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ABSTRACT
Although aggressive invasion and distant metastases are an important cause 

of morbidity and mortality in patients with endometrial cancer (EC), the requisite 
events determining this propensity are currently unknown. Using organotypic 
three-dimensional culture of endometrial cancer cell lines, we demonstrated anti-
correlated TGF-β signalling gene expression patterns that arise among extracellular 
matrix (ECM)-attached cells. TGF-β pathway seemed to be active in EC cells forming 
non-glandular colonies in 3D-matrix but weaker in glandular colonies. Functionally 
we found that out of several ECM proteins, fibronectin relatively promotes Smad 
phosphorylation suggesting a potential role in regulating TGF-β signalling in non-
glandular colonies. Importantly, alteration of TGF-β pathway induced EMT and MET 
in both type of colonies through slug protein. The results exemplify a crucial role 
of TGF-β pathway during EC metastasis in human patients and inhibition of the 
pathway in a murine model impaired tumour cell invasion and metastasis depicting 
an attractive target for therapeutic intervention of malignant tumour progression. 
These findings provide key insights into the role of ECM-derived TGF-β signalling to 
promote endometrial cancer metastasis and offer an avenue for therapeutic targeting 
of microenvironment derived signals along with tumour cells.

INTRODUCTION

The extracellular matrix (ECM) is a major 
component of the cellular microenvironment and regulates 
normal tissue development and homoeostasis. Stromal-
epithelial communication in early development and steroid 
signalling is important for normal uterine functions. 
ECM of female reproductive tract undergoes extensive 
structural remodelling for decidualization, implantation 
and endometrial regeneration [1]. In contrast, abnormal 

ECM dynamics contributes to the pathological processes 
such as endometriosis, infertility, cancer and metastasis. 
The signalling alteration in uterine stroma or ECM that 
regulates remodelling of the differentiated endometrium to 
a disease or metastatic cancerous state is currently unclear. 
Studies have shown the crucial role of stromal signals 
in controlling the proliferative potential of endometrial 
epithelium [2-4]. Epi-genome wide methylation analysis 
revealed hypermethylation of Hand2 gene in endometrial 
stroma significantly contributes to endometrial cancer 
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[5]. Adipocytes in the microenvironment of higher body 
mass index (BMI) patients also promote endometrial 
cancer development [6, 7]. Given that stromal components 
probably significantly contribute to growth and 
development of endometrial cancer, relatively limited 
work has been carried out to address the role of the ECM 
in uterine biology and cancer. 

The tissue microenvironment comprises of 
fibroblasts, adipocytes, immune cells as cellular and ECM 
as a non-cellular component and is known for its role in 
maintaining the integrity of normal tissue architecture. 
Disruption of the normal balance between epithelial cells 
and the surrounding stroma leads to tumour progression 
[8, 9]. These early neoplastic changes are highly reflected 
by the ability of tumour cells to misdirect the surrounding 
stroma and turn it from restrictive to the supportive 
environment. Once the tug of war is won by tumour 
cells, the restrictive microenvironment itself sustains the 
tumour cells to disseminate. This suggests that progression 
of occult tumours to frank carcinomas require significant 
changes in the microenvironment [10]. Thus, within the 
mature tissue, cell autonomous heterogeneity due to the 
mutations in oncogene or tumour suppressor gene is not 
sufficient to cause cancer unless the molecular signalling 
cascade has been perturbed by the microenvironment. 

Cellular heterogeneity cannot be exclusively 
interpreted by random biological noise but there are 
substantial contributions from a cell’s local surrounding 
environment [11, 12]. As compared to conventional 
two-dimensional (2D) cell culture, organotypic three-
dimensional (3D) basement membrane cultures allow 
monitoring of cell-to-cell differences by providing an 
extra dimension to grow and by supporting cells in 
reconstituted basement membrane matrix or ECM [13]. 
The more realistic geometry of in vivo organisation and 
ECM context can give rise to non-genetic variations of a 
cell at its molecular level [14]. 

3D cell culture models have been widely used in 
many epithelial cancers to study cellular phenotypic 
changes and drug resistance mechanism [15-18]. In this 
study, we have addressed the molecular alterations of a cell 
by changing its environment and determined correlation 
of phenotypic divergence to the propensity of cancer 
progression. Using 3D basement membrane cultures 
of human uterine epithelium (endometrium) originated 
cancer cells, we have uncovered a dynamic heterogeneity 
that develops consecutively from 2D to 3D culture in 
absence and presence of ECM. ECM attached endometrial 
cancer cells form distinct glandular and non-glandular 
architecture. The dynamic molecular cascade regulating 
this discrete phenotype is controlled by anti-correlated 
transcriptional programs of the transforming growth 
factor-β (TGF-β) signalling pathway. The dichotomous 
role of TGF-β signalling as pro-tumorigenic or tumour 
suppressive is well known in many human cancers [19]. 
Cancer cells either avoid the tumour suppressive action 

of TGF-β through inactivation of membrane receptors 
or undergo a TGF-β induced epithelial-mesenchymal 
transition (EMT) that promotes cancer cell invasion and 
metastasis [20]. Here we show that the TGF-β pathway 
is upregulated in ECM attached cells not forming glands 
whereas the same signalling is downregulated in cells 
forming glands. The cellular heterogeneity adapted 
due to the matrix is also reversed by either activation 
or suppression of TGF-β signalling. On the other hand, 
the cellular phenotypic and molecular changes strongly 
correlate with the metastatic feature of cancer cells. These 
observations have very significant implications with 
respect to examining adaptive cellular heterogeneity due 
to microenvironment and its impact on cancer metastasis. 

RESULTS

EC cells have distinct phenotypic divergence in 
different microenvironment

To examine the contribution of microenvironment 
towards tumour heterogeneity, we cultured human 
endometrial cancer (EC) cell lines, Ishikawa and MFE-296 
on plastic substratum (2D) and as 3D spheroids in absence 
and presence of reconstituted basement membrane matrix 
or ECM (Figure 1A). In contrast to monolayer culture, 
where every cell lines adopted loosely non-distinct 
morphologies, marked differences were acquired when 
grown on 3D ECM (Figure 1A). In 3D spheroid culture, 
Ishikawa forms glandular colony whereas MFE-296 forms 
non-glandular pattern of colonies (Figure 1A). To further 
investigate the cellular organization of each colony, we 
analysed confocal z-stack sections of individual colonies. 
Ishikawa 3D colonies have epithelial morphology (marked 
by pan-cytokeratin staining) and forms a central hollow 
lumen on day 7 of culture (marked by F-actin staining and 
nuclei organization) compared to MFE-296 non-glandular 
colonies (Figure 1B). Besides, Ishikawa and MFE-296 
colonies have similar pattern of growth in 2D culture, but 
significant differences emerged in proliferation rate (2.4 
± 0.1 fold) and colony size (1.7 ± 0.4 fold) when grown 
on 3D matrix on day 6 (Figures 1C). This suggested that 
in 3D, under the influence of ECM derived cues, cells 
forming glandular structure undergo controlled growth and 
organize into polarized manner, whereas, cells forming 
non-glandular morphology proliferate more rapidly to 
develop disorganized aggregates. 

To understand how endometrial stromal cells, a 
cell type primarily responsible for ECM deposition in 
the uterus [2, 21], influence the growth of endometrial 
epithelial cells, we developed a unique method of co-
culturing these two cell types. We labelled endometrial 
epithelial cells and stromal fibroblast cells with RFP and 
GFP, respectively. Co-culture of epithelial and stromal 
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cells revealed, non-glandular colony forming cells (MFE-
296 RFP+) grow robustly around the stroma (HESC 
GFP+) but glandular colony forming cells (Ishikawa 
RFP+) have restricted growth with round morphology 

(Figure 1D). These results using different culture models 
provided evidence for substantial contributions of 
microenvironment or ECM towards cellular phenotypic 
diversity.

