
 

A high level of TGF-B1 promotes endometriosis development via cell migration, 

adhesiveness, colonization, and invasiveness. 
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Abstract 

Endometriosis is a prevalent gynecological disorder that eventually gives rise to painful 

invasive lesions. Increased levels of transforming growth factor-beta1 (TGF-B1) have been 

reported in endometriosis. However, details of the effects of high TGF-B1 on downstream 

signaling in ectopic endometrial tissue remain obscure. We induced endometriotic lesions in 

mice by surgical auto-transplantation of endometrial tissues to the peritoneal regions. We then 

treated endometriotic (ectopic and eutopic endometrial tissues) and non-endometriotic (only 

eutopic endometrial tissues) animal groups with either active TGF-B1 or PBS. Our results 

demonstrate that externally supplemented TGF-B1 increases the growth of ectopically 

implanted endometrial tissues in mice, possibly via SMAD2/3 activation and PTEN suppression. 

Adhesion molecules integrins (beta3 and beta8) and FAK were upregulated in the ectopic 

endometrial tissue when TGF-B1 was administered. Phosphorylated E-cadherin, N-cadherin, 

and vimentin were enhanced in the ectopic endometrial tissue in the presence of TGF-B1 in the 

mouse model, and correlated with Epithelial-Mesenchymal Transition (EMT) in ovarian 

endometriotic cells of human origin. Further, in response to TGF-B1, the expression of 

RHOGTPases (RAC1, RHOC and RHOG) were increased in the human endometriotic cells 
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(ovarian cyst derived cells from endometriosis patient) and tissues from the mouse model of 

endometriosis (ectopic endometrial tissue). TGF-B1 enhanced the migration, invasive, and 

colonizing potential of human endometriotic cells. Therefore, we conclude that TGF-B1 

potentiates the adhesion of ectopic endometrial cells/tissues in the peritoneal region by 

enhancing the integrin- and FAK-signaling axis, and also migration via cadherin-mediated EMT 

and RHOGTPase–signaling cascades.  

1. Introduction 

Endometriosis is an estrogen-dependent gynecological disorder in which floating endometrial 

tissue proliferates, migrates, attaches to, colonizes, and invades ectopic/extra-uterine sites (such 

as the pelvic peritoneum, mesentery area, ovarian cortex, and rectovaginal septum). This 

eventually leads to severe pelvic pain due to the formation of endometriotic lesions and chronic 

inflammation [1]. Female infertility is also associated with endometriosis. The prevalence of 

endometriosis ranges from 10-14% in women of reproductive age. However, the frequency of its 

occurrence increases to 35–50% among patients with pelvic pain and infertility [2].  Retrograde 

menstrual dissemination of endometrial tissue was initially hypothesized to be the cause of 

endometriosis histogenesis [3]; however, other factors such as an imbalance in steroid hormone-

signaling in the endometrial tissue, impaired immune function, and epigenetic changes triggered 

by environmental toxicants, have subsequently been implicated [2].  

The precise molecular pathways that allow the establishment and survival of the 

endometrial cells at ectopic sites remain poorly understood, leading endometriosis to be labeled 

an enigmatic disease. Estradiol participates in the development of endometriosis by promoting 

cell invasion through activation of the beta-catenin signaling pathway [4]. Estradiol is also a 

critical mediator of macrophage-nerve cross-talk in peritoneal endometriosis [5].  Endometrium-
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derived cells form the ectopic cyst/tumor-like structures which give rise to the endometriotic 

lesions [6]. Epithelial-mesenchymal transition (EMT) of these ectopic cells is one of the 

important events required for the development of the endometriotic lesions. The resulting 

endometriotic cells are notoriously resistant to apoptosis and show accelerated proliferation [7]. 

The pleiotropic cytokine, transforming growth factor–beta (TGF-B1), is expressed in 

endometriosis, and its increased expression is critical  to various pathways of endometriosis 

development [8]. TGF-B1 levels in the peritoneal fluid (PF) of endometriosis patients were 

elevated to a concentration of ~1550 pg/mL, while healthy individuals had a corresponding level 

of ~1100 pg/mL [9]. Unavailability of TGF-B1 completely abolishes the development of 

endometriotic lesions in the mouse model of endometriosis [10]. TGF-B1 also promotes EMT 

and FMT (Fibroblast-Myo-fibroblast transition) in endometriosis, and results in increased cell 

contractility, collagen production, and ultimately leads to fibrosis [11]. Recently, TGF-B1 was 

found to regulate angiogenesis and inflammation in the human endometriosis [9;12]; this in turn 

provides a favorable microenvironment to attach the floating uterine remnants at ectopic sites.  

Immune-escape of endometriotic cells facilitates cellular adhesion [13] and invasion of 

endometriotic cells at the peritoneal sites [14], and is considered an important mechanism for the 

development of endometriosis. It has been reported that macrophages become activated in 

endometriosis and regulate the genesis of endometriotic lesions [15]. Interestingly, TGF-B1, 

which is primarily secreted by activated macrophages [13;16] but also locally by endometrial 

cells [17], can regulate immune-escape of endometriotic cells as well [18]. In sum, studies in 

mice and women have indicated that increased levels of TGF-B1 are associated with decreased 

immune cell activity within the peritoneum, along with an increase in ectopic endometrial cell 

survival, attachment, invasion, and proliferation during endometriosis lesion development. TGF-
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B1 has a well-established role in the suppression of immune surveillance in tumors, thereby 

promoting the process of cancer metastasis [19]. Given this evidence, it would be interesting to 

examine if immune-escape of endometriotic cells employs similar mechanisms.  

TGF-B1 binds the type I/II receptor complex on the membrane and activates 

downstream effectors via either the SMAD2/3 dependent pathway (canonical) or the SMAD-

independent i.e. TAK1-p38MAPK signaling (non-canonical) axis  [20;21]. TGF-B1 can induce 

the expression of integrin [22], which may in turn participate in cellular responses such as cell 

adhesion, cell survival, proliferation, differentiation, and migration. In endometriosis, differential 

expression of integrins – alpha1, alpha3, alpha6, alpha-v, beta1, and beta3, have been  reported 

[23]. Active integrins transduce the signals to focal adhesion kinase (FAK) by phosphorylating 

Tyrosine 397 of FAK [24]. There has been recent speculation about the role of FAK in the 

pathogenesis of endometriosis [25]. FAK activation can induce the RHO-family of GTPases to 

regulate cell migration and adhesion events via various signaling intermediates [26]. Several 

RHOGTPases such as RHOA, RAC1, RHOC, and RHOG also facilitate integrin-FAK signaling 

[27;28]. RHOGTPases are also known to function in response to TGF-B1 signaling in various 

other cell types [29]. However, it is not yet clear whether TGF-B1 can act upon these molecules 

in the pathological development of endometriosis.  

Succinctly, a crosstalk between integrin-TGF-B1 signaling cascades possibly regulates 

various cellular functions and disease pathology; however, the importance of this particular 

crosstalk has not yet been explored in the context of endometriosis. Therefore, this study was 

undertaken to decipher the underlying molecular mechanism for the pathogenesis of 

endometriosis with an emphasis on elucidating the effect of elevated TGF-B1 on cell adhesion, 
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endometrial cell migration, colonization, and invasion, using in vitro and in vivo models of 

endometriosis. 

 

2. Materials and Methods 

2.1 Animal model based investigations 

2.1.1 Murine model of endometriosis: The peritoneal endometriosis mouse model (Mus 

musculus, Swiss strains) was developed by auto-transplantation of uterine tissue as previously 

described [30-32]. The study was conducted in according to the Institutional Animal Ethical 

Committee guidelines at Council of Scientific and Industrial Research-Central Drug Research 

Institute (CSIR-CDRI), Lucknow (IAEC/2012/108/ Renew-3(98/15)/dated-23/07/ 2015). After 

confirming the stage of the estrous cycle, an approximately 1.0 cm segment of one uterine horn 

was removed from each mouse anesthetized with ketamine (30mg/kg) and xylazine (4.0mg/kg), 

and slit longitudinally. After removing the fat tissue and myometrium from uterine tissue 

[30;33], the endometrial tissue was cut into ~20-25mm
2
 sizes in DMEM-F-12 supplemented with 

1.0% antibiotics and antimycotics, and patched into the bilateral abdominal wall of the animal 

using surgical thread [31]. One week after surgery, one group of animals received 10 μl of an 

intra-peritoneal dose of active recombinant mTGF-B1 (5231, Cell Signaling Technology Inc., 

MA, USA) (14 ng/ml) [34] daily up to 14 days, while the other group (control sham-operated 

group) received PBS. 

 

2.1.2 Macroscopic measurement of endometriotic lesions: All animals were euthanized by 

cervical dislocation on the 22
nd 

day after endometriosis induction.  The area of endometrial tissue 

was scaled (mm) two-dimensionally before and after endometrial biopsy grafting [35]. The 
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endometriotic implants (endometriotic lesions) were photographed on a Nikon D3100 DSLR 

camera. 

2.1.3 Histological analysis of endometriotic tissue: Endometriotic lesions were preserved in 

paraffin blocks and sectioned (5μm) serially using microtome (RM2125 RTS, Leica Biosystem, 

Germany) as described earlier [36]. Sections were deparaffinized, stained with hematoxylin and 

0.5% eosin,  then imaged using an Inverted Phase Contrast Microscope (TS100-F, Nikon, Japan) 

and a 5.2 megapixels digital camera (DS-Fi2-U3, Nikon, Japan) [36;37]. 

2.1.4 Immunohistochemistry: Immunostaining was carried out as described [36]. Briefly, tissue 

sections of the endometriotic lesion (5.0 μm in size) were deparaffinized, and antigen retrieval 

was performed in sodium citrate buffer (10 mM, pH 6), followed by quenching of the 

endogenous peroxide activity using Bloxall (SP-6000, Vector Laboratories Inc., CA, USA). 

