TTGACCTTCCCCATCAGGGT 

60 151 

Pax 8 F: CCAGGACACACACTGATCCC 
R: AGTCGATGCTTAGCCGACAG 

60 175 

Fox A2 F: CGAGCACCATTACGCCTTCAAC 
R: AGTGCATGACCTGTTCGTAGGC 

60 134 

Α-SMA F: GTCCCAGACATCAGGGAGTAA 
R: TCGGATACTTCAGCGTCAGGA 

56 102 

Vimentin F: CTGCTGGAAGGCGAGGAG 

R: ACCGTCTTAATCAGGAGTGTTC 

60 134 

Pdgfra F: GCAGTTGCCTTACGACTCCAGA 60 159 
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R: GGTTTGAGCATCTTCACAGCCAC 
TGF-β F: TGATACGCCTGAGTGGCTGTCT 

R: CACAAGAGCAGTGAGCGCTGAA 

61 107 

ERα F: CCTTCTAGACCCTTCAGTGAAGC 
R: CGAGACCAATCATCATCAGAATCTCC 

60 155 

ERβ F: GGGTGAAGGAGCTACTGCTG                                                                        
R: CCAATCATGTGCACCAGTTC 

60 172 

PR F: CCAGCTCACAGCGCTTCTACC 
R: GAAAGAGGAGCGGCTTCACC 

62 198 

P53 F: ATGGAGGAGCCGCAGTCAGAT 
R: GCAGCGCCTCACAACCTCCGTC 

54 510 

Ezh2 CAGTTTCGTCTTCCACCATAAA 
CAGCACAAGTCATCCCGTTAA 

60 105 

Pcna F: GATGCCGTCGGGTGAATTTG                                                  
R: TCTCTATGGTTACCGCCTCCT 

60 182 

Pten F: TTCATACCAGGACCAGAGGA 
R: TTGTCATTATCTGCACGCTCT 

60 104 

Np95 F: GCAAGGATGATGAAAACAAACC 
R: CCAGCCAGGACCAATGAGTAGG 

59 478 

Brca-1 F: ATCCCGGGAAAAGCTCTTCA 
R: GGCTGCACGATCACAACTAG 

60 171 

Rad-51 F: ACCAGACCCAGCTCCTTTAC 
R: CAAGTCGAAGCAGCATCCTC 

54 171 

Mlh-1 F: TCCGGGAAGGAAATGACAGC 
R: GAGGATTCACACAGCCCACA 

54 154 

Dnmt 1 F: CTGCAAGGACATGAGCCCAC 
R: CCTGTATGTTGGGCAGGTCAC 

60 92 

Igf-2 F: TCAGTTTGTCTGTTCGGACCG 
R: TTGGAAGAACTTGCCCACG 

62 223 

H-19 F: GCAGGTAGAGCGAGTAGCTG 
R: AGACCTGGCCTAGTCTCCAG 

62 139 

Dnmt 3a F: GAGGCAGTCCCTGCAATGAC 
R: GCGGCCAGTACCCTCATAAAG 

61 71 

Dnmt 3b F: CTCTGGAGAAAGCCAGGGTTC 
R: CACTCCAGCATGGGCTTCA 

61 91 

Dnmt 3l F: GCTGAAGAGCAAGCATGCG 
R: TCTTCACCAGGAGGTCAACTTTC 

61 110 
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Suppl Table 5: Functional relevance of markers used in our study for various experiments 

 
Markers Salient findings 

OCT-4 
SOX-2 
NANOG 

These three nuclear transcription factors are embryonic stem cell markers essential to maintaining a pluripotent state and 
their downregulation correlates with the loss of pluripotency and self-renewal and the beginning of subsequent differentiation 
steps. Their expression is also crucial for the progression of various human malignancies.  They are expressed by ES, EG, iPS, 
and VSELs 
 
OCT-4 is reported in several uteropathies (please refer to Table 3) 
 
SOX-2 is a crucial transcription factor that regulates the self-renewal of stem/progenitor cells to maintain pluripotency and 
homeostasis (Fong et al 2008). Recent studies revealed that SOX2 expression correlates with poor histological grade and 
prognosis in endometrial carcinoma (Lee et al 2018). Wong et al 2010 study show hypermethylation of SOX2 is more frequently 
present in type II serous or clear cell adenocarcinoma. Yamawaki et al (2017) found that several endometrial cancer cell lines 
expressed SOX2, which was required for cell growth, and also observed expressions of SOX2 in endometrial cancer patients 
which were significantly correlated with histological grade and poor prognosis.  
 