Figure 1: Endometrial cancer cells form distinct glandular and non-glandular pattern in reconstituted basement 
membrane and with endometrial stromal fibroblast co-culture. A. Ishikawa and MFE-296 cells were grown as monolayers (top 
row), spheroids without ECM (middle row) and spheroids with ECM (bottom row), Phase contrast scale bar, 50 µm. B. Cells were cultured 
in RGF-BME for 7 days, stained for pan-cytokeratin (green), phalloidin (red), counterstained with Hoechst (blue), and imaged by confocal 
microscopy. One representative confocal section is shown out of 100 similar colonies. Phase contrast scale bar, 50 µm; confocal scale bar, 
10 µm, Phase contrast scale bar, 50 µm. C. Comparison of cell proliferation and colony diameter between adherent (left) and spheroid 
(right) culture (n = 3). D. Fluorescence and phase contrast images of endometrial epithelial and fibroblast co-culture. Ep: Epithelial cells, 
St: Stromal cells. Scale bar, 200 µm. Error bars represent mean ± SD; ns = P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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TGF-β signalling pathway is upregulated in 3D 
non-glandular colonies

To gain mechanistic insights into how endometrial 
cells respond to change in the microenvironment, 
we performed next generation RNA-Seq analysis on 
monolayer and 3D cultured spheroids. On day 7, cells 
completely form 3D structures with the unique cellular 
organization; therefore, we postulated this could be a 
critical time-point to see gene expression changes as 
compared to monolayer culture. RNA-Seq analysis 
identified 666 and 614 transcripts differentially expressed 
in Ishikawa (401 upregulated, 265 downregulated) 
and MFE-296 (426 upregulated, 188 downregulated) 
spheroids compared to 2D culture (> 2-fold change, P < 
0.05) respectively (Figure 2A). In addition, we detected 
55 and 35 most common genes in glandular (Ishikawa) 
and non-glandular (MFE-296) colony forming cells 
from adherent to spheroid culture and defined as ECM 
signature genes (Figure 2B). Ingenuity pathway analysis 
(IPA) of these genes revealed up and down regulation of 
several canonical cancer signalling pathways, such as 
estrogen-dependent breast cancer signalling, inhibition of 
angiogenesis by TSP1, Wnt/β-catenin, TGF-β and notch 
signalling and upstream target genes, such as NUPR1, 
RABL6, SMARCA4, HIF1A and TGFB1 in 3D glandular 
and non-glandular colonies (Figure 2C). However, both 
pathway and upstream regulator analysis displayed a 
comparable response of TGF-β signalling pathway in 
glandular and non-glandular 3D structures (Figure 2C). 
Out of the several pathways identified, TGF-β pathway has 
been known to be a major pathway in cancer progression 
and metastasis. This prompted us to further investigate 
whether ECM attached glandular and non-glandular 
colonies are regulated by TGF-β pathway with distinct 
metastatic propensity.

Notably, both TGF-β signalling pathway and 
upstream regulator TGF-β1 are more upregulated in 
non-glandular colonies (MFE-296; activation z-score, 
4.008; p-value, 6.78E-06) compared to glandular 
colonies (Ishikawa; activation z-score, 2.188; p-value, 
1.59E-12) (Figure 2C). Specifically, in accordance 
with the information contained in the IPA Knowledge 
Base (Ingenuity Systems), 17 TGF-β signalling related 
transcripts were upregulated (> 2-fold) in MFE-296 
colonies vs monolayers, with 15 genes being known 
positive regulator of the pathway. However, 15 TGF-β 
signalling related transcripts (12 positive regulators) 
were downregulated (> 2-fold) in Ishikawa colonies vs 
monolayers (Figure 2D, Supplementary Table S1 and 
Supplementary Table S2). Notably, Angptl4, Smad7, 
Twist1, Jun, Snai2 and Vegfa transcripts were upregulated 
(> 4-fold) in MFE-296 but not in Ishikawa, supporting 
an enrichment of TGF-β signalling target genes in 3D 
non-glandular colonies. To further verify the results from 

RNA-Seq data, quantitative RT-PCRs for the human 
TGF-β signalling pathway were performed and an overall 
upregulation of this pathway was detected in 3D colonies 
compared to monolayer culture (Supplementary Table 
S3 and Supplementary Table S4). As expected, TGF-β 
activated Smad-mediated transcriptional regulatory genes 
Smad6, Smad7, Gadd45b, Smad3 and Serpine1 were 
upregulated (> 2-fold) in non-glandular colonies whereas 
Smad6, Serpine1 and Tgfbi genes were downregulated 
(> 2-fold) in glandular colonies confirming IPA analysis 
(Figure 2E). Notably, universal TGF-β responsive genes 
Smad6, Smad7 and Serpine1 have opposite expression 
pattern in 3D glandular and non-glandular colonies. An 
additional exploratory analysis of comparison of TGF-β 
signalling target genes between 3D (+ECM) cultured 
colonies of MFE-296 and Ishikawa demonstrated a 
hyper-activation of downstream genes in non-glandular 
vs glandular colonies (Figure 2F). Such observations of 
the pattern of gene expression correlate with dynamic 
phenotypic alteration of cells from adherent to spherical 
architecture.

ECM proteins enhance TGF-β signalling in non-
glandular colonies

To find out whether the differences in TGF-β 
signalling activity encountered by mRNA analysis are 
reproducible at translational level, we investigated 
phosphorylation of Smad proteins (downstream molecules 
of TGF-β signalling pathway) in different culture 
environment (Figure 3A). Active TGF-β signalling leads 
to phosphorylation of SMAD proteins (Smad 2 and 3) 
[22]. We reproducibly detected significant upregulation 
(1.9 ± 0.3-fold) of p-Smad2 protein expression in 
3D (+ECM) cultured MFE-296 cells (non-glandular) 
compared to monolayers whereas modest difference (0.8 
± 0.1-fold) was observed in case of Ishikawa colonies 
(glandular) (Figure 3A). We further ascertained expression 
of p-Smad2 protein in most of the EC cells forming 
glandular and non-glandular colonies (Supplementary 
Figure S1A). Reciprocal changes in p-Smad2 expression 
were observed, which was decreased in case of glandular 
colonies (ECC-1, HEC-1-B, MFE-280 and KLE) and 
increased in case of non-glandular colonies (COLO 
684 and HEC-1-A) (Figure S1A). However, very low 
or non-detectable p-Smad2 expression was seen in two 
endometrial cell lines (RL95-2 and AN3 CA) in both 2D 
and 3D culture conditions (Supplementary Figure S1A). 
As ECM contact alters p-Smad2 expression, we addressed 
whether further activating or blocking TGF-β signalling 
pathway could alter the adaptive response of the 3D 
colonies. We treated these colonies with human TGF-β1 
cytokine to activate the pathway and inhibited with SB-
431542, which blocks TGF-β receptor I phosphorylation 
followed by downstream SMAD phosphorylation [23, 
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Figure 2: Gene networks and canonical pathways in EC monolayers vs 3D colonies. A. Venn diagram representing genes 
differentially expressed (> 2-fold, P < 0.05) between varying culture conditions in Ishikawa (top) and MFE-296 (bottom) cells. B. Heat map 
showing hierarchical clustering of common differential expression profiles for Ishikawa (55 genes, top) and MFE-296 (35 genes, bottom) 
cells grown as 3D (-ECM) to monolayer or 3D (+ECM) to 3D (-ECM) culture (P < 0.05). Rows represent culture groups and columns 
represent individual genes. Each cell corresponds to the level of expression of a particular gene. Red represents an up-regulation and 
green a down-regulation in gene expression. C. Network of differentially expressed genes generated using the IPA bioinformatics tool was 
compared in 2D and 3D for canonical pathway (left) and upstream regulator (right) analysis and ranked by activation z-score. D. Stacked 
diagram represents number of TGF-β signalling genes upregulated (> 2-fold) or downregulated (> 2-fold) in Ishikawa (left) and MFE-296 
(right) colonies in contrast to monolayer. E. Validation of gene expression profiles in 3D colonies vs monolayer of Ishikawa and MFE-296 
cells by human TGF-β signalling pathway RT2 Profiler PCR Array. F. List of most strongly induced TGF-β signalling target genes after 7 
days of 3D (+ECM) culture in MFE-296 (MFE) vs Ishikawa (ISK) cells.
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24]. In the 3D context, hTGF-β1 treatment increased 
p-Smad2 expression (2.2 ± 0.4-fold) in MFE-296 cells 
compared to basal level and co-treatment with SB-431542 
abolished the expression (Supplementary Figure S1B). 