Tissue sections were blocked with 5.0% goat serum and subsequently incubated overnight at 4
°
C 

with 1/100 dilutions in 2.0% goat serum of the primary antibodies (Antibodies specific to 

Endoglin #3290S, E-cadherin #3195S, FAK #3285S, N-cadherin #14215S, and RHOC #3430S 

were purchased from CST, USA. Other antibodies specific to phosphorylated-E-cadherin 

#ab76319 and vimentin #SAB4503083 were from Abcam, UK and Sigma-Aldrich, India 

respectively) [36;38-44] or normal rabbit IgG isotype (negative control). Tissue sections were 

incubated with biotinylated secondary antibody and later with ABC reagent (PK-4001, Vector 

Laboratories Inc.) for 1 hr. The color was developed with the aid of 3, 3’-diaminobenzidine 

(DAB) peroxidase substrate (SK-4100, Vector Laboratories Inc.) for 1 min. and counter-stained 

with hematoxylin (51275, Sigma-Aldrich Inc.) for 2 min. Finally, sections were mounted using 

DPX and imaged using a microscope (CKX41 Trinocular with Cooled CCD Camera Model Q 

Imaging MP5.0-RTV-CLR-10-C from Olympus, Tokyo, Japan) [36]. The staining intensity of all 
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these proteins in the cystic, stromal, and glandular  compartments were quantified by Image-Pro 

Plus 4.0 software (MD, USA), and the results were expressed as score/count [45]. Herein, the 

score/count for both 4X (total score) and 40X objective magnifications (total and cell specific 

score) of IHC images (Fig. S3 and S4) were analyzed. Total score was calculated from the entire 

tissues, and cell- or compartment-specific score was the average of scores calculated from at 

least 4 random regions of the same compartment.   

2.1.5 Protein extract preparation from endometriotic lesions: The excised eutopic and 

ectopic endometrial tissues were rinsed with a buffer (pH7.4) containing 100mM KCl, 3mM 

NaCl, 3.5mM MgCl2, 10mM Pipes, phosphatase inhibitor cocktail (P5726, Sigma-Aldrich Inc.), 

and protease inhibitor cocktail (S8830, Sigma-Aldrich Inc.) as previously described [36]. Tissue 

was homogenized, and unbroken tissue/cells, nuclear, and mitochondrial fractions were removed 

by centrifugation at 200, 1500, and 12000 x g (4°C) for 10 min. respectively, and the remaining 

supernatant was used as whole (cytosolic and membrane) protein extract and stored at −80°C for 

subsequent use [36]. 

2.2 Analytical techniques 

2.2.1 SDS-PAGE and Immunoblotting: Quantification of the whole protein extract was done 

using a BCA Protein Assay Kit (23225, Thermo Fisher Scientific). Proteins (20μg) were 

denatured in Laemmli buffer [46] containing beta-mercaptoethanol in a 4:1 ratio and resolved on 

a 7.5-12 % SDS-PAGE at constant 100V using a Tetra Protean Cell Vertical electrophoretic 

system (Bio-Rad, Hercules, CA, USA). The SDS-PAGE-separated proteins were transferred onto 

a PVDF membrane (IPVH00010, Merck-Millipore, MA, USA) by electroblotting using the 

Towbin method [47].  
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The blotted membranes were blocked in 5.0% nonfat milk for 2.0 hr followed by 

incubation with respective primary antibodies in 2.0% nonfat milk (1:1000 dilutions), or for the 

antibodies against phosphorylated proteins, incubation in BSA. Membranes were incubated 

overnight at 4°C with respective antibodies (FAK, E-cadherin, N-cadherin and RHOC). Other 

primary antibodies include anti-ITGB3 (13166S), phospho-FAK (3283S), RHOA (2117P), 

phosphorylated-RAC1 (2461P), phospho-SMAD2/3 (9520S), SMAD2/3 (8685S), 

phosphorylated-p38MAPK (9211), p38MAPK (9212), phosphorylated-PTEN (9549S), and 

PTEN (9188S), obtained from CST, USA. Antibodies against phosphorylated-RHOA (sc32954) 

and PCNA (sc7907) were purchased from Santa Cruz Biotechnology, USA. Anti-ITGB8 

(HPA027796) and vimentin (SAB4503083) were purchased from Sigma-Aldrich, Bangalore, 

India. Antibody against phosphorylated-E-cadherin (ab76319) was from Abcam, UK. Anti-

RHOG (04-486) was from Merck-Millipore, Bangalore, India, and anti-RAC1 (PA1-091) was 

purchased from ThermoFisher Scientific, Bangalore, India) [37-40;42;44;48-57]. These 

membranes were subsequently incubated for 1.0 hr with peroxidase-conjugated secondary 

antibody anti-rabbit IgG-HRP, anti-goat IgG-HRP, or anti-mouse IgG-HRP in 1:3000 dilutions 

in 2.0% nonfat milk. Immuno-reactive bands were visualized with ECL substrate (WBKL0500, 

Merck-Millipore, MA, USA) according to the manufacturer's protocol using ChemiImager/ 

Documentation System (Image Quant LAS 4000, GE Life Science, PA, USA). Protein band 

intensity was analyzed using Total Lab Quant 1D software version 5.0 (Nonlinear Dynamics, 

Newcastle Upon Tyne, UK). The bands of SMAD2/3, phospho-E-cadherin, E-cadherin, 

phospho-PTEN, and PTEN were detected after membrane stripping (with 72
°
 C warmed 5mM 

EDTA for 2.0 min., twice) followed by re-hybridizing to the same blot. Similarly, p-SMAD2/3, 

vimentin, phospho-P38 (MAPK), P-38 (MAPK), and N-cadherin were developed on the same 
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blot. ITGB8, ITGB3, p-FAK, and FAK were also developed on the same blot after stripping the 

probed blots.  

2.2.2 Real-time PCR: Total RNA was extracted under RNase-free conditions from the 

endometriotic lesions and uteri of sham and TGF-B1 treated endometriosis and non-

endometriosis mice using TRIzol reagent (Sigma-Aldrich, India). cDNA was synthesized  from 

1.0 µg RNA from individual mice (n = 3 from each group) using the SuperScript III cDNA 

synthesis kit (18080-126 400, ThermoFisher Scientific) as described previously [38]. Real-time 

PCR was performed with the PowerUp SYBR Green Master Mix (ThermoFisher Scientific) 

using the QuantStudio™ 3 real-time PCR system (Thermo Fisher Scientific) using standard 

cycle conditions: 95°C for 10 mins;  55 cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C for 30 

sec. The comparative Cт (ΔΔCт) method, as described earlier [58], was used to calculate relative 

gene expression levels between different samples based on the threshold cycles (CTs) value of 

each sample generated by the qPCR system. The fold change was determined with respect to the 

ΔCт value of the corresponding target gene of PBS-treated eutopic endometrial tissues from the 

animal group without endometriosis. Briefly, Cт (threshold cycle) values of each target gene 

were first normalized to that of b-actin from the same sample (ΔCт). Thereafter, the fold change 

was determined with respect to the ΔCт value of the corresponding target gene from PBS-treated 

eutopic endometrial tissue from non-endometriosis animals using the formula 2
−ΔΔCт

. All qPCR 

experiments were done in triplicate and the results averaged and presented with mean and S.E.M. 

The primers used in qPCR are listed in Suppl. table-1. 

2.2.3 17-beta-estradiol hormone estimation: 17-beta-estradiol levels were assayed using an 

ELISA kit (ADI-900-008, Enzo LifeSciences, Inc., NY, USA.) as per the manufacturer’s 

instructions which have been validated in our previous study [54]. Protein extracts of 
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endometriotic lesions (40 μg) (n = 3 in each group) were used for this assay. The absorbance at 

405 nm was read using a micro-plate reader (iMarkMicroplate Reader, BIO-RAD, USA). 

Absorbance values were plotted in a bar graph format against a standard (17-beta-estradiol; 

pg/ml). The concentration of 17-beta-estradiol was calculated according to the standard curve 

[54]. 

2.2.4 RAC1 activation assay: The RAC1 activity was assayed with RAC1 G-LISA kit (BK-128, 

Cytoskeleton, CO., USA.) and the reaction performed as previously described [38;54]. Briefly, 

60 µg of protein extract from each sample was added to individual wells pre-coated with RAC1-

GTP-binding protein, and subsequently incubated with 50 µl of anti-RAC1. The HRP conjugated 

antibody against anti-RAC1 (50 µl) was added and the color was developed using HRP detection 

reagent (50 µl). The optical density was recorded at 490 nm using a spectrophotometer. 

2.2.5 FAK activity (Y-397) measurement by ELISA: FAK activation by phosphorylation at 

tyrosine-397 (Y-397) was quantified using a sandwich ELISA kit (DYC4528E, R&D Systems, 

Inc. MN, USA) as per (optimized) manufacturer’s protocol  [38]. The 96-well plate was coated 

with capture antibody and blocked with 1% BSA. 50 µg of protein extract from each sample was 

added to individual wells, and subsequently incubated with FAK-specific antibody (PTK2). The 

streptavidin-HRP conjugated antibody was added to develop the color in the presence of HRP 

substrate and absorbance was measured at 450 nm with correction of wavelength at 570 nm 

using a spectrophotometer (BioRadi MARK microplate reader, Laboratories, CA, USA). 

2.3 Cell culture and in vitro techniques 

2.3.1 Cell culture: Human endometriosis (ovary/benign cyst) stromal cell line HS.832(C).T ( 

Cat no. CRL7566) [59] and transformed human endometrial stromal cells T-HES (Cat. No. 

CRL4003)  derived from the stromal cells obtained from an adult women with non-malignant 
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myomas [60] were purchased from ATCC, USA. Both, HS.832(C).T and T-HES cells lines were 

maintained in advanced DMEM/F12 (12634010, ThermoFisher Scientific, Bangalore, India) 

supplemented with 10% FBS (10082-147, ThermoFisher Scientific) and 1.0% antimycotics and 

antibiotics mix (154240-016, ThermoFisher Scientific), and grown at 37°C and 5.0% CO2 

concentration under humid conditions. Insulin, Transferrin and Selenous (ITS) supplement 

(I3146-5ML, Sigma-Aldrich Inc.) was also added in the medium for T-HES cells to a 

concentration of 1.0%. Here, T-HES cells were used as non-endometriotic cells .[60] 

2.3.2 In vitro scratch wound healing assay: Migration of HS.832(C).T and T-HES cells in 

response to TGF-B1 was assessed using an in vitro scratch wound healing assay (n = 3). Briefly, 

cells were seeded into 12-well culture plates at 70–80% confluency [61]. The wound was 

scratched in the middle of the well with a 10µl pipette tip and treated with human recombinant 

TGF-B1 (ab50036, Abcam, MA, USA.) at 5.0 or 10ng/ml concentrations for 24 hr. Wound 

closure photographs were captured using Nikon’s Eclipse TS100 microscope equipped with a 

digital camera (Nikon DSFi2, Nikon DSU3, Nikon, Japan). The wound area was measured 

(ImageJ 1.46r software, NIH., USA) and the results expressed as percent wound closure 

compared to control. 

