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ABSTRACT

Tamoxifen (TAM) is widely used as an adjuvant therapy for women with breast 
cancer (BC). However, TAM possesses partial oestrogenic activity in the uterus and its 
use has been associated with an increased incidence of endometrial carcinoma (EC). 
The molecular mechanism for these observations is not well understood. Herein, we 
demonstrated that forced expression of Trefoil factor 3 (TFF3), in oestrogen receptor-
positive (ER+) EC cells significantly increased cell cycle progression, cell survival, 
anchorage-independent growth, invasiveness and tumour growth in xenograft models. 
Clinically, elevated TFF3 protein expression was observed in EC compared with normal 
endometrial tissue, and its increased expression in EC was significantly associated 
with myometrial invasion. TAM exposure increased expression of TFF3 in ER+ EC 
cells and its elevated expression resulted in increased oncogenicity and invasiveness. 
TAM-stimulated expression of TFF3 in EC cells was associated with hypomethylation 
of the TFF3 promoter sequence and c-JUN/SP1-dependent transcriptional activation. 
In addition, small interfering (si) RNA-mediated depletion or polyclonal antibody 
inhibition of TFF3 significantly abrogated oncogenicity and invasiveness in EC cells 
consequent to TAM induction or forced expression of TFF3. Hence, TAM-stimulated 
upregulation of TFF3 in EC cells was critical in promoting EC progression associated 
with TAM treatment. Importantly, inhibition of TFF3 function might be an attractive 
molecular modality to abrogate the stimulatory effects of TAM on endometrial tissue 
and to limit the progression of EC.
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INTRODUCTION

Endometrial carcinoma (EC) is the most common 
gynaecological malignancy and exhibits an unacceptable 
rate of recurrence both locally and distally [1] [2]. 
The majority of ECs are classified as type I oestrogen-
dependent endometrioid adenocarcinomas in which 
oestrogen has been identified as the predominant 
aetiological factor, whereas type II ECs are represented 
largely by serous and clear-cell adenocarcinomas [3]. 
Surgery represents a favourable option for treatment of EC 
cases detected at early stages. However, tumours identified 
at later stages are associated with high levels of morbidity 
and mortality with 87% recurrence and distal metastases 
occurring within three years of primary treatment [4]. 
Based on epidemiological studies, oestrogen signalling 
has been identified as a critical promoter of endometrial 
carcinogenesis [5]. It has been observed that oestrogenic 
signalling is able to contribute to the progression of 
breast cancer (BC) independent of oestrogen (E2) [6]. 
Studies have identified various agonists that can initiate 
the oestrogenic signalling pathway including plant-based 
phytoestrogens, chemicals such as bisphenol-A (BPA) and 
therapeutic agents such as selective oestrogen receptor 
modulators (SERMs) [5, 7, 8].

Tamoxifen (TAM), was the first SERM available for 
clinical use and has been regarded as a highly efficacious 
agent for the treatment of BC, treatment of metastatic 
BC, and reduction in BC incidence in high-risk women 
[9] [10]. Although TAM acts to inhibit ERα in breast, 
it was observed to have mild agonist activity in the 
endometrium, skeletal and cardiovascular systems [11, 
12]. These partial oestrogenic actions of TAM produce 
beneficial effects on the skeletal and the cardiovascular 
system in postmenopausal women but are also associated 
with, endometrial hyperplasia, and EC [13].

Trefoil factor 3 (TFF3), an oestrogen responsive 
gene, is one of three members grouped in the trefoil factor 
family that normally functions to protect the intestinal 
mucosal surface and promote epithelial healing in times 
of injury [14]. Recently, TFF3 has emerged as a clinically 
validated and functionally potent target in oncology. 
Whilst there may be tissue-specific effects, an increasing 
number of studies have shown that TFF3 promotes 
cell survival and cell cycle progression, angiogenesis 
and metastatic dissemination in various cancers, acting 
through signalling mediators such as epidermal growth 
factor receptor (EGFR), AKT, mitogen-activated 
protein kinase (MAPK), signal transducer and activator 
of transcription 3 (STAT3) and the E-CADHERIN-
CATENIN  complex [15–21]. TFF3 expression is absent 
or relatively low in normal human female reproductive 
tissues, with transient increased expression in the 
proliferative phase of the endometrium [22]. In contrast, 
TFF3 has been observed to be prominently elevated in 
cervical [23], endometrial [24] and mammary carcinoma 

[17, 25]. Elevated levels of TFF3 protein were observed 
to be associated with advanced clinicopathological 
features of disease, such as tumour size, higher disease 
grade and metastases [21, 25]. Moreover, TFF3 has 
been identified as the gene most highly associated with 
high grade EC [24]. TFF3 expression is significantly 
correlated with survival outcome of patients also with 
ER+ BC treated with TAM [17]. Subsequent studies  
also found a positive association between TFF3 and its 
interaction with type I oestrogen-dependent endometrioid 
adenocarcinoma [26].