Similarly, increasing doses of hTGF-β1 and SB-431542 
increased (P < 0.001) or decreased (P < 0.05) p-Smad2 
expression in Ishikawa and MFE-296 cells, respectively 
(Supplementary Figure S1C). We confirmed these results 

Figure 3: ECM protein, fibronectin modulates upregulation of TGF-β signalling via classical SMAD pathway. A. 
Immunoblot for p-Smad2 protein, in 2D and 3D culture of Ishikawa and MFE-296 cells. Error bars are mean ± SD, n = 3; *P < 0.05. B. 
Confocal immunofluorescence analysis of p-Smad2 protein (green) in Ishikawa and MFE-296 cells after 72 hr post hTGF-β1/SB-431542 
treatment. Nucleus stained with Hoechst (blue). Scale bar, 10 µm. C. Quantification of nuclear p-Smad2 fluorescence signal intensity 
in cells treated with hTGF-β1/SB-431542. Error bars are mean ± SD, n = 3; *P < 0.05, **P < 0.01. D. MFE-296 cells were cultured on 
MicroMatrix ECM array slide for 48 hr, stained for p-Smad2 (red) and counterstained with Hoechst (blue). Repeated twice with each 
having nine biological replicates. Scale bar, 50 µm. E. Quantification of nuclear p-Smad2 fluorescence intensity and number of cells grown 
on different ECM protein components. Data are shown as mean ± SD, n = 2. F. and G. Western blot and quantification for p-Smad2 in 
MFE-296 cells with increasing concentration of human fibroblast derived fibronectin are shown. Error bars represent mean ± SD, n = 3; 
*P < 0.05.
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by immunofluorescence staining of p-Smad2 protein 
(Figure 3B). At basal level, MFE-296 colonies displayed 
higher nuclear p-Smad2 (P < 0.01) fluorescence (bright 
green punctate) signal compared to Ishikawa colonies 
(Figure 3B). Compared to the basal level, treatment of 
hTGF-β1 and SB-431542 either increased or decreased 
the phosphorylated Smad protein expression in Ishikawa 
and MFE-296 colonies (Figure 3B and 3C). Collectively, 
these results suggest that TGF-β signalling has opposite 
activity in EC cells forming glandular and non-glandular 
colonies in 3D matrix. Sequestration of latent TGF-β in 
the ECM, as well as the dynamic interaction between 
multiple ECM components and latent TGF-β complexes, 
is crucial for activation of the latent cytokines [25, 26]. 
To explore the potential roles of distinct ECM proteins in 
regulating TGF-β signalling in EC cells, we assessed the 
nuclear p-Smad2 intensity of MFE-296 cells to different 
ECM components and relatively detected higher p-Smad2 
protein expression from fibronectin-coated substratum 
(Figure 3D and 3E). Additionally, fibronectin relatively 
increased basal Smad2 phosphorylation (1.5 ± 0.1-fold) 
with an optimal concentration of 20 µg/ml (Figure 3F 
and 3G). These data suggest that fibronectin specifically 
induces Smad2 activation in EC cells. 

TGF-β signalling regulates conversion of 
glandular and non-glandular epithelium

TGF-β signalling is involved in many cellular 
functions, including EMT [27]. EMT in epithelial cells 
is a cellular plasticity process involving loss of cell-cell 
junction molecules and acquisition of spindle morphology 
with increased motility [28]. Based on our observations 
that TGF-β signalling is highly activated in non-glandular 
colonies, we postulated that there might be a discrete 
expression of EMT markers in colonies forming glandular 
and non-glandular morphology. Therefore, we analysed the 
expression of well-known markers of EMT in 3D colonies 
and detected epithelial markers (E-Cadherin, Cytokeratin 
8 and β-Catenin) expressed at higher levels in Ishikawa 
colonies whereas mesenchymal markers (N-Cadherin, 
Vimentin and Fibronectin) expression were more 
prominent in MFE-296 colonies (Figure 4A). Furthermore, 
we tested expression of previously reported EMT markers 
[29], including Snail, Slug, ZEB1 and ZO-1, by western 
blot analysis in Ishikawa and MFE-296 (Figure 4B). As 
anticipated, this analysis showed that glandular colonies 
tend to express epithelial markers whereas non-glandular 
colonies with mesenchymal features were presented with 
a higher expression of mesenchymal markers. 

To determine if TGF-β signalling activity is 
responsible for some of the mesenchymal features of 
non-glandular colonies, we tested the effect of TGF-β 
signalling agonist and antagonist on endometrial cancer 
colonies. Treatment of Ishikawa 3D colonies with 

hTGF-β1 stimulated actin disorganization with loss of 
polarity and acquiring of non-glandular features (Figure 
4C). In contrast, inhibition of TGF-β signalling by treating 
MFE-296 colonies with SB-431542 restored the epithelial 
architecture (Figure 4C). Of note, the basic difference 
observed between glandular and non-glandular colonies 
was the polarity of the individual cells. To examine cell 
polarity in treated (hTGF-β1 or SB-431542) and untreated 
colonies, we performed immunostaining for GM130 [18] 
and found polarized (apical-basal) Ishikawa and non-
polarized MFE-296 colonies reverted their phenotype 
after treatment (Figure 4C). We then verified whether 
conversion of glandular and non-glandular morphology 
by disruption of cell-cell adhesions was due to the altered 
expression of junctional proteins. No detectable changes 
were observed in the expression of ZO-1 protein either 
by hTGF-β1 or SB-431542 (Figure 4D). However, 
in Ishikawa colonies, vimentin expression relatively 
increased to 2.7-fold with hTGF-β1 treatment whereas 
in MFE-296 colonies, relative E-Cadherin expression 
increased to 1.7-fold and Snail, Zeb1 expression 
decreased to 0.5-fold and 0.4-fold with SB-431542 
(Figure 4D). Interestingly, the expression of Slug protein 
was downregulated (0.3-fold) by SB-431542 in MFE-296 
colonies, which was restored (4.8-fold) by hTGF-β1 in 
Ishikawa colonies in a dose-dependent manner (Figure 
4D). 

Collectively, the results show that TGF-β pathway 
activity is proportionately related to the expression of 
EMT markers and 3D structural organization of EC cells. 
The glandular architecture of endometrial cancer colonies 
is maintained by low TGF-β signalling. Slug seems to be 
a key protein which expression dramatically changes in 
EC cells that undergo either a TGF-β induced EMT or 
mesenchymal-epithelial transition (MET) by the inhibitor, 
suggesting that TGF-β pathway regulates morphological 
features of endometrial glands through slug EMT marker.

Inhibition of TGF-β signalling impairs EC cell 
proliferation, invasion, matrix resistance and 
metastatic spread in non-glandular colony

The TGF-β signalling pathway is involved in a 
multitude of cellular processes, including cell proliferation, 
migration, and invasion [30]. Based on our observation 
that TGF-β signalling is activated in non-glandular 
colonies which also proliferate at a higher rate (2.6 ± 0.1 
fold) than glandular one (Figure 5A), we hypothesized that 
inhibition of TGF-β signalling would suppress cell growth 
in 3D. Increasing concentration of SB-431542 significantly 
(P < 0.001) reduced proliferation of MFE-296 colonies 
compared to no treatment (Figure 5A). As expected, EC 
cells with more mesenchymal features (MFE-296) easily 
invade through the ECM barrier compared to cells with 
more epithelial characteristics (Ishikawa) (705 ± 12 MFE-
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296 cells vs 87 ± 5 Ishikawa cells; Figure 5B and 5C). 
SB-431542 treatment strongly attenuated (P < 0.001) 
invasion of MFE-296 cells in a dose-dependent manner 
(Figure 5C). At 10 µM concentration, only 163 ± 6 cells 
were able to invade to the lower chamber (Figure 5B and 
5C). Recent work in many cancer types has shown that 
cancer cells in 3D microenvironment are less responsive 
to chemotherapeutic or targeted therapies [15, 31]. 
We also observed that EC cells are more sensitive to 
chemotherapeutic drug treatments on plastic substratum 

compared to 3D (+ECM) culture (Figure 5D). To address 
whether inhibition of TGF-β signalling would increase the 
efficacy of chemotherapeutic drugs against EC cells, we 
cultured MFE-296 cells in RGF-BME for 2 days followed 
by treatment with Carboplatin and Paclitaxel alone or in 
combination with SB-431542 for 72 hr (Figure 5D). The 
increased matrix resistance of MFE-296 cells was reduced 
in dual treatment with SB-431542 in a dose dependent 
manner, estimated from relative cellular viability and IC50 
values (Figure 5D and 5E). 