2.3.3 Immunofluorescence and confocal imaging: Cells were fixed and permeabilized as 

described earlier [38], blocked with 5.0% BSA, and incubated with primary antibodies to 

integrin-beta3, E-cadherin, N-cadherin, vimentin, normal mouse IgG-Alexa Fluor 488 

(sc516606, Santa Cruz Biotechnology, USA.) and normal Rabbit IgG (2729, CST, USA.). Other 

primary antibodies were RHOG (HPA039871, Sigma-Aldrich Inc.), cytokeratin-FITC (F3418, 

Sigma-Aldrich Inc.) [62], RAC1 (05-389-AF-488, Merck-Millipore, USA.) [63], and VAV (sc-

132, Santa Cruz Biotechnology, USA) [54;64]. Finally, we incubated the cells with compatible 
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goat anti-rabbit (H+L) secondary antibody conjugated to Alexa Fluor (AF) 488 (A11034, 

Thermo Fisher Scientific) or AF647 (A-21245, Thermo Fisher Scientific), and goat anti-mouse 

IgG (H+L) secondary antibody (A11029, ThermoFisher Scientific), all at a dilution of 1:200. 

Normal rabbit IgG was used as the isotype control for ITGB3, E-cad, vimentin and RHOG, while 

normal mouse IgG conjugated with AF488 was used for N-cad and cytokeratin. The DAPI 

(1000ng/ml) and rhodamine-labeled Phalloidin (R415, ThermoFisher Scientific) (1/500 dilution) 

stains were used simultaneously for nuclear and cytoskeleton staining respectively. Cells were 

imaged using a Leica TCS SP5 Confocal Laser Scanning Microscope using the 63X objective 

magnification in oil medium, along with 2.4 X zoom (151X). In order to localize the specific 

proteins in the HS.832(C).T cells during the in vitro scratch wound healing assay, we mainly 

captured cells forming the migration waves and migrating at the edge of the scratch wound. The 

fluorescence intensity of HS.832(C).T cells was calculated using the ImageJ1.46r software (NIH) 

and represented by corrected total cell fluorescence (CTCF). The CTCF was calculated as 

Integrated Density - (Area of selected cell × Mean fluorescence of background readings), and 

averaged by the total number of cells analyzed (indicated in graphs) as described previously [65]. 

The average fluorescence intensity of cells was measured from at least five different microscopic 

fields. Colormap script, ImageJ plugin was used for automated co-localization quantification of 

two fluorescent signals overlay. This method specifically computes the correlation of intensities 

between pairs of individual pixels in two different channels (ITGB3 with RAC1, cytokeratin 

with vimentin, and N-cadherin with E-cadherin). Bar graph represents the mean correlation index 

(Icorr) ± SEM. Icorr (scale -1 to +1) indicates the fraction of positively correlated pixels in the 

image [66;67]. . 
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2.3.4 Transwell invasion assay: The invasive capabilities of HS.832(C).T  and T-HES cells 

were assessed by an invasion assay using Boyden chambers (Costar Corp, Bethesda, MD) coated 

with matrigel (Becton Dickinson, Bethesda, MD) as described previously [68]. The upper 

chamber was first coated with 80 µl matrigel (1:5 matrigel and DMEM without phenol red) and 

incubated overnight at 37
°
C and 5.0% CO2. Both cell lines were diluted to 5.0x10

4
 cells/ml in 

DMEM medium supplemented with 0.5% FBS. The upper chamber was filled with 250 µl of cell 

suspension, and the lower chamber with 750 µl of DMEM supplemented with 10% FBS 

(chemoattractant). Upper chambers were either supplemented with TGF-B1 (10 ng/ml) or left 

untreated as controls. After incubation, cells on the lower surface of the membrane were fixed 

and stained with 0.1% crystal violet (Sigma–Aldrich, Inc.). The membranes were photographed 

at 10X magnification, and the numbers of invading cells were counted in at least 10 different 

microscopic fields. The mean cell numbers and S.E.M were graphed in terms of fold change 

relative to the control HS.832(C).T  group.  

 

2.3.5 Invasion of 3D-spheroid-embedded HS.832(C).T and T-HES cells into matrigel:  The 

invasion of HS.832(C).T  and T-HES cells from embedded 3D-spheroids (formed by the hanging 

drop method) into the surrounding matrigel was investigated in the presence or absence of TGF-

B1 for 48 hr as described previously [69]. In brief, 20 µl drops of both HS.832(C).T and T-HES 

cells (5000 cells/ml in complete DMEM medium) were spotted onto the inner side of the lid of a 

90x15 mm Petri dish (64 drops/lid). The base of the Petri dish was filled with 5.0 ml sterile PBS 

to maintain humidity during incubation. After 2.0 min, the base was covered with the lid 

containing the cell-drops (spheroids), and incubated at 37
°
C in a CO2 incubator for 48 hr.  The 

spheroids were collected in a 5.0ml tube, mixed gently with matrigel diluted in 10% FBS 
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supplemented DMEM (1:3), then plated in 12-well culture plates at 10-15 spheroids per well. 

After 30 min, 2.0ml DMEM medium was added. At least three wells per experimental condition 

were either treated with 10 ng/ml of TGF-B1 or left untreated as controls. After 48 hr of 

incubation, images of wells were captured using Nikon’s Eclipse TS100 microscope equipped 

with a digital camera (Nikon DSFi2, Nikon DSU3, Nikon, Japan) at 10X magnification. The area 

covered by cells that egressed from the spheroids into the surrounding matrigel matrix was 

measured in terms of the distance of each cell from the edge of 3D-spheroids using ImageJ 1.46r 

software (NIH, USA). The results were expressed as a percentage of the mean with S.E.M. 

2.3.6 Colony formation assay: The HS.832(C).T and T-HES cells (500 cells per well) were 

cultured for 48 hr in a 6-well culture plate in the presence or absence of 5.0 or 10 ng/ml TGF-B1. 

The plate was then further incubated for 15 days with a medium change on every second day. 

Finally, the cells were fixed with 4.0% paraformaldehyde. The colonies were stained with crystal 

violet for 15 min. and washed under tap water. After air drying, the plate was scanned and 

images were analyzed using ImageJ1.46r software. The results were graphed in terms of mean 

colony number and S.E.M.  

2.4 Statistical analyses: All analyses were performed using at least three independent animals 

per experimental condition and at least three independent sets of in vitro cell culture 

experiments. The average size of endometriotic lesions was presented as the mean ± S.E.M 

(standard error of the mean). For immunoblots, the densitometric value of each band was 

normalized to the corresponding B-ACTIN value, then averaged. ELISA values were also 

expressed as mean ± S.E.M. Statistical significance of respective in vivo and in vitro data sets 

was calculated by applying one-way ANOVA-tests followed by Bonferroni tests for the 

comparison of multiple groups, or unpaired two-tailed student’s t-tests for comparisons between 
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only two groups. (* p<0.05, ** (p <0.001), ***(p <0.0001, ns p> 0.05). Herein, (a), (b), and (c) 

values represent comparisons between groups resulting in p-values <0.01; (a) compared TGF-

B1-treated ectopic vs. eutopic endometrial tissues, (b) compared PBS-treated ectopic vs. eutopic 

endometrial tissues, and (c) compared the TGF-B1-treated eutopic endometrial tissue from 

endometriosis vs. non-endometriosis groups. The comparison (d) was also made between the 

PBS-treated eutopic endometrial tissues vs. non-endometriosis tissues from the endometriosis 

group. 

3. Results    

3.1. TGF-B1 potentiates endometriotic lesion development in a mouse model. We mimicked 

an elevated level of TGF-B1 by injecting a mouse model of endometriosis with recombinant 

active mTGF-B1 (14 ng/ml) to increase TGF-B1 concentration (gain of function) in the 

peritoneum, as described earlier [30;32;33]. We observed that TGF-B1-supplemented 

endometriotic ectopic implants in the peritoneal regions were hypertrophic compared to the 

PBS/sham control group (Fig. 1A-B).  

Our histopathological observations by hematoxylin and eosin staining revealed that the 

peritoneal-implanted endometrial tissue of the PBS/control group had a significant presence of 

cysts with glandular epithelial mitosis and proliferation, macrophage infiltration, stromal 

proliferation, and mild fibrosis with increased numbers of stromal blood vessels (Fig. 1C). On 

the other hand, tissue from the TGF-B1-treated animal group displayed more cystic 

characteristics compared to the control/PBS animal group tissue.  Although, we did not carry out 

quantitative analysis, but endometriotic lesions from the TGF-B1-supplemented animal groups 

appeared to have more mononuclear cell proliferation and stromal fibrosis (Fig. 1C). Overall, it 

appears that TGF-B1 induced more cellular proliferation with enhanced mononuclear 
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infiltrations (confirmed by PCNA and P38 MAPK expression in Fig. S1A-B. The characteristics 

of these endometriotic lesions recapitulate the endometriosis model described earlier. 

 

3.2 TGF-B1-induced progression of endometriotic lesions is independent of 17-beta-

estradiol (E2) signaling. We used competitive ELISA to determine the 17-beta-estradiol (E2) 

level in endometriotic lesions from peritoneal regions. We found that the E2 level was unaffected 

in the TGF-B1-supplemented group when compared to the PBS/sham control group; the 

concentration was nearly 1000 pg/ml (in 40 microgram protein extract) in both groups (Fig. 1D). 

These observations suggest that E2 level is independent of TGF-B1 in endometriosis in this 

autologous endometriosis mouse model.  