NANOG is expressed in several tumor types and regulates tumor development. Zhou et al (2012) documented that Nanog 
protein was expressed in a majority of human endometrial adenocarcinoma (45/55, 81.8%), but not in benign endometrium 
samples (0/26, 0.0%). Grubelnik et al (2020) reported high NANOG expression in cancer frequently associated with advanced 
stage, poor differentiation, worse overall survival, and resistance to treatment. 

Wnt-4, β 
catenin &  
Axin-2 
signaling 
pathway 

Wnt/β-catenin signaling plays an important role in stem cell self-renewal, differentiation, and proliferation (Xu et al 2016). 
While aberrant Wnt signaling results in carcinogenesis, metastasis, cancer recurrence, and chemotherapy resistance 
(Mohammed et al 2016). Wnt/β-catenin target genes mediate tumorigenesis and cancer development (Zhang Y & Wang X 
2020, Kahn2017). Also study by Franco et al 2011 shows that WNT4 is a critical regulator not only of proper postnatal uterine 
development but also for embryo implantation and decidualization. 

C-KIT In the endometrium, c- KIT plays an important role in endometrial receptivity and its expression is more abundant in the 
secretory phase and in the gestational endometrium than in the proliferative phase. cKit is localized in the glandular epithelial 
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cells and stromal cells in the basalis layer during the reproductive period. Changes in the expression of c-Kit are associated 
with the aggressive nature of both benign and malignant endometrial cancers (Yilmaz et al 2012), endometriosis (Pacchiarotti 
et al 2011), and fibroids (Wang et al 2003). c-Kit expression is decreased in complex endometrial hyperplasia.   

LIF 
 

LIF plays a pivotal role in regulating uterine receptivity, is expressed in glandular epithelial cells, and has a robust action on 
luminal epithelial cells. In mice, LIF is induced by nidatory E2 and functions to convert LE from a non-receptive to an embryo-
responsive state. Without the expression of LIF in the uterus, implantation of a blastocyst cannot begin and lead to 
implantation failure (Rosario & Stewart 2015).   

PAX-2 Pax2 genes are responsible for the maintenance of a stem-like phenotype, also various reports show they are associated with 
the maintenance of the cancer stem cell phenotype in a pathological condition, and they have the capacity for the oncogenic 
cell to self-renew. Recent immunohistochemical studies have demonstrated that the occurrence of PAX2 loss in endometrial 
hyperplasia increases with malignant progression and PAX2 loss was demonstrated in up to 77% of women with endometrial 
adenocarcinomas and 71% of endometrial atypical hyperplasia’s. Paired-box gene 2 is down-regulated in endometriosis (Graaff 
et al 2012) 

MSX-2 MSX2 regulates the receptive state of the endometrium. In the absence of Msx1 and Msx2, the WNT signaling gets altered 
and leads to  infertility with aberrant expression of implantation-specific genes (Nallasamy et al 2012). 
 

WNT7A WNT7A is expressed solely by the luminal epithelium and is a diffusible factor that triggers cell proliferation through complex 
pathways. Wnt-7a disruption during early development leads to abnormal patterning of the uterus. Postnatal Deletion 
of Wnt7a inhibits uterine gland morphogenesis and compromises adult fertility in mice (Dunlap et al 2011). Overexpression of 
Wnt7a Is associated with tumor progression and unfavorable prognosis in endometrial cancer (Liu et al 2013) 

HOXA-10 HOXA10 regulates endometrium receptivity and decidualization and plays an important role during implantation and altered 
expression of HOXA10 leads to various endometrial pathology including endometriosis, and infertility (Kim et al 2007). HOXA-
10 and HOXA-11 are expressed in endometrial glands and stroma during the estrus/menstrual cycle and are crucial for embryo 
implantation (Du and Taylor 2016; Taylor et al1999). 