Figure 4: Differential expression of EMT markers in glandular and non-glandular endometrial cancer colonies. A. 
Ishikawa and MFE-296 cells were cultured in 3D matrix, fixed on day 7, stained for E-Cadherin (green), Cytokeratin 8 (green), β-Catenin 
(green), N-Cadherin (red), Vimentin (red), Fibronectin 1 (FN 1) (red) and imaged by confocal microscopy. B. Several EMT markers were 
validated by western blot analysis of Ishikawa and MFE-296 3D colonies. C. Ishikawa and MFE-296 cells were cultured in 3D, serum 
starved and treated with hTGF-β1 or SB-431542 for 6 days. Cells were imaged by phase contrast, fixed, stained with phalloidin (red) for 
actin filaments and with GM130 (green) for polarity and imaged by confocal microscopy. D. Western blot of different EMT markers at 
indicated concentrations of hTGF-β1 and SB-431542 in Ishikawa and MFE-296 3D colonies. Nucleus stained by Hoechst (blue). Confocal 
scale bar equal, 10 µm; phase contrast scale bar, 200 µm. 
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Hyper-activation of the TGF-β pathway is associated 
with induction of EMT and metastatic colonization of 
cancer cells in many organ systems [19, 32]. We have 
observed a higher level of TGF-β signalling activity 
and more mesenchymal characteristics in non-glandular 
colony forming EC cells compared to glandular colonies 
(Figure 3A and 4B), suggesting that these cells might 
have a higher metastatic potential. To test this, we stably 
transduced endometrial epithelial and stromal cells with 
lentiviral RFP and GFP, respectively. The RFP labelled 
epithelial cells were 3D cultured for 3 days to develop 
oncospheres and were transferred onto the layer of stromal 
cells (Figure 5F). Imaging was performed at regular 
intervals to determine the relative metastatic spread 
of individual colony (Figure 5F). As expected, MFE-
296 cells spread at a higher rate compared to Ishikawa 
cells and treatment of oncospheres with SB-431542 
significantly reduced the metastatic spread of MFE-296 
cells in human endometrial stromal fibroblast cells, HESC 
(Figure 5F). In conclusion, these findings suggest EC 

invasion and metastasis is strongly regulated by TGF-β 
and inhibition of the signalling impairs tumour spread.

Inhibition of TGF-β signalling delayed and 
decreased metastatic potential of EC cells in vivo

Our in vitro results suggest that inhibition of 
TGF-β signalling during endometrial carcinogenesis may 
specifically reduce tumour invasion and metastasis in vivo. 
To test the effectiveness of inhibiting the TGF-β signalling 
pathway on in vivo tumour growth and metastasis, we 
developed EC cell-derived xenograft mouse models by 
intraperitoneal injection of IshikawaLuc or MFE-296Luc 
cells in immunocompromised mice (Figure 6A). Both the 
cell lines were stably transduced with firefly luciferase 
and had equal luminescence emission (Supplementary 
Figure S2A and S2B). Compared to mice injected with 
IshikawaLuc cells, tumours in mice injected with MFE-
296Luc cells grew and metastasized at a higher rate (Figure 

Figure 5: SB-431542 inhibits cell proliferation, invasion, chemo-resistance and metastasis in vitro. A. Ishikawa and MFE-
296 cells were cultured in 3D matrix, treated with SB-431542 at indicated concentration and assayed for cell proliferation (n = 3). B. 
Ishikawa and MFE-296 cells (1 x105) were seeded onto the upper chamber of Transwell inserts and incubated for 24 hr with or without 
SB-431542 in the lower chamber to inhibit TGF-β signalling activity. Invasion of treated cells was determined by crystal violet staining. 
Cells in ten fields were imaged and counted to cover the entire filter in each group. C. Bar graphs represent the number of cells invaded in 
individual and treated groups (n = 3). D. Ishikawa and MFE-296 cells were cultured in monolayer and 3D (+ECM), treated with carboplatin 
(left) and paclitaxel (right) at indicated concentration with or without SB-431542 and were assayed for cell viability after 48 hr. E. IC50 
values of carboplatin (left) and paclitaxel (right) were determined in different treatment groups from linear regression equation. F. Ishikawa 
RFP+ and MFE-296 RFP+ cells were grown in hanging drop 3D (+ECM) with or without SB-431542, spheroids transferred to monolayer 
of HESC GFP+ cells and time-lapse images were taken at indicated times. Scale bar, 200 µm. Error bars represent mean ± SD; *P < 0.05, 
**P < 0.01, ***P < 0.001.
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6A and 6B). Early metastasis was observed in mice 
bearing MFE-296Luc tumours on day 7 (20%, 1/5 mice) 
and on day 14 (100%, 5/5 mice), whereas, no metastasis 
was observed in mice injected with IshikawaLuc cells 
even on day 21 (0/5 mice) (Figure 6A). Remarkably, SB-
431542 treatment on mice injected with MFE-296Luc cells 
caused marked inhibition of tumour cell metastasis up to 
day 14 and on day 21 late metastasis was observed (60%, 

3/5 mice) (Figure 6A). Quantification of flux intensity 
values showed a decrease in luciferase activity and 
metastatic spread in mice treated with SB-431542 (Figure 
6C and 6D). Furthermore, necropsy examination of the 
xenograft mice revealed only a solitary tumour attached to 
the peritoneum in the case of IshikawaLuc cells. However, 
metastatic spread and aggressive growth of tumours 
were present in mice injected with an equal number of 

Figure 6: Inhibition of TGF-β signalling in an in vivo CDX model decreases metastatic spread. A. Bioluminescent images 
of mice injected i.p. with luciferase tagged Ishikawa and MFE-296 cells with or without SB-431542 treatment, imaged at day 7, 14 and 21. 
BLI imaging conducted in total 5 mice/group/time point in two repeats (n = 3 and n = 2). B. Necropsy examination of xenograft mice for 
the evaluation of tumour burden and metastasis on day 35. C. Average radiance in each group at the indicated time points. D. Metastatic 
spread of tumour in each group of mice at the indicated time points. E. Shown is a Kaplan-Meier plot with or without SB-431542 treatment. 
F. In vivo growth of tumours after i.p. injection of Ishikawa and MFE-296 cells with or without SB-431542. Graphs depict tumour weight, 
volume and number of tumour nodules measured over 35 days. G. Number of mice bearing secondary tumours metastasized to different 
organs with or without SB-431542 treatment. Error bars represent mean ± SD, n = 5; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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MFE-296Luc cells, which was inhibited by the treatment 
of SB-431542 (Figure 6B). Taken together, SB-431542 
significantly improves metastasis free survival in vivo 
(Figure 6E).

Measurement of total tumour weight and volume 
revealed that mice treated with SB-431542 had an 
increased mean tumour weight (2.8 ± 0.4 g) and volume 
(1580 ± 385mm3) compared to the vehicle treated group 
mean tumour weight (1.7 ± 0.4) g and volume (997 ± 
324) mm3 at the primary site (Figure 6F). However, 
a significant reduction in the number of metastatic 
cancerous growths was observed in SB-431542 treated 
mice (10 ± 4) compared to control mice (38 ± 8) (Figure 
6F). Gross examination of mice injected with MFE-
296Luc cells revealed that these cells mainly metastasized 
to the liver, spleen, and stomach (100%) followed by 
GI tract (80%), ovary (60%), uterus (20%), kidney 

(10%) and distant metastasized to diaphragm (10%) 
and sternum (10%) (Figure 6G). SB-431542 treatment 
successfully reduced the metastasis of tumours, with 
tumours limited only to the GI tract (10%), liver (10%) 
and stomach (10%) (Figure 6G). Haematoxylin and eosin 
(H&E) staining of tumour samples confirmed that SB-
431542 treatment decreased the metastasis of MFE-296 
cells (Supplementary Figure S3A and Supplementary 
Figure S3B). Immunohistochemistry (IHC) of vimentin 
differentiated between metastasized tumour cells (with 
staining) from normal adjacent cells (without staining) 
(Supplementary Figure S3A). Collectively, these results 
showed that inhibition of TGF-β signalling suppresses 
EC metastasis, but not the primary tumour growth. 
However, treatment of mice with TGF-β inhibitor 
and chemotherapeutic drugs (SB-431542 and either 
carboplatin or paclitaxel) significantly reduced metastatic 

Figure 7: Up-regulation of TGF-β signalling at metastatic sites in an in vivo xenograft model and in fibronectin rich 
ECM of EC patient samples. A. Primary necropsy tumours attached to peritoneum from xenograft mice without or with SB-431542 
treatment were processed for p-Smad2 IHC (brown staining). Organ image scale bar, 1 cm; IHC scale bar, 100 µm. B. Western blot 
analysis of vehicle and SB-431542 treated primary (Pri) and metastatic (Met) tumour samples. Ishikawa (ISK) and MFE-296 (MFE). C. 
Tissue sections from primary (Uterine epithelium) and metastatic sites (different body organs) of EC patients were analysed for p-Smad2 
immunofluorescence (green) and representative lesions are shown. Quantification of p-Smad2 protein expression is shown, N = 50 (Same 
patient or age matched), Mann-Whitney U test, ****P < 0.0001. D. Immunohistochemistry staining of fibronectin (FN1) on primary and 
metastatic human patient tissue samples. Scale bar, 100 µm. Quantification of FN1 staining intensities was shown as H-Score, N = 50 (Same 
patient or age matched), Mann-Whitney U test, ****P < 0.0001.
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spread as well as primary tumour growth (Supplementary 
Figure S2C, S2D and S2E). 