3.3 Activation of the TGF-B1 signaling cascade in the TGF-B1-supplemented endometriosis 

mouse model. We observed that the TGF-B1-treated animals with endometriosis showed 

aggravation of lesions (ectopically implanted eutopic endometrial tissue) at the peritoneal site 

(Fig. 1A-C). Therefore, we first investigated changes in SMAD2/3 and phospho-SMAD2/3 

(Serine 465/467 and Serine 423/425 respectively) expression levels in response to TGF-B1 in 

ectopic (endometriotic animals only) and eutopic endometrial tissues (endometriotic and non-

endometriotic animals) (Fig. 1F). Interestingly, our results showed that TGF-B1 supplementation 

increased SMAD2/3 expression significantly in all the groups. However, SMAD3 expression 

was not elevated any further in the eutopic tissues of animals with endometriosis even after TGF-

B1 supplementation. The level of active phosphorylated SMAD2/3 increased significantly only 

in the TGF-B1-treated endometriotic lesions (ectopic endometrium) in comparison to the PBS-

treated lesions (Fig. 1F). Indeed, after TGF-B1 exposure, SMAD2 expression increased 

significantly in the eutopic and ectopic endometrial tissues in the animals with endometriosis 
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compared to the animals without endometriosis. We observed the same pattern of SMAD3 

expression in the ectopic endometrial tissue of animals with endometriosis and eutopic 

endometrial tissue of animals without endometriosis (Fig. 1F). Based on q-PCR data, we 

observed TGF-B1-dependent increases in Smad2 transcript levels in the eutopic and ectopic 

endometrial tissues of animals either with or without endometriosis, but the effect was greater in 

the endometriotic tissue (Fig. 1G). Similarly, TGF-B1 increased Smad3 transcript level, but not 

in the ectopic endometrial tissues from PBS-treated animals with endometriosis. However, the 

effect of TGF-B1 on Smad3 was stronger in the ectopic endometrial tissues of animals with 

endometriosis than in the eutopic endometrial tissue of animals either with or without 

endometriosis (Fig. 1H). 

Endoglin, an auxiliary receptor of TGF-B1, is a member of the TGF-B1 superfamily. It 

is an established biochemical marker of angiogenesis, and is present in the stromal and epithelial 

cells of the endometrium [36]. We studied the immunolocalization of endoglin in endometriotic 

lesions from the pelvic regions of TGF-B1-treated animals with endometriosis and from a 

corresponding PBS/control group (Fig. 1E). Higher endoglin expression was seen only in the 

cystic and stromal regions of endometriotic lesions in TGF-B1-treated animal groups and not in 

PBS-treated animals. Endoglin expression was not detected in the glandular region (Fig. 1E). 

The score/count calculation suggested that the only significant difference was between the cystic 

regions of endometriotic lesions from TGF-B1 treated animals and the control group (Fig. S3 A-

C). There was no difference in Endoglin transcript levels between the ectopic endometrial tissue 

of TGF-B1-treated and PBS/control animal groups (Fig. S2A). However, TGF-B1 treatment 

induced a higher level of Endoglin transcript in eutopic endometrial tissue from both 

endometriosis and non-endometriosis groups (Fig. S2A).  
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3.4 Expression of endometriosis-associated biomarkers in TGF-B1-augmented 

endometriosis. Extensive cell proliferation is required for the growth and development of 

ectopic endometriotic lesions. To confirm the TGF-B1-mediated cell proliferative response, we 

looked into the expression pattern of cell proliferative biochemical markers, proliferating cell 

nuclear antigen (PCNA) and P38 MAPK [70], in the endometriosis-like lesions in the peritoneal 

region of the mouse model. Cell proliferation was assessed by immunoblotting for PCNA and 

P38 MAPK in the eutopic and ectopic endometrium tissues from the animal groups with 

endometriosis (sham and TGF-B1-treated groups) and without endometriosis (Fig. S1A-B). After 

TGF-B1 supplementation, we observed increased expression of PCNA in endometriotic lesions 

and eutopic endometrial tissues from animal groups with endometriosis versus PBS-treated 

animal groups (Fig. S1A and D). TGF-B1 treatment had no significant or specific effect on 

P38MAPK expression in the ectopic or eutopic endometrial tissues from animals with or without 

endometriosis (Fig. S1B and E). The expression pattern of the phosphorylated (Threonine 180/ 

Tyrosine 182) form of P38MAPK (phospho-P38MAPK) was similar to that of P38MAPK (Fig. 

S1B). However, phospho-P38MAPK levels slightly declined in the eutopic endometrial tissue of 

the TGF-B1-treated animal group with endometriosis compared to PBS-treated animal group 

with endometriosis (Fig. S1B and E)  

 We also analyzed the expression levels of PTEN, a known tumor suppressor reported to be 

reduced in endometriosis [71], and phospho-PTEN (Serine 380/Threonine382/383). Here, we 

found that the basal protein expression level of total PTEN was almost the same in all groups 

(Fig. S1C and F). Importantly, the phosphorylation of PTEN was significantly suppressed in the 

TGF-B1-supplemented compared to control/sham-treated ectopic lesions of the animal group 
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with endometriosis (Fig. S1C and F). The eutopic endometrial tissues from TGF-B1- and PBS-

treated animal groups with endometriosis, and from TGF-B1-treated animals without 

endometriosis, displayed higher phosphorylated-PTEN levels compared to ectopic endometrial 

tissue from the TGF-B1-treated group (Fig. S1C and F). The basal level of Pten transcript was 

decreased in the ectopic and eutopic endometrial tissues of the animal group with endometriosis 

relative to the animal group without endometriosis (Fig. S1G). Therefore, we confirmed the 

action of externally supplemented recombinant active TGF-B1 on the known endometriosis 

biomarkers/signaling molecules.  

 

3.5 Expression of integrins and FAK was enhanced in the endometrial tissue of TGF-B1-

supplemented animals. Aberrant expression of integrins and FAK  have already been reported 

in endometriosis [25;72]. Hence, to understand how adhesion molecules affect ectopic 

endometrial tissue growth in response to TGF-B1, we assessed the expression patterns of 

members of the integrin-signaling pathway in ectopic endometriotic lesions and eutopic 

endometrium. Immunoblotting analysis showed a significant upregulation of integrin beta3 

(ITGB3) in both ectopic endometriotic lesions from the peritoneal region and eutopic 

endometrium from the endometriosis group (Fig. 2A). Importantly, TGF-B1 elevated the 

expression of ITGB3 in ectopic and eutopic endometrial tissues in the endometriosis groups (Fig. 

2A). Conversely, TGF-B1 suppressed the expression of ITGB3 in the eutopic endometrium of 

the animal group without endometriosis (Fig. 2A). Interestingly, Itgb3 transcript levels were also 

high in the ectopic endometrial tissue of the animal group treated with TGF-B1 (Fig. S2A). 

However, while the expression of Itgb3 did not differ between the eutopic endometrial tissue 

from the PBS- versus TGF-B1-treated animal groups with endometriosis (Fig. S2B), it was lower 
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in the eutopic endometrial tissue of the non-endometriosis group compared to the endometriosis 

group (Fig. S2B).  

In the case of integrin beta8 (ITGB8), TGF-B1 significantly enhanced the protein 

expression only in the endometriotic lesions (ectopic endometrium), but not in the eutopic 

endometrium, of animal groups with or without endometriosis (Fig. 2B). Similarly, the transcript 

level of Itgb8 was increased significantly in the ectopic lesions of the TGF-B1 treated animal 

group compared to the PBS/control ectopic lesions (Fig. S2C). The eutopic tissue from animals 

with endometriosis treated with either TGF-B1 or PBS exhibited lower levels of Itgb8 

expression; these levels were further decreased in the eutopic endometrial tissue of the animal 

group without  endometriosis (Fig. S2C).  

Subsequently, we checked the expression level of integrin signaling associated molecule, 

FAK (total and phosphorylated forms), in the endometriotic lesions. Interestingly, after TGF-B1 

treatment, the expression of total FAK was significantly elevated in the ectopic endometriotic 

lesions (Fig. 2C) compared to the eutopic tissues from both endometriosis and non-endometriosis 

groups (Fig. 2C). Further, the FAK activity (phosphorylation; Tyrosine-397) was approximately 

4-fold higher in the endometriotic lesions of animal groups treated with TGF-B1 relative to 

control-treated animal groups (Fig. 2F). 

Additionally, we extended our study by localizing FAK in the ectopic endometrial tissues 

of animal groups with endometriosis (Fig. 2D and E). FAK exhibited milder expression in the 

glandular region and stromal region of the endometriotic lesions in sham-treated animal groups. 

On the other hand, intra-peritoneal administration of TGF-B1 significantly increased the 

immunostaining score of FAK in the cystic area and decreased in the glands of the ectopic 

endometrial tissue (Fig. 2D and E) (Fig. S3 D-F). 
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3.6 TGF-B1 induces expression of Epithelial-Mesenchymal Transition (EMT) biomarkers 

in peritoneal endometriotic lesions. Altered expression levels of N-cadherin and E-cadherin are 

reported to be involved in the ectopic attachment of endometrial cells, thus giving rise to 

endometriosis [73;74]. We evaluated the expression level of these cadherins in response to TGF-

B1 by immunoblotting of protein extracts derived from the peritoneal endometriotic lesions and 

eutopic endometrium of both the endometriosis and non-endometriosis animal groups (Fig. 3A). 

Importantly, high levels of total E-cadherin were observed in the eutopic endometrial tissue of 

animals without endometriosis, but significantly reduced in endometriotic lesions from the 

peritoneal region in the animal groups treated with TGF-B1 (Fig. 3A and B). However, its 

phosphorylated form (Serine 838/840) was increased in the ectopic endometrial tissue of TGF-

B1-supplemented animal groups (Fig. 3A and B). In the eutopic endometrium of animals without 

endometriosis, TGF-B1 supplementation significantly reduced the total E-cadherin level, but 

increased the levels of its phosphorylated form (Fig. 3A and B). On the other hand, in the eutopic 

endometrium of animals with endometriosis, total E-cadherin was increased in the presence of 

the TGF-B1, but the phosphorylated form of E-cadherin was not affected (Fig. 3A and B). 

Remarkably, N-cadherin expression was elevated only in the ectopic endometriotic 

lesions from endometriosis animal group after TGF-B1 treatment, but not after PBS treatment 

(Fig. 3A and C). TGF-B1 supplementation exerted an additive effect (~4-fold higher) on N-

cadherin expression in the endometrial tissue (both ectopic and eutopic) of animals with 

endometriosis compared to animals without endometriosis (Fig. 3A and C). 