NUMB NUMB plays a crucial role in asymmetrical cell divisions and helps in cell fate specification (Gulino et al 2010). Choi et al (2021) 
reported that loss of NUMB leads to uncontrolled proliferation and amplification of the CSC pool, which promotes the Notch 
signaling pathway and reduces the expression of the p53 which is a tumor suppressor gene and its loss leads to initiation of 
oncogenic events. 

SOX-9 SOX-9 is very important for secretory activity and essential for making receptive endometrium. SOX9 is expressed by GE and is 
higher during the secretory phase in both human and mouse endometrium (Burney et al, 2007; Talbi et al 2006). SOX-9 
expression is limited to only GE during metestrus or diestrus.  
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SOX-17 SOX17 is also a key player in maintaining endometrial receptivity and embryo implantation. Disruption of Sox17 in epithelial 
and stromal compartments led to the inhibition of endometrial adenogenesis and a loss of reproductive capacity. Sox17 is 
required in a non-epithelial cell type in the uterus to support adenogenesis and is required within glands to maintain glandular 
function. Ablating Sox17 in the uterine epithelium impairs leukemia inhibitory factor (LIF) and Indian hedgehog homolog (IHH) 
signaling, leading to the failure of embryo implantation. SOX17 is critical for regulating uterine epithelial cell proliferation, 
uterine gland development and differentiation, embryo implantation, and the ability of the uterus to support pregnancy. Mice 
lacking SOX17 in the uterine epithelium are infertile. SOX17 is an antagonist of WNT signaling and SOX17 is a mutated cancer 
driver gene in endometrial cancer. SOX17 regulates the uterine transcriptome for receptivity (Wang et al 2018, Kinnear et al 
2019, Tan et al 2020).  

PAX-8 PAX 8 is expressed in the vast majority of endometrial carcinomas both endometrioid and non-endometrioid types. A high 
frequency of PAX8 expression is reported in uterine adenocarcinomas and mesonephric proliferations (Yemelyanova et al 2014). 
Cells expressing PAX8 are the main source of homeostatic regeneration of adult endometrial epithelium and give rise to serous 
endometrial carcinoma (Fu et al 2020). The developmental transcription factor PAX8 is expressed in nearly 100% of uterine 
serous papillary carcinoma (Fares et al 2021)  

FOXA-2 FOXA2 is a critical regulator of uterine gland development in the neonate as well as of differentiated gland function in the adult 
uterus (Kelleher et al 2017). The Cancer Genome Atlas (TCGA) identified a modest frequency of FOXA2 mutations in 
endometrioid endometrial cancers (EEC). FOXA2 expression is increased in endometrial complex atypical hyperplasia and is 
associated with hormone receptor regulation in the endometrium (Villacorte et al 2013) 

Α-SMA αSMA is expressed by myometrium and its expression is upregulated in fibroids or leiomyomata (Gironi et al 2019). 
TGF-Β TGF-β plays an important role in regulating cell growth, apoptosis, differentiation, and fibrosis. TGF-β signaling is involved in 

the regulation of epithelial-mesenchymal transition. The TGF-β signaling pathway is essential for the maintenance of CSCs. 
Several lines of evidence suggest that the TGF-β family is involved in tumor initiation and progression, including cell 
proliferation, angiogenesis, cancer cell stemness, EMT, invasion, and inflammation (Liu et al 2018). 

Vimentin Vimentin is ubiquitously expressed in normal mesenchymal stromal cells. Vimentin is overexpressed in various epithelial 
cancers, including prostate cancer, gastrointestinal tumors, tumors of the central nervous system, breast cancer, malignant 
melanoma, and lung cancer. In recent years, vimentin has been recognized as a marker for epithelial-mesenchymal transition 
(EMT) (Satelli & Li 2011). 