Mouse EC xenografts and human EC patient 
samples showed similar response to TGF-β 
signalling during metastasis

Next, we examined whether metastatic propensity 
of EC cells is proportionately related with TGF-β pathway 
activation. We isolated primary and distant metastatic 
tumour samples from xenograft mice bearing tumours 
of Ishikawa and MFE-296 cells with or without SB-
431542 treatment (Figure 7A). Gross and H&E staining 
analysis of tumour samples revealed that in all groups, 
primary tumours developed on the peritoneal wall near 
to the injection site (Figure 7A), which might have later 

metastasized to different abdominal organs. IHC of 
p-Smad2 protein on full-face sections taken from the edges 
of tumours adjacent to peritoneum lining manifested high 
expression of p-Smad2 protein (Figure 7A). As compared 
to the vehicle treated mice, SB-431542 treatment decreases 
p-Smad2 expression level at the primary site (Figure 7A). 
Protein lysates from SB-431542 treated MFE-296 tumours 
showed an expected decrease in Smad phosphorylation, 
whereas higher p-Smad2 expression was observed in 
MFE-296 primary tumours (1.9-fold) and metastatic 
tumours (2.6-fold) compared to Ishikawa tumours at 
the primary site (Figure 7B). A similar correlation was 
observed with the expression of a cell proliferation marker, 
Ki-67 (Figure 7B). Interestingly, Ki67 expression analysis 
also demonstrated that metastatic tumour cells proliferate 
at a higher rate (2.2-fold) compared to primary tumours 
(Figure 7B). 

Figure 8: Working model of ECM derived TGF-β signalling during EC metastasis. Active TGF-β signalling sustains 
malignant transformation of EC cells and metastasis. Slug expression increases with the oncogenic transformation of acinar architecture 
of cells to non-glandular invasive morphology. Fibronectin in ECM deposit of in situ carcinoma relatively facilitates TGF-β signalling to 
promote EC metastasis.
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To address whether changes in TGF-β signalling 
that we have observed in EC cells and xenograft models 
also correlate with observations in human patients, we 
performed p-Smad2 protein expression analysis on human 
EC patient tissue samples (Figure 7C). Comparison of 
fluorescence p-Smad2 signal intensity between primary 
tumour (limited to the uterus) and metastatic cancer (other 
organs) from 50 (same patients, N = 33; age matched, N 
= 17) human patients revealed significant (P < 0.0001) 
increase in p-Smad2 protein expression at the metastatic 
sites (Figure 7C, Supplementary Table S5). Of note, we 
observed more deposition of fibronectin protein in human 
metastatic cancer patient samples (Figure 7D) concurring 
in vitro results (Figure 3F). These data support our 
hypothesis that upon loss of ECM integrity, the defective 
ECM with high fibronectin protein activates the latent 
TGF-β signalling to promote EC metastasis (Figure 8). 

DISCUSSION

Normal epithelial cells in the human uterus organize 
into an inner single layer of columnar epithelium as 
endometrium and into acinar structures in the stroma 
as endometrial glands [33]. Endometrial hyperplasia 
or cancer develops with the disruption of the acinar 
architecture of endometrial glands [34] and can be 
categorized as a hallmark of cancer. Epithelial cells of 
endometrium maintain close contact to each other through 
cell-cell junction proteins whereas invasive endometrial 
carcinoma is characterized by disorganized cells with 
aberrant or lack of polarization. Using a robust organotypic 
3D culture model that approximates formation of human 
endometrial glands, we characterize normal and invasive 
carcinoma phenotypes. By profiling gene expression of 
endometrial cancer cells in the different environment, 
we have uncovered a major signalling pathway which is 
differentially expressed in glandular and non-glandular 
endometrial cancer colonies.

Our study began with a transcriptional dichotomy 
between two single cell heterogeneity in a relevant ECM 
context. Two-dimensionally cultured cells in contact with 
basement membrane matrix undergo a robust change in 
gene expression defined by TGF-β signalling pathway. 
Alteration of TGF-β pathway and downstream target 
genes in ECM attached cells probably occurs by post-
transcriptional signalling from TGF-β family receptors. 
We speculate ECM proteins might bind to TGF-β 
ligands or receptors and exist as latent complexes or act 
as stimulators of the pathway [25], this requires further 
investigation. Moreover, we have found upregulation of 
TGF-β pathway in invasive endometrial cancer colonies 
growing on fibronectin substratum in a dose dependent 
manner. Given that fibronectin acts as one of the major 
ECM components which supports the metastatic niche 
[35], may explain the relative activation of TGF-β pathway 
on fibronectin surface to promote metastasis.

Proper dynamic regulation of the pathway is critical 
for establishing and stabilizing the identity of the acinar 
and invasive morphology of ECM attached endometrial 
cells. Supporting the beneficial function of TGF-β 
signalling inhibition in maintaining acinar organization of 
endometrial cancer colonies, activation of the pathway in 
EC cells disrupted cell polarity complex protein, GM130 
and cytoskeletal organization protein, F-actin. In contrast, 
inhibition of the pathway in invasive colonies reversed 
the expression of polarity proteins. Interestingly, TGF-β 
pathway induced EMT proteins have contrasting levels of 
expression in both types of colonies. As reported earlier, 
EMT promotes invasiveness of cancer cells, suggesting 
together with our results that non-glandular colonies with 
mesenchymal features are more prone to metastasize. 
Moreover, out of several EMT proteins, we have found 
dynamic fold change of slug protein during activation 
and suppression of the TGF-β pathway in two groups of 
colonies respectively. Thus, slug might be a major targeted 
protein during the transition of differentiated to malignant 
endometrial cell behaviour.

Worldwide, endometrial cancer is the leading 
cause of cancer death in women, with most morbidity 
and mortality resulting from the metastatic disease [36, 
37]. Additionally, the incidence of endometrial cancer 
continues to rise with increasing obesity rates worldwide 
and is likely to become one of the major obesity related 
cancer issues in the next 2 to 3 decades [38]. Currently, 
patients with metastatic endometrial cancer have a poor 
prognosis which might be due to chronic upregulation 
of TGF-β pathway. Our results on the histopathological 
analysis of human endometrial cancer patients show 
a strong correlation of active and upregulated TGF-β 
pathway at metastatic sites of cancer compared to primary 
origin of tumour in the uterus. These studies suggest 
that TGF-β enhances tumour progression and metastasis 
in endometrial cancer. In most metastatic cancers, cells 
first become resistant to TGF-β induced growth inhibition 
and later high levels of TGF-β can promote cancer 
progression in an autocrine and/or paracrine manner that 
favours invasion and metastasis [19, 39]. But how TGF-β 
pathway gets upregulated in malignant tumours has been 
enigmatic. Our data provides renewed emphasis on the 
ECM component of the microenvironment that regulates 
dynamic asynchronicity of TGF-β signalling in constituent 
EC cells. In the present study, we have demonstrated that 
SB-431542, a novel ALK5 receptor kinase inhibitor, 
inhibits tumour invasion and abrogated the pro-oncogenic 
functions of TGF-β including EMT and metastasis in both 
in vitro and in vivo models. Although further studies are 
required, our initial in vivo xenograft studies revealed, 
TGF-β inhibitor decreases the tumorigenicity of the highly 
aggressive MFE-296 cells in a murine EC model. Taken 
together, these results support the significant contribution 
of the TGF-β pathway in EC metastasis and suppression of 
the pathway might reduce the metastatic spread of cancer.
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Developing a new therapeutic strategy by targeting 
TGF-β signalling might be promising to block TGF-β 
pathway in advanced stages of invasive and metastatic 
EC. In fact, the ECM dependent upregulation of TGF-β 
signalling pathway required for tumour cell growth is 
restricted to the specific niche of tumour population. By 
extension, blocking the signal from microenvironment of 
constituent tumour cells might be useful in suppressing 
tumour growth outside their normal niche.