The expression pattern of vimentin was similar to E-cadherin; upon TGF-B1 

supplementation, vimentin expression increased in the ectopic endometrial tissue of animals with 
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endometriosis (Fig. 3A and D) relative to its basal level in the eutopic endometrial tissues of 

animals with or without endometriosis (Fig. 3A and D).  

Thereafter, we performed immunolocalization and quantification of E-cadherin, N-

cadherin, and vimentin expression (Fig. 3E-I and Fig. S4). In the endometriotic lesions of the 

sham group, E-cadherin was localized to both stromal and cystic regions (Fig. 3F). In PBS-

treated tissues, E-cadherin was also visibly expressed in both stromal cells and cystic regions. 

Although E-cadherin was present in both stromal cells and cystic regions of the endometrial 

tissues of TGF-B1-treated animals, their expression levels were significantly low (Fig. 3E-F and 

Fig. S4A-C). The staining of phospho-E-cadherin was observed in the stromal and cystic regions 

of ectopic endometrial tissue from animal groups with endometriosis after PBS and TGF-B1 

treatment. Immunostaining score analysis showed that after TGF-B1 treatment, phospho-E-

cadherin was reduced in the stromal region, but increased in the cystic region (Fig. 3E and G and 

Fig. S4 D-F). N-cadherin was seen primarily in stromal cells and cystic areas of ectopic 

endometrial tissue from peritoneal endometriotic lesions, and was significantly increased 

(score/count) in TGF-B1-treated animal groups (Fig. 3E and H and Fig. S4 G-I). 

 Further, we assayed vimentin localization in the ectopic endometrial tissues from 

endometriotic lesions that developed in response to TGF-B1 and PBS supplementation in the 

mouse model. Vimentin is a component of the cytoskeleton that is involved in the arrangement 

of cell organelles, and is a marker of mesenchymal cells. Immunolocalization of vimentin 

showed its ubiquitous expression in the endometriotic lesions from the endometriosis group (Fig. 

3E and I). In response to TGF-B1, the expression of vimentin was prominent in both stromal and 

cystic compartments when compared to the PBS-treated animal group (Fig. 3E and I and Fig. S4 

J-L). Overall, immunoblotting and immunolocalization studies showed that TGF-B1 promotes 
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EMT in the development of ectopic lesions. E-cadherin (total and phospho forms), N-cadherin, 

and vimentin were not detectable in the glandular regions. Normal rabbit IgG was used as control 

and did not show any false positives resulting from cross-reactive immunostaining (lower 

panels). 

3.7 TGF-B1 drives expression of N-cadherin and vimentin, suppresses cytokeratin and E-

cadherin, and enhances the migratory potential of human ovarian endometriotic cells 

(HS.832(C).T). We assessed the expression levels of E-cadherin, N-cadherin, and vimentin, in 

response to TGF-B1 by immunoblotting (Fig. 4A-C). In the presence of TGF-B1, total E-

cadherin and phosphorylated-E-cadherin were downregulated in the endometriotic cells (Fig. 

4A), while N-cadherin and vimentin were induced (Fig. 4B and C).  

Subsequently, we examined E-cadherin and N-cadherin co-localization in human ovarian 

endometriotic cells (HS.832(C).T). Both cadherins were co-localized in control- and TGF-B1- 

treated groups, predominantly in the membrane compartment (Fig. 4D). We then assessed 

cytokeratin and vimentin co-localization in HS.832(C).T  cells after TGF-B1 treatment (Fig. 4E). 

The epithelial cell biomarker, cytokeratin, was present in the control group, but was not 

detectable in the TGF-B1 group (Fig. 4 E). Our confocal microscopy-based observations, 

followed by fluorescence intensity quantification in terms of corrected total cell fluorescence 

(CTCF), revealed that the intensities of N-cadherin and vimentin staining increased significantly 

after TGF-B1 treatment, while cytokeratin fluorescence was reduced (Fig. 4F). Surprisingly, the 

intensity of E-cadherin staining remained unchanged in these experiments.  

Further, we wanted to investigate the effect of TGF-B1 on N-cadherin expression in 

migratory HS.832(C).T cells. In order to model migratory endometriotic cells, we used an in 

vitro scratch wound healing assay. We performed the assay in HS.832(C).T  cells in either the 
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presence or the absence of TGF-B1 (10ng/ml), for 24 hours in a 12-well culture plate (Fig. 4L 

and M). First, we checked the effect of TGF-B1 on migration of these cells and found that it 

accelerated cell migration leading to wound closure (Fig. 4L and M). Next, we examined N-

cadherin expression in the migratory HS.832(C).T  cells (specifically cells present at the edge of 

the wound). We found that TGF-B1 (10ng/ml) increased the migration capabilities of 

HS.832(C).T cells by increasing the expression of N-cadherin in the cells (Fig. 4 L and M 

indicated by red square). These observations suggest that EMT was enhanced in the presence of 

TGF-B1, mainly in the migratory endometriotic cells.  

 

3.8 TGF-B1 enhanced the expression of ITGB3 and RAC1 in the human ovarian 

endometriotic cells (HS.832(C).T). Using confocal laser scanning microscopy, we further 

extended our localization study to examine the response of ITGB3, VAV, RAC1, and RHOG to 

TGF-B1 treatment in the HS.832(C).T cell line. We performed immunofluorescence to 

determine co-localization of ITGB3 and RAC1 in human ovarian endometriotic cells. RAC1 was 

present throughout the cells in control groups (Fig. 4H). By employing CTCF analysis with the 

ImageJ software (NIH), we observed that TGF-B1 treatment promoted peripheral expression of 

RAC1 in the HS.832(C).T cell line (Fig. 4H and K). ITGB3 was prominently expressed in the 

cell membrane in both control- and TGF-B1-treated groups, but TGF-B1 treatment further 

enhanced its expression (Fig. 4H and K). ITGB3 and RAC1 co-localization in the HS.832(C).T 

cells was also enhanced by TGF-B1 treatment (Icorr. 0.82±0.01) than untreated (0.66±0.01) (Fig. 

4G).  

Subsequently, we examined the localization pattern of the RAC1 activator, VAV. VAV 

was present at low levels in the HS.832(C).T cell line in control group; however, its expression 
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was enhanced upon TGF-B1 treatment (Fig. 4I and K). We reported earlier that RHOG can 

activate RAC1 [37]; therefore, we analyzed RHOG expression in the HS.832(C).T cell lines. 

Similar to VAV, RHOG exhibited low expression in the control group of cells, but its expression 

was augmented in response to TGF-B1 treatment (Fig. 4 J and K). The respective antibody 

isotype controls (rabbit or mouse IgG) did not yield any detectable fluorescence (Fig. 4H, I and 

J). 

3.9 TGF-B1 accelerated wound-healing by upregulating expression of RAC1 and VAV in 

human ovarian endometriotic cells. Herein, we noticed that TGF-B1 enhanced the migration of 

HS.832(C).T cells; the wound area was completely covered in 24 hours (Fig. 4L). Further, the 

expression of RAC1 and VAV was localized to the HS.832(C).T cells present at the edges of the 

wound created by scratching the monolayer of cells (Fig. 4L indicated by asterisk). Based on 

confocal imaging and fluorescence intensity profiling, we found that in the control group, low 

expression of VAV and RAC1 was observed mainly in the nuclear and cytosolic regions (Fig. 

4N and O). Phalloidin-stained cytoskeletons in the cells reflected the formation of migratory 

waves at the edge of the scratched wound (Fig. 4 M, N and O).  

In parallel to the endometriotic (HS.832(C).T) cells, we also examined the migration of 

T-HES cells, a model of endometrial cells from an endometriosis-free source, in response to 

TGF-B1 (Fig. 6A-B). Interestingly, we found that the basal migration capacities of both cell lines 

were similar at 24 hr. However, the migration capacity of HS.832(C).T cells was further 

increased significantly with 10 ng/ml TGF-B1 treatment, and to a greater degree than that of the 

T-HES cells (Fig. 6A-B). The 10 ng/ml dose of TGF-B1 can also trigger 62% more migration of 

non-endometriotic stromal cells than the 5 ng/ml TGF-B treated group (Fig. 6A-B).   
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3.10 TGF-B1 promotes the activity and expression of RHOGTPases in ectopic endometrial 

tissues. RHOGTPases are crucial for cell migration, cytoskeleton dynamics, adhesion, and 

inflammation. Increased expression of RHOA and RHOC are also reported to assist the 

migration of endometrial cells during endometriosis [61;75;76].  We wanted to determine if 

TGF-B1 induces cell migration in the endometriotic lesions through the involvement of 

RHOGTPases (Fig. 5). Herein, our immunoblotting data revealed that the levels of total RHOA 

and its Serine-188 phosphorylated form were slightly increased in the ectopic endometrial tissue 

of animals treated with TGF-B1 compared to the eutopic endometrial tissues of animals either 

with or without endometriosis (Fig. 5A and E).  

Thereafter, we found that RAC1 expression was significantly higher in the endometriotic 

lesions in TGF-B1-treated animals compared to PBS-treated animals (Fig. 5B and F). However, 

in the eutopic endometrial tissues of animal with or without endometriosis, TGF-B1 treatment 

had no significant effect on RAC1 expression, but did significantly increase RAC1 

phosphorylation at Serine-71 in the endometriotic lesions (Fig. 5B and F).   

Having observed this differential expression pattern of RAC1 in endometriosis, we looked at 

the level of active RAC1 (RAC1-GTP bound form) (Fig. 5G). We found that RAC1 activity was 

increased in the endometriotic lesions of TGF-B1-treated animals and in eutopic endometrial 

tissue of TGF-B1-treated animal without endometriosis, compared to their respective PBS-

treated control groups (Fig. 5G). In contrast, the level of active RAC1 was significantly 

decreased in the eutopic endometrial tissue of endometriotic animals treated with TGF-B1. 

Then, we checked the expression level of RHOC and found it present in the tissues of all 

groups (Fig. 5C). Importantly, TGF-B1 significantly induced the expression of RHOC in the 

ectopic lesions, but not in the eutopic endometrial tissues of animals with or without 
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endometriosis (Fig. 5C and H). The transcript level of Rhoc was also significantly elevated in the 

endometrial tissue of animals with endometriosis in comparison to endometrial tissues of animals 

without endometriosis (Fig. S2D). 