CD90 CD90 is expressed by mesenchymal stromal cells. Endometrial MSCs are niche-providing cells that help to improve 
endometrial functions and also result in increased implantation and pregnancy (Rungsiwiwut et al 2020). 

PDGFRα  PDGFRα is an important mesenchymal stromal cell marker. Accumulating evidence shows that the PDGFRα cells reside in 
perivascular locations and play a similar role as MSCs both in vitro and in vivo (Farahani et al 2015). PDGFRα is highly expressed 
and activated in uterine cancer samples and cell lines. Paracrine PDGF signaling is commonly observed in epithelial cancers, 
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where it triggers stromal recruitment and is involved in epithelial-mesenchymal transition, thereby affecting tumor growth, 
angiogenesis, invasion, and metastasis  (Roh et al 2015).  

CD166 CD166 also known as ALCAM (Activated leukocyte cell adhesion cell molecule) is a cancer stem cell (CSC) marker (Dana et al 
2016). It has high tumorigenic potential and exhibits stronger invasive, migratory and metastasis activities in early-stage 
endometrial cancer (Devis et al 2017, Kim et al 2020). CD166 is overexpressed in high-grade tumors. Its expression increases 
from simple hyperplasia to complex and further to atypical hyperplasia and cancer (Liang et al 2011) 
 

ALDHA1 Aldehyde dehydrogenases (ALDHs) play a critical role in the maintenance and differentiation of stem cells (Clark & Palle 2016). 
It regulates self-renewal, expansion, differentiation, and resistance to drugs and radiation by recruiting stem signalling 
pathways and play role in the expansion of stem cells (Tomita et al 2016). ALDH1 expression in endometrial epithelia predicts 
progression from hyperplasia and atypia to cancer. Aldh1 expression and activity increase during tumor evolution in sarcoma 
cancer stem cell populations (Cruzado et al 2016).  ALDHs regulate multiple pathways to contribute to carcinogenesis and stem 
cell signalling (Mah et al. 2021). ALDH is a marker and functional mediator of metastasis in solid tumor (Rodriguez-Torres & 
Allan 2016) 

CK-8 Cytokeratins are intermediate filament proteins that are preferentially expressed by epithelial cells. They have a role in various 
fundamental functions including cellular proliferation, apoptosis, migration, adherence, and molecular signalling. Endometroid-
type carcinoma and undifferentiated carcinoma of the endometrium is reported to be positive for CK-8/CK18, & CK5/6 and are 
used  as a diagnostic tool in cancer (Vasilevska et al 2022) 

Ki-67 Ki-67 is a nuclear protein, also called pKi-67, that is encoded by the MKI67 gene and is solely expressed by proliferating cells 
suggesting cellular expansion. Various studies show It is a good indicator of tumor aggressiveness, hyperplasia, and endometrial 
cancer (Kitson et al 2016, Masjeed et al 2017).  Farhood & Humairi 2022 evaluated 60 endometrial samples and characterized 
simple hyperplasia (n=10), complex hyperplasia (n=20), atypical hyperplasia (n=6), and endometrial carcinoma (n=24) on the 
basis of Ki-67 expression.  

PCNA Proliferating cell nuclear antigen (PCNA) plays a critical role in normal DNA replication and replication-associated processes, 
including translesion synthesis, error-free damage bypass, break-induced replication, mismatch repair, and chromatin assembly 
(Boehm et al 2016).  

Np95 Np95 is an important epigenetic regulator gene. It recruits Dnmt1 for global maintenance of DNA methylation. Np95 mediates 
epigenetic inheritance by recruiting Dnmt1 to methylated DNA and help in the maintenance of Global DNA Methylation 
during replication (Sharif et al 2007). 