MATERIALS AND METHODS

In vivo cell line derived xenograft (CDX) 
experiments

Six to eight weeks old female NOD/SCID/γ mice 
(Jackson lab), housed in pathogen free conventional 
cages on a 12 hr light-12 hr dark cycle, fed ad libitum 
were used for tumorigenicity assays. All procedures for 
mice experimentation were approved by the University 
of Newcastle Animal Care and Ethics Committee. 
Luciferase labelled Ishikawa and MFE-296 cells (1.5 
x 106) in 200 µL of 1:1 sterile DPBS and Matrigel 
were injected intraperitoneal (i.p.) into lower abdomen 
region of female NOD/SCID/γ mice (5/group). Mice 
were injected i.p. thrice per week with SB-431542 (100 
µg/kg), carboplatin (15 mg/kg) and paclitaxel (5 mg/
kg) alone or in combination. The endometrial cancer 
cells were genetically engineered to express the firefly 
luciferase gene to quantitatively track in vivo growth and 
metastatic potential. Tumour development and metastatic 
spread were assessed weekly by monitoring luciferase 
signal using an IVIS bioluminescent imaging system 
(PerkinElmer) with a standard protocol over a period of 21 
days. Animal health was monitored by daily observation 
and weekly assessment of weight. After 4 weeks, mice 
were euthanized and metastatic spread of cancer cells 
was assessed by counting the number of tumour nodules 
within the peritoneal cavity of each mouse. Recovered 
tumours from primary and metastasized sites were fixed in 
formalin, embedded in paraffin and sections stained with 
haematoxylin and eosin (H&E) and against antibodies to 
analyse tumour pathology. 

Primary and metastatic patient samples

Human endometrial cancer patient samples 
(Primary and Metastatic) were collected at the John 
Hunter Hospital, Newcastle, NSW, Australia and obtained 
through the Hunter Cancer Tissue Biobank, University of 
Newcastle. The protocol was approved by the Institutional 
Human Research Ethics Committee of the University of 
Newcastle. Consent from patients was obtained as per the 
approved guidelines. Tumour from uterus was collected 

as primary and from different body parts wherever cancer 
has spread as the metastatic sample. In case of unavailable 
metastatic tissue, age matched metastatic samples were 
collected for this study. Detailed patient’s information was 
listed in Supplementary Table S5. 

3D glandular morphogenesis assay

Endometrial cancer cells were cultured on top of a 
thin layer of reduced growth factor basement membrane 
extract (Cultrex® RGF BME: Trevigen) purified from 
Engelbreth-Holm-Swarm (EHS) tumour, as previously 
described with minor modifications [40]. Briefly, BME 
was plated onto each well of a Falcon eight-well culture 
slide (In Vitro Technologies), allowed to solidify for 20 
minutes at 37°C incubator, and subsequently overlaid with 
400 μl of complete medium containing 1 x 104 trypsinized 
cells and 3% RGF BME. Cells were cultured for 7 days 
with media change every 2 or 3 days and harvested for 
protein and RNA isolation or imaging of 3D morphology 
by confocal microscopy (Olympus FluoView FV1000). 
Cells were also grown in three dimensions in absence 
of RGF BME on poly-HEMA coated (15 mg/ml in 95% 
EtOH and allowed to dry completely) 24-well plates for 
growth curve comparison. 

RNA-Seq and data analysis

Total RNA was isolated from 2D monolayer and 
3D grown spheroids using RNeasy Mini kit (Qiagen) 
following manufacturer’s instructions. Library preparation 
was performed from total RNA using the TruSeq 
Stranded total RNA sample preparation kit (Illumina). 
Sequencing was carried out by the Australian Genome 
Research Facility on an Illumina HiSeq using HT version 
4 chemistry with 50 bp single-end reads. A minimum of 
25 million reads was achieved per sample. Raw FASTQ 
files were analysed using FASTQC (version 0.10.1) and 
adaptor contaminations were removed using Cutadapt 
(version 1.12). Raw reads were mapped using TopHat2 
(version 2.0.13) to reference genome hg19. Mapped reads 
were subjected to cufflinks (version 2.2.1) for transcript 
assembly. Differential gene expression was determined 
using cuffdiff. 

Cell culture and lentiviral transduction

Human endometrial cancer cell lines were 
cultured in MEM (HyClone) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS, Bovogen 
Biologicals). Human endometrial stromal fibroblast cell 
line T HESCs (ATCC® #CRL-4003TM) was maintained in 
DMEM:F12 (Sigma) without phenol red, supplemented 
with 10% charcoal-stripped FBS (Invitrogen). The cells 
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were propagated in tissue culture flasks in respective 
growth medium containing 2mM L-glutamine (HyClone) 
and antibiotics (50 units/mL penicillin, 50 mg/l 
streptomycin; Gibco) at 370C and 5% CO2. STR profiling 
was performed for cell authentication and all the cell lines 
were tested mycoplasma negative. 

Firefly Luciferase (GeneTarget Inc #LVP434), RFP 
(GeneTarget Inc #LVP428), and GFP (Qiagen #CLS-
PCG) expressing stable (pooled antibiotic-resistant 
population) endometrial epithelial and stromal cell lines 
were established by transduction of lentiviral particles 
according to manufacturer’s instructions.

In vitro metastatic spread assay and time-lapse 
imaging

RFP-expressing endometrial cancer cell spheroids 
were grown by culturing 100 epithelial cells (Ishikawa 
RFP+ or MFE-296 RFP+) in hanging drop fashion [41] with 
3% matrigel. After 72 hr, oncospheres were transferred to 
90% confluent monolayer of GFP-expressing endometrial 
stromal fibroblast cells (HESC GFP+). Images were 
obtained every 24 hr using 10x objective on JuLiTM Stage 
Real-Time Cell History Recorder (NanoEnTek) in an 
incubator at 370C and humidified 5% CO2. 

3D immunofluorescence staining and microscopy

Extracellular matrix (ECM) embedded 3D colonies 
were fixed in 4% paraformaldehyde (PFA, Electron 
Microscopy Sciences, ProSciTech) for 20 minutes 
and processed for immunofluorescence, as previously 
described with minor modifications [40]. Briefly, colonies 
were permeabilized with 0.5% Triton X-100 in PBS for 
10 minutes at 40C, blocked in immunofluorescence buffer 
(130 mM NaCl, 7 mM Na2HPO4, 3.5 mM NaH2PO4, 0.1% 
BSA, 0.2% Triton X-100, 0.05% Tween 20) containing 
10% goat serum and incubated overnight at 40C with 
the indicated dilutions of primary antibodies. Next day, 
cells were washed thrice with TBS, 0.1% Tween 20, 10 
minutes each and incubated with 0.5% Triton X-100 in 
TBS containing 5 µg/ml of Hoechst 33342 (Invitrogen) 
and 1:250 dilution of Alexa Fluor secondary antibodies 
(Jackson ImmunoResearch Laboratories) for 1 hr at room 
temperature. Immunofluorescence staining was visualized 
on a confocal LASER scanning microscope (FV1000, 
Olympus) using the oil-immersion 40x magnification 
objective and analysed with Fluoview FV10-ASW 1.7 
software. 3D images were shown as mid-structure from 
z-stack sections. 

Cellular proliferation assay

For comparison of cellular proliferation and 
viability, 5000 cells were seeded in 100 μL complete 
medium per well of 96-multiwell flat bottom plates 
(Corning Costar) for 2D and on basement membrane 
ECM-coated plates for 3D and incubated for 24 hr at 37 
°C, 5 % CO2 for cells to adhere. Cells were then treated 
with indicated concentrations of carboplatin, paclitaxel 
and SB-431542 followed by further incubation of 72 hr. 
At the end of each incubation period, cell viability was 
examined by CellTiter-Glo® Luminescent cell viability 
assay (Promega) according to the manufacture’s protocol 
and IC50 values were calculated.