Next, we assessed RHOC localization by analyzing the immunostaining score analysis using 

Image Pro Plus 4.0 software (Fig. 5I and J). Except the glandular region, RHOC was expressed 

in all cell types of the ectopic endometrial lesions from animals treated with PBS. However, the 

expression was increased in endometriotic tissues (sections) from animals treated with TGF-B1 

(Fig. 5I and J). In the control (PBS) treated animal group, RHOC showed more intense 

localization in the stromal cells and cystic regions of endometrial tissue (Fig. 5I). After 

immunostaining score analysis, we found that RHOC expression was significantly increased in 

both stromal cells and cystic regions, but not detectable in the glandular region of endometrial 

tissue from animals treated with TGF-B1 (Fig. 5I-Jand Fig. S3 G-I).  

 The expression of RHOG was also analyzed in a similar manner (Fig. 5D and K). RHOG 

expression was increased in the ectopic endometrial tissues of TGF-B1-treated animals 

compared to PBS-treated animals (Fig. 5D and K). However, the expression level of RHOG was 

lower in the ectopic compared to eutopic endometrial tissues of animals with endometriosis 

treated with either TGF-B1 or PBS (Fig. 5D and K). Surprisingly, the ectopic endometrial tissues 

of animals with endometriosis and eutopic endometrial tissue of animals without endometriosis 

both demonstrated TGF-B1-dependent elevation of RHOG expression (Fig. 5D and K). 

Interestingly, Rhog transcript levels were increased by TGF-B1 treatment in ectopic and 

eutopic endometrial tissues of animals with or without endometriosis (Fig. S2E). Nevertheless, 

the magnitude of Rhog expression in the ectopic endometrial tissue was low (Fig. S2E). 
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3.11 TGF-B1 promotes human ovarian endometriotic cell invasion. The other important 

feature of the endometriotic cell is its invasive capacity [4;77]. We performed transwell invasion 

assays using endometriotic cells (HS.832(C).T cells) and non-endometriotic stromal cells (T-

HES cells) in response to TGF-B1 treatment (10 ng/ml) for 48 hr. We found that the basal 

invasive potential of HS.832(C).T cells was significantly higher than the T-HES cells (Fig. 6C-

D). TGF-B1 enhanced the invasion of only HS.832(C).T cells across the matrigel; moreover, the 

HS.832(C).T cell line had a much greater response to TGF-B1 treatment than the T-HES cells 

(nearly 3-fold versus 1-fold increase in invasive capacity)(Fig. 6C-D). 

 

3.12 TGF-B1 promotes HS.832(C).T  and T-HES cells invasion in 3D-spheroid culture. We 

also investigated the invasion of HS.832(C).T and T-HES cells, from 3D-spheroids in which they 

were embedded, into the surrounding matrigel (Fig. 6E-F). After a 48-hour incubation in the 

presence or absence of TGF-B1, we measured the area covered by the cells that had egressed 

from the spheroids into the surrounding matrigel. Egression of both HS.832(C).T and T-HES 

cells was increased by TGF-B1 treatment in comparison to untreated controls (Fig. 6E-F). 

Although the basal invasion or spreading potential of the CRL755 cells into the matrigel was 

higher than the T-HES cells, HS.832(C).T cell line-spheroids showed a greater response than the 

T-HES cells to TGF-B1 treatment (10ng/ml) (Fig. 6E-F). 

 

3.13 TGF-B1 enhanced the colony forming potential of HS.832(C).T and T-HES cells. In 

endometriosis, ectopic colonization by endometrial cells is an important feature for the 

establishment of lesions. Previous reports have documented colonization and embedment of 

endometriotic cells (endometrial glands) within the intestinal wall [78;79]. Using an in vitro 
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clonogenic assay, we investigated the TGF-B1-modulated colony forming potential of 

HS.832(C).T and T-HES cells (Fig. 6G-H). We observed that untreated T-HES cells formed 

smaller colonies than HS.832(C).T cells. However, TGF-B1 treatment (10ng/ml) promoted the 

colonization potential of both types of cells (Fig. 6G-H). 

4. Discussion 

Endometriosis is characterized by severe inflammation and pelvic pain in women of reproductive 

age. Cytokines, chemokines, proteases, and growth factors have been found to be involved in the 

pathogenesis of endometriosis [23;80;80]. Pro-inflammatory cytokines, such as TGF-B1, can 

promote the migration of endometrial cells  in human endometriosis [81]. Further, abnormally 

elevated levels of TGF-B1 in the peritoneal fluid, endometriotic tissue, and serum of 

endometriosis patients, suggest that TGF-B1 could be an important contributing factor in the 

development of endometriosis [9;82;82;83]. We speculated that the exposure of floating 

endometrial cells/tissues to high TGF-B1 in the peritoneal region potentially impacts the 

development of endometriosis. Such an exposure may trigger various signaling pathways and 

cellular processes like adhesion, migration, EMT, proliferation, invasion, and colonization to 

favor the ectopic growth of these cells. 

 We used a recognized and validated mouse model of endometriosis [31;84] where we 

surgically auto-transplanted (sutured) endometrial tissue to the peritoneal wall of the same 

animal as described earlier [31;32], and further validated the model biochemically and 

histologically. In parallel, we supplemented the animals (with or without endometriosis) with 

recombinant TGF-B1 to dissect the specific effect of TGF-B1 in the development of 

endometriosis. Histologically, TGF-B1 induced the development of endometriotic lesions within 

the mouse models; these resembled human endometriotic lesions and exhibited cyst-like 
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structures. The endometriotic tissue displayed epithelium-lined structures consisting of stromal 

cells and endometrial glands. Morphologically, TGF-B1 administration led to increased growth 

of the endometriotic lesions (size), and excessive cell proliferation in the endometriotic lesions of 

pelvic endometriosis, which was further evidenced by PCNA expression levels. Endometriosis is 

a steroid hormone-dependent disorder in which 17-beta-estradiol participates in the endometrial 

cell invasion and proliferation [1].  Importantly, we observed that TGF-B1 mediated excessive 

growth of endometriotic lesions, independent of 17-beta-estradiol in this autologous 

endometriosis mouse model.  

 Canonically, TGF-B1 transduces signals via SMAD2/3 activation in the endometrium 

[51;53]. Interestingly, the action of TGF-B1 was profoundly associated with its classical 

signaling molecule SMAD2/3 in the ectopic endometrial tissue, but not in the eutopic 

endometrial tissue from animal groups with or without endometriosis. Concomitant activation of 

SMAD2/3 were observed in response to TGF-B1 in the ectopic endometriotic lesions compared 

to the eutopic endometrial tissues, which overall, may favor the pathogenesis of endometriosis. 

This particular action of TGF-B1 is supported by our analysis of endometriosis-

associated biomarkers such as P38MAPK, RHOC, and RHOA in the endometriotic lesions of the 

mouse model of endometriosis. These molecules were significantly elevated in response to TGF-

B1 supplementation; moreover, both RHOC transcript and protein expression were enhanced by 

TGF-B1 in the endometriosis cases (ectopic and eutopic endometrial tissues). We also found that 

TGF-B1 increased phosphorylation of RHOA in the ectopic endometrial tissue, an event 

associated with endometriosis development. P38MAPK is a known molecular target in 

endometriosis [70], previously shown to be activated by TGF-B1 [85]. In endometriosis, 

P38MAPK might promote pro-inflammatory cytokines and proteolytic factors as reported earlier 
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[70]. Interestingly, we also found that TGF-B1 activates P38MAPK in the ectopic endometrial 

tissue under the endometriotic condition, but the inverse action of TGF-B1 on P38MAPK was 

seen in the corresponding eutopic endometrial tissue; hence, the action of TGF-B1 in the 

endometrial tissue seems to be specific to disease state. Furthermore, in response to TGF-B1 

supplementation, known biomarkers of endometriosis and TGF-B1 downstream target molecules 

such as endoglin (CD105) were enhanced and localized predominantly in the epithelial and 

stromal cells. On the whole, our endometriosis experimental model replicated the biochemical 

parameters of human endometriosis. 

Further, elevated expression levels of PCNA protein and mRNA in ectopic lesions and 

eutopic endometrial tissue confirmed TGF-B1-induced growth in endometriosis. In contrast, the 

lower expression levels of Pten (tumor suppressor gene) and phosphorylated PTEN demonstrate 

the tumor-promoting behavior of TGF-B1 in the cysts of ectopic endometriotic lesions, but not in 

the eutopic endometrium, of the mouse models either with or without endometriosis. This is 

consistent with mutation or loss-of-function of PTEN being associated with a high risk of 

endometriosis [86], since PTEN controls cell-survival, growth and proliferation [87]. PTEN is 

stabilized by its phosphorylation in vivo [88], and we observed low levels of phosphorylated-

PTEN. Therefore, the reduced level of phosphorylated-PTEN correlates with cell growth 

enhancement and ectopic endometrial tissue proliferation in response to TGF-B1. 

Next, we wanted to understand the signaling pathways that might be associated with the 

pathophysiology resulting from the abnormal presence (upregulation) of TGF-B1 in the 

endometrium, endometriotic lesions, and peritoneal fluid [9]. In endometriosis, adhesion 

molecules affect the adhesiveness of floating endometrial cells [89]. Specifically, cadherins and 

integrins are associated with endometriosis [23]. However, the regulation of adhesion molecules 
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in endometriosis remained poorly understood. Interestingly, in the present work, we observed 

that TGF-B1 drove ITGB3 and ITGB8 expression at both the protein and mRNA level, as well 

as expression of the downstream signaling intermediate, FAK, in endometriotic lesions from the 

pelvic regions of animals with endometriosis. However, ITGB8 and FAK, but not ITGB3, 

showed basal levels of expression in the eutopic endometrial tissues from animals with or 

without endometriosis. This implies that TGF-B1 positively affects the ITGB8 and FAK 

expression under the endometriosis condition. ITGB3 expression was greatly affected by TGF-

B1 in the eutopic and ectopic endometrial tissues of animals with endometriosis. FAK was also 

more prominent in the ectopic lesions after TGF-B1 supplementation. FAK has already been 

reported to participate in the pathogenesis of endometriosis [90]; therefore, its upregulation by 

TGF-B1 substantiates the conjecture that a TGF-B1-Integrin-FAK signaling axis might be 

operational in pelvic area endometriosis. 