P53 p53 is an important tumor-suppressor protein that is altered in most cancers. p53 activates various responses, including cell-
cycle arrest and apoptosis. It contributes to tumor suppression. In non-endometrioid endometrial carcinoma, p53 gene 
mutation and the loss of p53 function led to genetic alterations (Sakuragi et al 2001, 2005) 
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PTEN PTEN is a tumor suppressor gene and is involved in the control of cell proliferation, differentiation, and apoptosis. PTEN guards 
the genome against structural and numerical chromosome instability (CIN). Overexpression of PTEN indicates more genomic 
instability and genotoxic stress (Brandmaier et al 2017). PTEN is also involved in the early phases of endometrial tumorigenesis 
and it can be speculated that decreased PTEN expression with loss of differentiation in carcinoma can contribute to the 
emergence of tumors with a more aggressive phenotype (Kapucuoglu et al 2007).  

EZH2 EZH2 helps to maintain the bivalent domain of stem cells and is a critical step to maintain a pluripotent state. In stem/ 
progenitor cells. Ezh2 expression is high due to which it maintains the bivalent domain of stem cells. This is very crucial to 
maintain a pluripotent state (Shin et al 2012). Once the stem cell gets recruited to its differentiation state, EZH2 levels 
decrease.  

BRCA1 BRCA1 is a tumor suppressor, responsible for DNA repair. Loss of BRCA1 results in increased cellular ROS, genomic instability, 
accumulation of chromosome damage, cell cycle and developmental abnormalities & tumorigenesis (Deng 2006) 

RAD51 RAD51 assists in the repair of DNA double-strand breaks and play an imp role in stabilizing distressed replication fork. When 
overexpressed or mis regulated, RAD 51 contributes to rogue genome destabilizing events that can lead to cancer, and cell 
death (Klein 2008, Richardson, 2005) 

MLH1 MLH1 is a DNA mismatch repair protein that has a role in the repair of DNA mismatches.  Shows deficient expression in tumor 
samples. Epigenetic silencing of MLH1 in endometrial cancers is associated with larger tumor volume, increased rate of lymph 
node positivity, and reduced recurrence-free survival (Cosgrove et al 2017) 

P57kIP2 p57Kip2 (also known as Cdkn1c) plays a direct role in cell cycle regulation, it controls the cell exit of the cell cycle. p57KIP2 
expression level is very high in VSELs which is important to maintain stem cells in a quiescent state (Shin et al 2009).  

TERT TERT helps to maintain the genome integrity of stem cells which is essential to remain in a pluripotent state (Gunes et al 2013). 
TERT plays a key role in cancer formation, ensuring chromosomal stability by maintaining telomere length and allowing cells 
to avert senescence. Upregulation of TERT transcription/activity is detected in 80–90% of malignant tumors. In several types 
of cancer, there is a relationship between the presence of TERT promoter mutations (Dratwa et al 2020). Lee et al (2019) 
documented that hypermethylation of the TERT gene correlates with telomerase activity in different types of cancers  

DNMT1, 
DNMT 3a, 
DNMT3b, 
DNMT 3L 

DNA methyltransferases (DNMTs), responsible for the transfer of a methyl group from the universal methyl donor, S-adenosyl-
L-methionine (SAM), to the 5-position of cytosine residues in DNA, are essential for mammalian development. DNMT1, 
DNMT3A, DNMT3B and DNMT3L.. DNMT1 encodes the maintenance methyltransferase and DNMT3A/DNMT3B encodes 
the de novo methyltransferases required to establish and maintain genomic methylation while the Dnmt3L, gene shares 
homology with the DNMT-3 family methyltransferases but despite the lack of enzymatic activity, is also essential for DNA 
methylation of imprinted genes. DNMTs play an important role in genomic integrity, disruption of which may result in 
chromosome instability and tumor progression. It is well established that DNMTs are required for the transcriptional silencing 
of a number of sequence classes, including imprinted genes, genes on the inactive X chromosome, and transposable elements 



13 
 

(Robertson 2005). Overexpression of DNMT1 results in the transformation of cells and de novo methylation of CpG islands. 
Also, an abundance of DNA methyltransferase activity in tumor cell lines reflects the loss of cell cycle regulation (Szyf 2008) 