Transwell cell invasion assay

For invasion assay, each well of Transwell assay 
inserts (6.5 mm diameter, 8 μm pores, Sigma #CLS3422) 
was coated with 0.5 mg/ml (1:30 dilution) of Matrigel 
(Cultrex® RGF BME: Trevigen) with ice cold sterile 
DPBS, and 100 µL of this slurry was pipetted into each 
insert of the invasion assay plate. The plate was incubated 
at 370C for 2 hr and then dried at room temperature (250C) 
overnight under sterile conditions. Ishikawa and MFE-296 
cells (1 x 105) were serum starved for 16 hr, resuspended 
in MEM medium and placed in the upper chamber, 
whereas 10% FBS-MEM alone or containing SB-431542 
with the indicated concentration was added to the lower 
chamber. After 24 hr incubation at 370C invaded cells 
were fixed in 70% alcohol and stained with crystal violet 
(0.5%) for 10 minutes. Matrigel and non-invading cells 
were mechanically wiped using cotton swabs. Cells were 
imaged and quantified using ImageJ software. 

Western blot analysis

Cells cultured in 3D and 2D were harvested and 
lysed in ice-cold RIPA (radio immunoprecipitation assay) 
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-
40, 0.5% Sodium deoxycholate, 0.1% SDS) containing 
protease and phosphatase inhibitors (Sigma). Lysates were 
purified by centrifugation at 12,000 rpm for 10 minutes 
at 40C and supernatant was collected. Purified lysates 
were boiled in 1x Laemmli sample buffer (0.04 M Tris-
HCl pH 6.8, 0.2% SDS, 0.01% bromophenol blue, 10% 
β-mercaptoethanol and 10% glycerol) for 5 minutes at 
950C. Aliquots of cell lysates containing equal protein 
mass were resolved by 10% SDS-PAGE gels, transferred 
to nitrocellulose blotting membranes (GE Healthcare Life 
Sciences), blocked with 5% skim milk (w/v) in TBS (20 
mM Tris, 150 mM NaCl, pH 7.5), 0.1% Tween 20, for 1 hr 
at room temperature and probed with primary antibodies 
at the recommended dilutions for overnight incubation 
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at 40C. Subsequently, membranes were probed with 
relevant secondary antibodies conjugated with horseradish 
peroxidase (Jackson ImmunoResearch Laboratories) for 
1 hr at room temperature. After washing, western blot 
membranes were developed using chemiluminescent 
substrate for detection of HRP (Millipore) and proteins 
were detected by chemiluminescence (Fujifilm LAS-
4000). Quantification of the mean pixel density of the 
protein bands was determined using NIH ImageJ plugin. 

Human TGF-β signalling array

Total RNA was isolated from Ishikawa and MFE 
296 cells grown as monolayer and 3D colonies, using 
RNeasy Mini kit (Qiagen) following manufacturer’s 
instructions. 500 ng of total RNA was used for the cDNA 
synthesis using RT² First Strand Kit (Qiagen). Quantitative 
real-time PCR (Q-PCR) was performed using RT² SYBR 
Green ROX qPCR Mastermix and RT² Profiler PCR Array 
kit (Qiagen) on 7900 HT FAST Thermocycler (Applied 
Biosystems). Amplification and analysis were performed 
as per manufacturer’s instructions. Relative quantification 
[comparative Ct (ΔΔCt) method] was used to compare the 
expression level of the test genes with the internal control 
(arithmetic mean of five housekeeping genes included in 
the array). Fold change expression of genes in 3D (+ECM) 
and 2D culture were plotted in log scale range.

IHC and IF

Mouse EC xenograft tumours were fixed with 4% 
paraformaldehyde overnight, followed by embedding 
and sectioning. Human EC patient-derived primary and 
metastatic tumour sections were deparaffinised in xylene 
followed by rehydration. Antigen retrieval was performed 
using sodium citrate buffer (10 mM Tri-sodium citrate, 
0.05% Tween 20, pH 6.0). Slides were washed with TBS 
with 0.1% Tween 20 and incubated with 0.3% H2O2 to 
block endogenous peroxidase. Sections were blocked with 
10% goat serum with 1% BSA in TBS containing 0.1% 
Triton X-100 for 1 hr at room temperature. After blocking, 
the sections were incubated with primary antibodies, 
followed by peroxidase-conjugated secondary antibodies 
(Thermo Fisher Scientific) and DAB substrate (Sigma) 
to detect bound antibodies. For quantification, slides 
were digitized at 20x absolute resolution using an Aperio 
AT2 scanner. Quantitative IHC analysis was performed 
using the HaloTM image analysis platform and the pixel 
intensities of DAB staining were calculated using the Area 
Quantification v1.0 algorithm (Indica Labs, New Mexico, 
USA). Immunohistochemistry intensity score (H-Score) 
was calculated as described previously [42]. For IF, tissue 
sections were incubated with primary antibodies, followed 
by Alexa Fluor secondary antibodies (1:250; Jackson 
ImmunoResearch Laboratories) to detect fluorescence 

signal. Images were taken at 10x magnification objective 
with 400 ms exposure time on a fluorescence microscope 
(Olympus DP72) using cellSens Standard software. 
Quantification of nuclear fluorescence signal was 
performed using the “Intensity Ratio Nuclei Cytoplasm 
Tool” plugin of Image J (NIH, USA).

Statistics

Statistical analyses were performed using GraphPad 
Prism 6.0 software. The results were presented as mean ± 
SD. Statistical significance was determined using a two-
way analysis of variance and Bonferroni post-test unless 
otherwise indicated. A P value of < 0.05 was considered 
statistically significant. 

Author contributions

S.S.S. performed most of the experiments. M.Y.Q., 
S.S.S. and G.G.A. performed BLI imaging of mouse 
xenograft experiments. J.A. and M.J.C. analysed the RNA-
Seq data. S.S.S. and P.S.T. designed the study, analysed 
the data and wrote the paper. P.S.T. provided financial 
support and final approval of the manuscript. All authors 
approved and commented on the manuscript. 

ACKNOWLEDGMENTS

Work in the Tanwar lab was in part supported by 
funding from the National Health and Medical Research 
Council, the Australian Research Council, and the Cancer 
Institute NSW. The Hunter Cancer Biobank is supported 
by the Cancer Institute NSW. S.S.S. is a recipient of 
the University of Newcastle Postgraduate Research 
Fellowship. 

CONFLICTS OF INTEREST 

The authors declare that they have no conflict of interest.

Editorial note 

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.

REFERENCES

1. Klemmt PA, Carver JG, Koninckx P, McVeigh EJ, Mardon 
HJ. Endometrial cells from women with endometriosis have 
increased adhesion and proliferative capacity in response 
to extracellular matrix components: towards a mechanistic 
model for endometriosis progression. Hum Reprod. 2007; 



Oncotarget71416www.impactjournals.com/oncotarget

22: 3139-47. doi: 10.1093/humrep/dem262.
2. Tanwar PS, Zhang L, Roberts DJ, Teixeira JM. Stromal 

deletion of the APC tumor suppressor in mice triggers 
development of endometrial cancer. Cancer Res. 2011; 71: 
1584-96. doi: 10.1158/0008-5472.CAN-10-3166.

3. Tanwar PS, Kaneko-Tarui T, Zhang L, Tanaka Y, Crum CP, 
Teixeira JM. Stromal liver kinase B1 [STK11] signaling 
loss induces oviductal adenomas and endometrial cancer 
by activating mammalian Target of Rapamycin Complex 
1. PLoS Genet. 2012; 8: e1002906. doi: 10.1371/journal.
pgen.1002906.

4. Cooke PS, Buchanan DL, Young P, Setiawan T, Brody 
J, Korach KS, Taylor J, Lubahn DB, Cunha GR. Stromal 
estrogen receptors mediate mitogenic effects of estradiol on 
uterine epithelium. Proc Natl Acad Sci U S A. 1997; 94: 
6535-40. 

5. Jones A, Teschendorff AE, Li Q, Hayward JD, Kannan A, 
Mould T, West J, Zikan M, Cibula D, Fiegl H, Lee SH, 
Wik E, Hadwin R, et al. Role of DNA methylation and 
epigenetic silencing of HAND2 in endometrial cancer 
development. PLoS Med. 2013; 10: e1001551. doi: 
10.1371/journal.pmed.1001551.

6. Calle EE, Kaaks R. Overweight, obesity and cancer: 
epidemiological evidence and proposed mechanisms. Nat 
Rev Cancer. 2004; 4: 579-91. doi: 10.1038/nrc1408.

7. Calle EE, Rodriguez C, Walker-Thurmond K, Thun 
MJ. Overweight, obesity, and mortality from cancer in a 
prospectively studied cohort of U.S. adults. N Engl J Med. 
2003; 348: 1625-38. doi: 10.1056/NEJMoa021423.