In order to obtain a suitable ectopic site for successful attachment and growth, the 

floating endometrial tissues undergo EMT and cell-migration [81]. TGF-B1 is a well-known 

regulator of EMT that upregulates N-cadherin and vimentin, but suppresses E-cadherin 

expression [41;91]. Herein, we report that the presence of TGF-B1 suppresses epithelial cell 

marker (E-cadherin) expression in the endometriotic lesions of animals either with or without 

endometriosis, to a greater extent than in the eutopic endometrial tissues of these animals. 

Surprisingly, in endometriosis, TGF-B1 seems to be an inhibitor of total E-cadherin, but a 

promoter of E-cadherin phosphorylation. This suggests that TGF-B1 prevents the interaction of  

E-cadherin  with beta-catenin by enhancing phosphorylation of E-cadherin at its Threonine-790 

residue in the endometriotic lesions  as reported earlier [92]. In endometriotic lesions, E-cadherin 

was present in the glandular regions with the sham treatment, but shifted to the stromal cells 
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region and cystic fluid in response to TGF-B1. This indicates a shift of E-cadherin to its 

phosphorylated state. Notably, endometriotic lesions from animals supplemented with TGF-B1 

exhibited higher levels of N-cadherin, which indicates epithelial to mesenchymal transition [81]. 

We further confirmed TGF-B1-mediated EMT in human ovarian endometriotic cells 

(HS.832(C).T) by confocal-based immunofluorescence studies of EMT markers such as E-

cadherin, cytokeratin, N-cadherin, and vimentin. TGF-B1 promoted N-cadherin and vimentin 

expression, but suppressed cytokeratin expression in the cell-line, consistent with our in vivo 

endometriosis (mouse model) data. This plausibly suggests that TGF-B1 induces EMT via N-

cadherin and vimentin expression. However, the purpose of retaining the phosphorylated form of 

E-cadherin in these cells is still unclear.  

Cell migration is a function of EMT, and our in vivo and in vitro evidence suggests that 

TGF-B1 could trigger RHOA and RAC1 activity, leading to cell migration in endometriosis [93] 

via EMT [94]. RHOA and RHOC have already been linked to endometriosis and shown to affect 

the migratory potential of cells like a cell motility initiating factor [61]. In response to TGF-B1, 

the elevated level of RHOC might regulate the invasive phenotype of endometrial cells under 

endometriotic conditions as previously observed [95]. Moreover, RHOC was mainly distributed 

in the epithelial cells of the PBS/sham-treated animal groups, but its expression intensified in all 

cell types of the ectopic lesions after TGF-B1 supplementation. Overall, activation of RHOC 

decreases cell polarity but increases invasion. On the other hand, activation of RHOA inhibits the 

invasive potential and motility of cells [96] and similar conditions we postulate in the 

endometriotic cells as well. 

A RHOGTPase subtype, RAC1, has been linked to the migration of stromal cells [97], a 

phenomenon that is certainly taking place in the endometriosis in response to TGF-B1. The 
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endometriotic lesions are composed of more stromal cells than epithelial cells. The elevated  

RAC1 activity suggests that the stromal cells of endometriotic lesions migrate under the 

influence of the RAC1 signaling axis [98], and cross-talk between the TGF-B1 and RAC1 

signaling pathways seems to be leading cause of the progression of endometriosis.  

Another subtype of RHOGTPase, RHOG, participates in cell invasion in cancer [99]. 

The increased mRNA, protein, and activity levels of RHOA, RHOC, RAC1, and RHOG, suggest 

that they regulate the migratory and invasive phenotypes of endometrial stromal cells. These 

phenotypes are required to sustain the cells at ectopic sites in the peritoneal endometriosis in 

response to TGF-B1. This was supported by the TGF-B1-dependent up-regulation of ITGB3, 

VAV, RAC1, and RHOG observed in human ovarian endometriotic cells (HS.832(C).T) under in 

vitro conditions, as well as in our in vivo study. 

TGF-B1 supplementation also enhanced the colony formation capacity and invasive 

potential of human ovarian endometriotic cells. Since transformed uterine stromal (T-HES) cells 

are less aggressive than the HS.832(C).T cells, we observed that the basal migratory potential of 

both cell lines was similar, but only HS.832(C).T showed a strong response towards the presence 

of TGF-B1 in the transwell-matrigel invasion assay. Here, HS.832(C).T endometriotic cells 

showed higher colonization, migration potential, and invasion capacity than the T-HES cells, 

suggesting that during the course of endometriosis, these cellular events are accelerated by 

excessive TGF-B1 exposure.  

Furthermore, the colony formation and egression/invasion capacities of both cell types 

from 3D-spheroids into matrigel were enhanced after TGF-B1 exposure. Herein, the enhanced 

migration and EMT potential could be due to increased levels of RHOGTPases and N-cadherin 

respectively. Together, in response to TGF-B1, the elevated expression and/or activity of RAC1, 
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RHOC, and RHOG in the peritoneal endometriotic lesions orchestrate the migration of cells to 

ectopic sites where they adhere with the help of cadherins, colonize, and are sustained. The 

present information points to TGF-B1-regulation of RHOGTPase subtypes giving rise to an 

enhanced cell migratory phenotype. 

These observations suggest that under the influence of high TGF-B1 levels, 

endometriotic cells may migrate, attach, proliferate, colonize, and invade the extracellular matrix 

of mesothelial cells. These sequential cellular events ultimately help in the initiation, 

progression, and growth of ectopic endometriotic lesions, and TGF-B1 plays a prominent role in 

endometriosis development. The Hs832 (CRL-7566) cell line was established from a benign 

ovarian cyst (inner and outer surfaces) of a patient with endometriosis. The cell line is not fully 

characterized by ATCC, USA; thus, outcome of these cells should be interpreted carefully.  

 

5. Conclusion: In vivo and in vitro evidence suggests that elevated TGF-B1 is an important 

regulator of ectopic lesion development in endometriosis. TGF-B1 establishes pelvic 

endometriosis by specifically enhancing the migration, attachment, proliferation, colonization, 

and invasion by floating endometriotic cells or tissues, via the Integrin-FAK, cadherin, and 

RHOGTPase signaling cascades (Fig. S5). 
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Figure- 1: TGF-B1 leads to aggravation of endometriotic lesions in the peritoneal regions 

and switches on downstream signaling pathways in surgically-implanted autologous 

endometrial tissue in a mouse model of endometriosis. (A) Animals underwent surgical 

autologous transplantation of endometrial tissues at the pelvic wall. One week later, animals 

were treated for two weeks with active recombinant mTGF-B1 or PBS as control/sham. 

Macroscopically, endometriotic lesions were observed in the peritoneal regions of PBS/sham 

control and TGF-B1-treated endometriosis mouse models. (B) The average lesional area of all 
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replicates was plotted in the form of a bar graph. (C) Hematoxylin and eosin staining was used to 

histologically characterize the lesions of peritoneal endometriosis in response to TGF-B1. (D) 

17-beta-estradiol level in endometriotic lesions from the peritoneal area was measured by 

ELISA. (E) Increased immunostaining of endoglin (CD105) was seen in the cystic region and 

stromal cells of tissue sections from the endometriotic lesions of TGF-B1-treated animals 

compared to the control group. The difference in scores was significant only for the cystic 

region. Images of the immunohistochemistry were captured at 4X and 40X magnification using 

an inverted phase-contrast microscope. (F) Immunoblotting and densitometric analyses showed 

the levels of total SMAD2/3 and p-SMAD2/3 in the eutopic (endometriosis and non-

endometriosis) and ectopic endometrial tissues (endometriosis), in response to TGF-B1 

supplementation. (G and H) Q-PCR was also performed to measure Smad2 and Smad3 transcript 

levels. Scale bars: 80 μm (4X) and 8 μm (40X). Cyst: Endometrial cyst; EG: Endometrial glands; 

BV: Blood vessels; Epi: Epithelial tissue; ES: Endometrial stroma; HT: Host tissue. Statistical 

significance was determined as described in section 2.5. * (p < 0.05), ** (p < 0.001), *** (p < 

0.0001). At least three replicates (individual animal as a replicate) were used in each group. The 

following comparisons were performed: a) TGF-B1-treated ectopic versus eutopic endometrial 

tissues (endometriosis groups), b) PBS-treated ectopic versus eutopic endometrial tissues 

(endometriosis groups), c) TGF-B1-treated eutopic endometrial tissue from endometriosis versus 

non-endometriosis groups, and d) PBS-treated eutopic endometrial tissue from endometriosis 

versus non-endometriosis groups (p < 0.01 for all comparisons). En – endometriosis; NEn – non-

endometriosis; Ec – ectopic endometrial tissue; Eu – eutopic endometrial tissue. 
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Figure- 2: TGF-B1 supplementation promotes the development of peritoneal endometriosis 

via the integrin-FAK signaling pathway. Immunoblotting and densitometric analyses were 

performed to assess (A) ITGB3, (B) ITGB8, and (C) p-FAK and FAK expression in the ectopic 

and eutopic endometrial tissues (TGF-B1- or PBS-treated) from animals with endometriosis, as 

well as eutopic endometrial tissue from animals without endometriosis. Immunoblots represent 
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three independent experiments (individual animal as a replicate). Graphs indicate relative band 

intensities of specific molecules after normalization to B-actin. (D and E) Immunolocalization of 

FAK was performed in tissue sections of ectopic lesions from animals with endometriosis, post-

PBS- or TGF-B1-treatment to examine the cellular distribution. The immunostaining was 

quantified by Image Pro Plus 4.0 software and the score/count was plotted in a bar graph Normal 

rabbit IgG, used a negative control, did not show any significant staining in the tissue. (F) To 

assess FAK activity, an ELISA for FAK phosphorylation at Tyrosine 397 (Y-397) was 

performed in endometriotic lesions of animals with endometriosis after TGF-B1 or PBS 

supplementation. Immunolocalization related images were captured at 4X and 40X 

magnification, Scale bars: 80 μm (4X) and 8 μm (40X). Cyst: Endometrial cyst; EG: 

Endometrial glands; BV: Blood vessels; Epi: Epithelial tissue; ES: Endometrial stroma; HT: 

Host tissue. Statistical significance was determined as described in the section 2.5. * (p <0.05), 

** (p <0.001), *** (p <0.0001). At least three replicates (individual animal as a replicate) were 

used in each group. The following comparisons were performed: a) TGF-B1-treated ectopic 

versus eutopic endometrial tissues (endometriosis groups) and c) TGF-B1-treated eutopic 

endometrial tissue of animals with endometriosis versus without endometriosis (p<0.01). En – 

endometriosis; NEn – non-endometriosis; Ec – ectopic endometrial tissue; Eu – eutopic 

endometrial tissue. 
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Figure- 3: Externally supplemented TGF-B1 promotes expression of EMT biomarkers, N-

cadherin and vimentin, in endometriotic lesions from peritoneal endometriosis. 