IGF2 &  
H-19 
imprinting 
locus 

The insulin-like growth factor-2 (Igf2)-H19 locus encodes important paternally imprinted genes that govern normal embryonic 
development. The epigenetic modification of Igf2-H19 is one of the mechanisms responsible for keeping VSELs quiescent (low 
expression of Igf2 and overexpression of H19) and prevents them from uncontrolled proliferation and teratoma formation. In 
contrast, hypermethylation of DMRs within Igf2-H19 on both maternally and paternally derived chromosomes, which is called 
(loss of imprinting) is observed in several malignancies and thus results in high expression of Igf2 (Ratajczak 2012). There are 
reports showing IGF2 & H19 dysregulation in endometrial pathologies including uterine leiomyomas (Rainho et al 1998), 
human normal, hyperplastic, and malignant endometrium (Tanos et al,2004), unexplained infertility (Korucuoglu et al 2009). 

DLK-1 & 
MEG-3 
imprinting 
locus 

Deregulation of imprinted genes is an important molecular mechanism contributing to the development of cancer in humans. Deregulation 
of DLK1 and MEG3 expression is accompanied by extensive aberrations in DNA methylation in human hepatocellular 
carcinoma (Anwar et al 2012), pituitary neuroendocrine tumors (Chen et al 2020), acute myeloid leukemia (Sellers et al 2019) 
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Suppl Fig 1: Schematic representation of study design.  Mice pups were exposed to neonatal endocrine disruption with estradiol (20 µg daily on postnatal days 
5-7) or diethylstilbesterol (2µg/pup/day on postnatal days 1-5) dissolved in sesame oil and the effects on the uterus and uterine stem cells were studied in adult 
100 days old mice. Control mice were injected with vehicle (sesame oil) alone. 
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Suppl Fig 2: Various markers used to track stem cell biology in the mouse uterus.  VSELs undergo asymmetrical cell divisions to self-renew and give rise to 
EnSCs that undergo clonal expansion and further differentiation into epithelial progenitors which further differentiate into epithelial cells lining the lumen and 
the glands.  Markers were also selected to study the myometrial and stromal compartments, endometrial receptivity, and various oncogenic events.  This 
understanding is based on earlier published data by our group (Singh et al 2022, Singh et al 2021, James et al 2018)  
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Suppl Fig 3: Haematoxylin and eosin-stained uterine sections of estrus stage mouse (A-D) D100 estrus stage control sections show proliferative stage 
endometrium comprised of columnar shape luminal & glandular epithelium with basally arranged nuclei and abundant pink cytoplasm in the apical region 
which is a characteristic feature of receptive endometrium. The stromal compartment is comprised of well-matured niche cells and a lot of secretory 
endometrial glands scattered in the stroma and play role in tissue proliferation, and remodelling during the estrous cycle, under the tight regulation of estrogen 
and progesterone. Myometrium and perimetrium are well differentiated and maintain the endometrial myometrial junctions. (E, F) At higher magnification 
well defined columnar-shaped luminal or glandular epithelium was observed and as reported earlier (Singh et al 2022b) many small-sized, distinctly spherical, 
darkly Hematoxylin-stained putative stem cells (marked by red circle) were observed in the epithelium. Scale: 100μm, 20μm 
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Suppl Fig 4: Effects of neonatal estradiol treatment on D100 in adult life. H & E-stained images represent transverse and longitudinal uterine sections and 
show affected adenogenesis (formation of endometrial glands) as evidenced by the presence of undifferentiated immature glands restricted or attached to the 
rim of luminal epithelium and were not scattered in the stroma like the control group (a A-D). Panel (b A-C) shows undifferentiated, decatenated cribriform 
structured glands present in the myometrial compartment suggesting that these glands breached the intersection zone of endometrial-myometrial junctions 
and migrated to the myometrial compartment. (c B-D) shows affected differentiation of myometrium. At higher magnification (c A & C, d A-D) endometrial 
sections show affected adenogenesis, stratification of both luminal and glandular epithelium was observed, and epithelial cells formed clonal aggregates but 