8. Bissell MJ, Radisky D. Putting tumours in context. Nat Rev 
Cancer. 2001; 1: 46-54. doi: 10.1038/35094059.

9. Miles FL, Sikes RA. Insidious changes in stromal matrix 
fuel cancer progression. Mol Cancer Res. 2014; 12: 297-
312. doi: 10.1158/1541-7786.MCR-13-0535.

10. Bissell MJ, Hines WC. Why don’t we get more cancer? A 
proposed role of the microenvironment in restraining cancer 
progression. Nat Med. 2011; 17: 320-9. doi: 10.1038/
nm.2328.

11. Elowitz MB, Levine AJ, Siggia ED, Swain PS. Stochastic 
gene expression in a single cell. Science. 2002; 297: 1183-
6. doi: 10.1126/science.1070919.

12. Altschuler SJ, Wu LF. Cellular heterogeneity: do differences 
make a difference? Cell. 2010; 141: 559-63. doi: 10.1016/j.
cell.2010.04.033.

13. Vidi PA, Bissell MJ, Lelievre SA. Three-dimensional 
culture of human breast epithelial cells: the how and 
the why. Methods Mol Biol. 2013; 945: 193-219. doi: 
10.1007/978-1-62703-125-7_13.

14. Janes KA, Wang CC, Holmberg KJ, Cabral K, Brugge JS. 
Identifying single-cell molecular programs by stochastic 
profiling. Nat Methods. 2010; 7: 311-7. doi: 10.1038/
nmeth.1442.

15. Muranen T, Selfors LM, Worster DT, Iwanicki MP, Song 
L, Morales FC, Gao S, Mills GB, Brugge JS. Inhibition of 

PI3K/mTOR leads to adaptive resistance in matrix-attached 
cancer cells. Cancer Cell. 2012; 21: 227-39. doi: 10.1016/j.
ccr.2011.12.024.

16. Yamada KM, Cukierman E. Modeling tissue morphogenesis 
and cancer in 3D. Cell. 2007; 130: 601-10. doi: 10.1016/j.
cell.2007.08.006.

17. Weigelt B, Bissell MJ. Unraveling the microenvironmental 
influences on the normal mammary gland and breast cancer. 
Semin Cancer Biol. 2008; 18: 311-21. doi: 10.1016/j.
semcancer.2008.03.013.

18. Debnath J, Brugge JS. Modelling glandular epithelial 
cancers in three-dimensional cultures. Nat Rev Cancer. 
2005; 5: 675-88. doi: 10.1038/nrc1695.

19. Massague J. TGFbeta in Cancer. Cell. 2008; 134: 215-30. 
doi: 10.1016/j.cell.2008.07.001.

20. Massague J. TGFbeta signalling in context. Nat Rev Mol 
Cell Biol. 2012; 13: 616-30. doi: 10.1038/nrm3434.

21. Ramathal C, Wang W, Hunt E, Bagchi IC, Bagchi 
MK. Transcription factor CCAAT enhancer-binding 
protein beta (C/EBPbeta) regulates the formation of a 
unique extracellular matrix that controls uterine stromal 
differentiation and embryo implantation. J Biol Chem. 
2011; 286: 19860-71. doi: 10.1074/jbc.M110.191759.

22. Massague J, Seoane J, Wotton D. Smad transcription 
factors. Genes Dev. 2005; 19: 2783-810. doi: 10.1101/
gad.1350705.

23. Inman GJ, Nicolas FJ, Callahan JF, Harling JD, Gaster 
LM, Reith AD, Laping NJ, Hill CS. SB-431542 is a potent 
and specific inhibitor of transforming growth factor-beta 
superfamily type I activin receptor-like kinase (ALK) 
receptors ALK4, ALK5, and ALK7. Mol Pharmacol. 2002; 
62: 65-74. 

24. Laping NJ, Grygielko E, Mathur A, Butter S, Bomberger J, 
Tweed C, Martin W, Fornwald J, Lehr R, Harling J, Gaster 
L, Callahan JF, Olson BA. Inhibition of transforming 
growth factor (TGF)-beta1-induced extracellular matrix 
with a novel inhibitor of the TGF-beta type I receptor kinase 
activity: SB-431542. Mol Pharmacol. 2002; 62: 58-64. 

25. Horiguchi M, Ota M, Rifkin DB. Matrix control of 
transforming growth factor-beta function. J Biochem. 2012; 
152: 321-9. doi: 10.1093/jb/mvs089.

26. Tian H, Mythreye K, Golzio C, Katsanis N, Blobe GC. 
Endoglin mediates fibronectin/alpha5beta1 integrin and 
TGF-beta pathway crosstalk in endothelial cells. EMBO J. 
2012; 31: 3885-900. doi: 10.1038/emboj.2012.246.

27. Moustakas A, Heldin CH. Mechanisms of TGFbeta-Induced 
Epithelial-Mesenchymal Transition. J Clin Med. 2016; 5. 
doi: 10.3390/jcm5070063.

28. Nieto MA, Huang RY, Jackson RA, Thiery JP. Emt: 2016. 
Cell. 2016; 166: 21-45. doi: 10.1016/j.cell.2016.06.028.

29. Zeisberg M, Neilson EG. Biomarkers for epithelial-
mesenchymal transitions. J Clin Invest. 2009; 119: 1429-37. 
doi: 10.1172/JCI36183.

30. Morikawa M, Derynck R, Miyazono K. TGF-beta and the 



Oncotarget71417www.impactjournals.com/oncotarget

TGF-beta Family: Context-Dependent Roles in Cell and 
Tissue Physiology. Cold Spring Harb Perspect Biol. 2016; 
8. doi: 10.1101/cshperspect.a021873.

31. Castells M, Thibault B, Delord JP, Couderc B. Implication 
of tumor microenvironment in chemoresistance: tumor-
associated stromal cells protect tumor cells from cell 
death. Int J Mol Sci. 2012; 13: 9545-71. doi: 10.3390/
ijms13089545.

32. Padua D, Massague J. Roles of TGFbeta in metastasis. Cell 
Res. 2009; 19: 89-102. doi: 10.1038/cr.2008.316.

33. Di Cristofano A, Ellenson LH. Endometrial carcinoma. 
Annu Rev Pathol. 2007; 2: 57-85. doi: 10.1146/annurev.
pathol.2.010506.091905.

34. Sherman ME. Theories of endometrial carcinogenesis: a 
multidisciplinary approach. Mod Pathol. 2000; 13: 295-308. 
doi: 10.1038/modpathol.3880051.

35. Bonnans C, Chou J, Werb Z. Remodelling the extracellular 
matrix in development and disease. Nat Rev Mol Cell Biol. 
2014; 15: 786-801. doi: 10.1038/nrm3904.

36. Amant F, Moerman P, Neven P, Timmerman D, Van 
Limbergen E, Vergote I. Endometrial cancer. Lancet. 2005; 
366: 491-505. doi: 10.1016/S0140-6736(05)67063-8.

37. Kurra V, Krajewski KM, Jagannathan J, Giardino A, Berlin 
S, Ramaiya N. Typical and atypical metastatic sites of 
recurrent endometrial carcinoma. Cancer Imaging. 2013; 
13: 113-22. doi: 10.1102/1470-7330.2013.0011.

38. Onstad MA, Schmandt RE, Lu KH. Addressing the Role 
of Obesity in Endometrial Cancer Risk, Prevention, and 
Treatment. J Clin Oncol. 2016; 34: 4225-30. 

39. Akhurst RJ, Hata A. Targeting the TGFbeta signalling 
pathway in disease. Nat Rev Drug Discov. 2012; 11: 790-
811. doi: 10.1038/nrd3810.

40. Lee GY, Kenny PA, Lee EH, Bissell MJ. Three-dimensional 
culture models of normal and malignant breast epithelial 
cells. Nat Methods. 2007; 4: 359-65. doi: 10.1038/
nmeth1015.

41. Foty R. A simple hanging drop cell culture protocol 
for generation of 3D spheroids. J Vis Exp. 2011. doi: 
10.3791/2720.

42. Choudhury KR, Yagle KJ, Swanson PE, Krohn KA, 
Rajendran JG. A robust automated measure of average 
antibody staining in immunohistochemistry images. J 
Histochem Cytochem. 2010; 58: 95-107. doi: 10.1369/
jhc.2009.953554.