Immunoblotting and densitometry analyses were performed to assess the expression of (A and B) 

E-cadherin, phospho-E-cadherin, (A and C) N-cadherin, and (A and D) vimentin in ectopic and 

eutopic endometrial tissues (TGF-B1- or PBS-treated) of animals with endometriosis, as well as 

eutopic endometrial tissues of animals without endometriosis. Densitometric means (with SEM), 

representing the relative band intensities normalized to B-actin, were plotted in bar graphs. 
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Images are representative of three independent experiments (individual animals as replicates). 

Cell-specific immunolocalization of (F) E-cadherin, (G) phospho-E-cadherin, (H) N-cadherin 

and (I) vimentin was performed in tissue sections of endometriotic lesions from animals with 

endometriosis after PBS or TGF-B1 treatment, then quantified using Image Pro Plus 4.0 software 

and expressed in terms of (E) Score/count. Normal rabbit IgG (negative control) did not show 

any significant staining in the endometrial tissue. Scale bars: 80 μm (4X) and 8 μm (40X). Cyst: 

Endometrial cyst; EG: Endometrial glands; BV: Blood vessels; Epi: Epithelial tissue; ES: 

Endometrial stroma; HT: Host tissue. Statistical significance was determined as described in the 

section 2.5.* (p <0.05), ** (p <0.001), *** (p <0.0001). At least three replicates (individual 

animal as a replicate) were used in each group. The following comparisons were performed: a) 

TGF-B1-treated ectopic versus eutopic endometrial tissues (endometriosis groups), b) PBS-

treated ectopic versus eutopic endometrial tissues (endometriosis groups), c) TGF-B1-treated 

eutopic endometrial tissue from endometriosis versus non-endometriosis groups, and d) PBS-

treated eutopic endometrial tissue from endometriosis versus non-endometriosis groups 

(p<0.01). NEn – non-endometriosis; Ec – ectopic endometrial tissue; Eu – eutopic endometrial 

tissue. 
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Figure- 4: TGF-B1, along with ITGB3, RAC1, VAV, and RHOG, drives epithelial-

mesenchymal transition by promoting the mesenchymal markers (N-cadherin and 

vimentin) and suppressing the epithelial markers (E-cadherin and cytokeratin) in the 

human ovary/benign cyst endometriotic cells (HS.832(C).T). Expression levels of (A) 

phosphorylated E-cadherin, E-cadherin, (reprobed with E-cadherin antibody after stripping of 

phospho-E-cadherin blot), (B) N-cadherin, and (C) vimentin in the HS.832(C).T cells were 
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assessed by immunoblotting post-TGF-B1 treatment (24 hours). Blots are representative of three 

independent experiments. Additionally, we co-localized (D) E-cadherin (red) and N-cadherin 

(green),  in HS.832(C).T cells after 24 hours of treatment with TGF-B1; images were captured 

by confocal laser scanning microscopy at 63X and 151X magnification in oil. (E) We co-

localized vimentin (red), and cytokeratin (green), and counter stained with DAPI (blue) in 

HS.832(C).T cells after 24 hours of treatment with TGF-B1. (F) N-cadherin, E-cadherin, 

vimentin, and cytokeratin corrected total cell fluorescence (CTCF) values were calculated from 

the integrated density of confocal laser scanning microscope images (at least three independent 

fields of each replicate) by ImageJ1.46r software (NIH) as described in section 2.3.2. Normal 

rabbit IgG (Rb) for ITGB3, E-cad, vimentin and RHOG, whereas normal mouse IgG (Ms) 

conjugated with AF488 for N-cad and Cytokeratin were used as isotype controls.  DAPI (blue) 

was used as a nuclear stain.  (H-J) Similarly, localization of ITGB3, RAC1, VAV, and RHOG in 

the HS.832(C).T cells was studied after 24 hour treatment with rh-TGF-B1. (G) The merged 

fluorescence data of co-localization analyzed for index of correlation (Icorr) from figures for E-

cadherin/ N-cadherin (D), vimentin/cytokeratin (E) and ITGB3 / RAC1 (H). The Icorr was 

quantified by ImgaeJ software. (H) Colocalization of ITGB3 (red) and RAC1 (green), (I) VAV 

(green) and phalloidin-stained cytoskeleton (red), and (J) RHOG (green) and phalloidin-stained 

cytoskeleton (red) were analyzed by confocal laser scanning microscopy. (K) Fluorescence 

intensity was quantified and presented in terms of CTCF. (L) HS.832(C).T cell migration was 

assayed using the scratched wound healing assay in the presence or absence of TGF-B1 for 24 

hr. The wound closure was analyzed after 24 hr and % migration was plotted. The arrow head 

indicates the acellular area (gap), and asterisks represent the edge of the scratched wound. In the 

wound healing assay, the focus was mainly on cells present at the edge of the wound that formed 
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the migration waves, since these would primarily be the cells that migrate in order to fill the gap 

created by scratching the cell monolayer. (L and M) Images of cells present at the edge of the 

scratched wound (indicated by red square) and localized N-cadherin expression (green) along 

with phalloidin-stained cytoskeleton (red) were captured at 63X and 151X magnification (scale 

bars: 25μm). For the HS.832(C).T in vitro scratch wound healing assay, we focused on cells at 

the edge of the scratched wound (indicated by asterisk) and captured images by confocal 

microscopy (indicated by red square) at 63X objective magnification in oil to localize (N) VAV 

and  (O) RAC1. DAPI and rhodamine-labelled phalloidin (red) were used as a nuclear stain and a 

cytoskeleton stain respectively. Isotype controls (For VAV; Normal rabbit IgG along with 

AF488 conjugated anti-rabbit secondary antibody; for RAC1- normal mouse IgG-AF488) were 

used as negative controls (lower panels of N and O).  Images are representative of three 

independent experiments. Statistical significance was determined as described in the section 

2.5.* (p <0.05), ** (p <0.001), *** (p <0.0001). Student’s t-test was performed for comparisons 

between control- and TGF-B1-treated groups. 
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Figure- 5: TGF-B1 activates RHOGTPases in the ectopically growing endometrial tissue of 

peritoneal endometriosis in mice. Immunoblotting and densitometric analysis revealed 

differential expression of (A and E) p-RHOA and RHOA, (B and F) RAC1 and p-RAC1, (C and 

H) RHOC, and (D and K) RHOG in the ectopic and eutopic endometrial tissues of animals with 

endometriosis compared to the eutopic endometrial tissue of animals without endometriosis, after 
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TGF-B1 treatment. (G) We assayed the GTP-bound form of RAC1 in the above tissues after 

TGF-B1 or PBS supplementation. (I and J) Localization of RHOC was performed in tissue 

sections of endometriotic lesions from the TGF-B1- or PBS-treated animal models of peritoneal 

endometriosis. The tissue labeled with normal rabbit IgG did not show any significant staining. 

Scale bars: 80 μm (4X) and 8 μm (40X). Immunostaining of images was quantified and 

presented as mean score/count and SEM as described in section 2.1.4. Cyst: Endometrial cyst; 

EG: Endometrial glands; BV: Blood Vessels; Epi: Epithelial tissue; ES: Endometrial Stroma; 

HT: Host tissue. Statistical significance was determined as described in the section 2.5. * (p 

<0.05), ** (p <0.001), *** (p <0.0001). At least three replicates (individual animal as a 

replicate) were used in each group. The following comparisons were performed: a) TGF-B1-

treated ectopic versus eutopic endometrial tissues (endometriosis groups), b) PBS-treated ectopic 

versus eutopic endometrial tissues (endometriosis groups), c) TGF-B1-treated eutopic 

endometrial tissue from endometriosis  versus non-endometriosis groups, and d) PBS-treated 

eutopic endometrial tissue from endometriosis versus non-endometriosis groups (p<0.01). En – 

endometriosis; NEn – non-endometriosis; Ec – ectopic endometrial tissue; Eu – eutopic 

endometrial tissue. 
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Figure-6: TGF-B1 enhances the migration, invasion, and colonization potentials of both 

human ovarian endometriotic (HS.832(C).T) and non-endometriotic stromal cells (T-

HEST). Here, we used T-HES cell line as a non-endometriotic cell control as previously 

described. (A) Scratch wound closure in response to TGF-B1 was examined in the HS.832(C).T 

and T-HEST cells. (B) Data were expressed as percent wound closure in treatment groups 

compared to control. (C) Invasion by endometriotic cells (HS.832(C).T) and T-HEST cells was 
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assayed using matrigel-coated Boyden’s chambers in response to TGF-B1 treatment for 48 hr. 

Images of invading cells were captured and total numbers of invading cells were counted in 10 

different microscopic fields. (D) Data from treatment and control groups were expressed as 

number of invasive cells per field. (E) The egression/invasion of cells from the 3D-spheroids into 

the matrigel in response to TGF-B1 (10 ng/ml) was monitored by measuring the distance of the 

cells from the edge of the spheroids. (F) Data were plotted as percent invasion compared to 

control. (G) Colony formation capacities of HS.832(C).T  and T-HEST cells were checked after 

treatment (48 hr) with TGF-B1 (5 and 10 ng/ml) followed by incubation for 10 days. (H) Data 

were presented as the mean number of colonies (colonies per well were counted in three 

independent experiments) and S.E.M. The basal capacities for proliferation, migration, and 

invasion were higher in the HS.832(C).T cells compared to the T-HEST cells. Statistical 

significance was determined as described in section 2.5.* (p <0.05), ** (p <0.001), *** (p 

<0.0001). Data were collected from at least three independent experiments. Scale bars represent 

100 μm at 10X magnification for the migration and transwell invasion assays and 20X 

magnification for 3d-spheroid invasion assay. 
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