did not differentiate into glands which likely affects secretory activity and receptive status. Instead, they formed decatenated cribriform structured glands. At 
places, epithelial cells sloughing into the stromal compartment were also observed. Significant atypical features were observed in endometrial sections including 
columnar epithelial cells turning into round epithelioid cells showing abundant cytoplasm and a signet-ring cell appearance, which is a sign of poorly 
differentiated carcinoma (Taee et al 2016). We also observed nuclear overlapping, nuclear membrane irregularities, vacuolated cytoplasm, and low to 
intermediate nuclear to cytoplasmic ratio. Scale: 100μm, 20μm. 
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Suppl Fig 5: Effects of neonatal DES treatment on D100 in adult life. Neonatal exposure to DES affected uterine histology with direct effects on adenogenesis 
(formation of endometrial glands). (a A-C) At low magnification, endometrial sections showed undifferentiated immature glands mostly restricted or attached 
to the rim of luminal epithelium and were not scattered in the stroma as observed in control (Suppl Fig 3). Also, marked hyperplasia of luminal and glandular 
epithelial cells was observed which are the initial sign of endometrial cancer. (b A-F) Undifferentiated, decatenated cribriform structured glands attached to 
the luminal epithelium are observed. At higher magnification, endometrial sections show adenogenesis was affected and restricted to luminal epithelium 
indicating the budding of glands was compromised, they made a clonal aggregate- not able to fully differentiate into functional endometrial glands which are 
crucial for the  secretory activity and receptivity. Other features like nuclear overlapping, nuclear membrane irregularities, vacuolated cytoplasm, or low to 
intermediate nuclear to cytoplasmic ratio were also observed. (c A-F) Sloughing of both luminal and glandular epithelial cells was observed in the lumen and 
stromal compartments observed. (d A-F) At higher magnification marked hyperplasia of luminal epithelial cells was observed. Scale: 100μm, 20μm 
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Suppl Fig 6: Higher magnifications of Suppl Fig 5 (d D, d B).  Besides epithelial cells being sloughed off into the lumen (Suppl Fig 5 c & d), it was evident that 
small-sized putative stem cells (VSELs) were also mobilized into the lumen (broken red circles).  These stem cells were also observed interspersed amongst 
luminal and glandular epithelium (red arrows).  In a tumor, the mobilized epithelial cells are the possible circulating tumor cells (which have a fixed life span) 
while the stem cells are the cancer stem cells (immortal and pluripotent) which possibly get mobilized to distant places and cause metastasis. Scale: 20μm 
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Suppl Fig 7: Effects of endocrine disruption on myometrium and perimetrium.  Neonatal exposure to endocrine disruption affected the myometrium also.  
Control sections showed two layers of distinct myometrium, with an inner layer of horizontally placed, spindle-shaped cells while the outer layer comprised 
vertically arranged, cuboidal cells.  The outermost perimetrium was not very prominent.  Treatment with both estradiol and DES affected the myometrium, the 
distinct arrangement as observed in the control was not observed.  The inner layer appeared hypertrophied, and cell morphology was changed from spindle to 
oval and cells were polarized towards the endometrial compartment. The cell’s arrangement in the outer longitudinal layer appeared horizontal which was 
distinct from the controls. Also, the outer perimetrial layer was more prominent after E2 and DES treatment (red arrows) compared to untreated controls.   
Scale: 20μm. Abbreviation; M: Myometrium 
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Suppl Fig 8: Enumeration of VSELs in vehicle-treated control and after neonatal endocrine disruption with E2 and DES. Viable (7 AAD negative) cells, after 
doublets exclusion and in the size range of 2-6 um with a surface phenotype of LIN-CD45-SCA-1+ were studied as the VSELs. Compared to ± 19.13 % in controls, 
±36.274 %, and ± 40.594 % of 3 lakh events studied were the VSELs in E2 and DES-treated uterus respectively. An increase in VSEL numbers occurred as a result 
of endocrine disruption. 
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Suppl Fig 9: Enumeration of c-KIT positive cells in control and after neonatal endocrine disruption with E2/DES. c-KIT immunophenotyping was performed 
after doublet exclusion and on 7AAD live cells. Compared to 15.35 % cells in control, only 2.22 % cells in E2 and 1.11% cells were c-KIT positive after DES 
treatment.  Abbreviation; US: Unstained. 
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Suppl Fig 10:  Increased expression of ALDHA1 staining in the myometrium. ALDHA1 expression was  increased in the myometrium in both E2 and DES 
treatment groups while  in the control group (Fig 5A a-ii) its expression was limited only to the stem/ progenitor cells present in the stromal compartment. Even 
the cells in the outer perimetrium expressed ALDHA-1. Most interestingly ALDHA1 positive glands which show cancer stem cell properties including high 
tumorigenic, invasive, and migratory potential were also noted in the myometrium (i). Scale: 10μm. 
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Suppl Fig 11:  Healthy cells get sloughed into the lumen due to excessive proliferation along with small-sized VSELs (red arrow). Panel (d A-B) of 
Suppl fig 4 and panel (c A-E & bB) of Suppl fig 5 show similar sloughing of epithelial cells as well into the lumen.  Stem cells are also sloughed 
along with the epithelial cells (Suppl Fig 6). Scale: 20μm 
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Suppl Fig 12: Sloughing of epithelial cells after neonatal endocrine disruption into the stroma (marked by red arrow). Scale: 20μm (Singh et al 
2022b). DOI: 10.1007/s12015-021-10279-8 
. 
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Suppl Fig 13:  Mobilization of stem/progenitor cells through blood vessels (red arrow) in the myometrium after endocrine disruption to distant 
ectopic sites where they can possibly grow ectopically to initiate endometriosis. Rather than the concept of cells mobilizing through retrograde 
menstruation to initiate endometrial growth at ectopic sites, our results suggest that stem/progenitor cells can possibly get mobilized only in 
women with dysfunctional uterine stem cells compartment to initiate endometriosis. Scale: 20μm (Singh et al 2022b)  
doi: 10.1007/s12015-021-10279-8. 
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Suppl Fig 14: VIMENTIN expression in the endometrium: (a-iii) Vimentin is expressed by the stromal cells and is essential for the decidualization 
of the endometrium.  Decidualization is a critical step for the formation of receptive endometrium crucial for implantation to occur. Loss of 
VIMENTIN expression was observed in the endometrium in both E2 (bi-iii) and DES (ci-iii) groups suggesting the stromal cell differentiation was 
completely affected.  Scale: 10μm. 
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Suppl Fig 15: H &E-stained section of separated myometrium.  (i) This is a longitudinal section of the control myometrium of estrus stage 
obtained after the removal of the endometrial compartment. (ii) shows the myometrium layer at higher magnification. Scale 20μm.  
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Suppl Fig 16: Expression of steroid and gonadotropin hormonal receptors in both E2 and DES-treated groups in RNA extracted from the intact 
uterus. qRT-PCR results show Esr-2 expression is higher in both E2 and DES-treated groups on D100 (E2>18 fold, DES> 15fold). In the literature 
also it was reported that Esr-2 expression is increased in endometrial pathology (Takama et al., 2001, Bulun et al., 2012). Results are the mean of 
4 biological replicates of ±SEM.  
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Suppl Fig 17: Negative control with the omission of primary antibody (αSMA, CK-8) shows no staining confirming that there is no non-specific 
staining. Scale 10 μm. 
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Suppl Fig 18: Co-expression of α-SMA and Ki-67: Note well-arranged myometrium in the control group while increased numbers of capillaries lined 
by α-SMA and Ki-67 positive endothelial cells lining the capillaries in the myometrium due to neonatal exposure to endocrine disruption (ii-iii). 
Endothelial cells or pericytes are reported to be positive for αSMA (Martinez et al 2018).  Scale: 50 μm. Abbreviation; M: Myometrium. 