Herein, we sought to determine the role of TFF3 
protein in promoting oncogenicity and invasiveness of 
ER+ EC cells. We also assessed the involvement of TFF3 
in TAM-stimulated EC progression. Furthermore, by 
elucidation of the mechanism via which TAM can regulate 
TFF3 expression, we aim to shed light on the mechanism 
of TAM-stimulated EC.

RESULTS

TFF3 stimulates oncogenicity of EC cells

TFF3 has previously been demonstrated to stimulate 
the oncogenic behaviour of various carcinoma cells [18, 
21, 23, 25–30]. Herein, we first analysed the four EC 
cell lines, namely Ishikawa, ECC-1, RL95-2 and AN3, 
to determine the endogenous protein levels of TFF3 and 
ERα (Figure 1A). Western blot analysis demonstrated that 
Ishikawa and ECC-1 cells expressed high endogenous 
levels of TFF3 protein, while RL95-2 and AN3 cells 
expressed relatively lower levels of TFF3 protein. In 
concordance with previously published reports [31], 
Ishikawa and ECC-1 cells exhibited high endogenous 
levels of ERα protein. However, ERα protein was not 
detected in RL95-2 and AN3 cells (Figure 1A). To define 
the cellular functionality of TFF3 in ERα positive EC 
cells, we generated Ishikawa and ECC-1 cells with stable 
forced expression or depletion of TFF3 as previously 
described [21, 32]. Pooled stable transfectants were 
used to minimize any effect of potential clonal selection. 
Forced expression or depletion of TFF3 in EC cells was 
confirmed using qPCR and western blot analysis (Figure 
1B and 1C).

Forced expression of TFF3 increased Ishikawa total 
cell number, while depletion of TFF3 decreased Ishikawa 
total cell number over a period of 14 days when compared 
to the respective control cells (Figure 2A). Increased 
total cell number may be consequent to either a decrease 
in apoptosis and/or an increase in cell proliferation. 
Ishikawa-TFF3 cells exhibited reduced apoptotic cell 
death, while Ishikawa-siTFF3 cells exhibited increased 
apoptotic cell death upon serum deprivation as compared 
to their respective control cells (Figure 2B). In addition, 
Ishikawa-TFF3 cells showed increased S-phase entry, 
while Ishikawa-siTFF3 cells showed reduced S-phase 
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entry as compared to their respective control cells in the 
BrdU incorporation assay, suggestive of TFF3-stimulated 
proliferation and cell cycle progression (Figure 2C). 
Furthermore, forced expression of TFF3 in Ishikawa 
cells increased 3D growth of the cells in Matrigel, with 
Ishikawa-TFF3 cells forming larger colonies of irregular 
morphologies in contrast to the regular spheroids formed 
by the Ishikawa-vector cells (Figure 2D). The depletion 
of TFF3 in Ishikawa cells, in contrast, decreased 3D 
growth of the cells in Matrigel, with Ishikawa-siTFF3 
cells forming fewer and smaller colonies as compared to 
Ishikawa-sivector cells (Figure 2D). The forced expression 
and depletion of TFF3 in ECC-1 cells produced similar 
results in these assays (Supplementary Figure 1A-1C, 

1F). We next determined the effect of forced expression 
of TFF3 on the expression of genes important for EC cell 
cycle progression and survival using qPCR (Table 1). The 
forced expression of TFF3 in the EC cells increased the 
mRNA levels of cyclins and cyclin-dependent kinases 
including CCND1, CCNE1, CDK2, CDK4, and decreased 
the mRNA levels of cyclin-dependent kinase inhibitor 
(CDKN1B) and TP53, concordant with the observed 
increase in cell cycle progression (Table 1). In contrast, the 
depletion of TFF3 in the EC cells exhibited the opposite 
effect on the expression of these cell cycle-related genes. 
Furthermore, the forced expression of TFF3 in EC cells 
increased the mRNA levels of anti-apoptotic BCL2 and 
BCL2L1, and decreased the mRNA level of CASP7, 

Figure 1: Generation of EC cells with stable forced or depleted expression of TFF3. (A) Western blot analysis was utilized 
to assess the levels of TFF3 and ERα protein in EC cells, namely Ishikawa, ECC-1, RL95-2, and AN3 cells. Soluble whole cell extracts 
were run on a SDS-PAGE and immunoblotted as described in materials and methods. β-ACTIN was used as input control for cell lysate. 
The predicted sizes of detected protein bands in kDa are shown on the left side. (B) qPCR analysis were used to evaluate the mRNA levels 
of TFF3 genes in EC cells with either forced or depleted expression of TFF3. EC cells (vector or TFF3) were cultured in FM (10%FBS, 
standard media conditions as per ATCC propagation instructions) media. Either forced or depleted of TFF3 expression was achieved using 
stable transfection of TFF3 expression vector or siRNA directed to TFF3 transcript as described in materials and methods. qPCR analyses 
were performed as described in materials and methods. Statistical significance was assessed by using an unpaired two-tailed Student’s t 
test (P<0.05 was considered as significant) using GraphPad Prism5. (C) Western blot analysis was used to assess the levels of TFF3 in EC 
cells with either forced or depleted expression of TFF3. EC cells (vector or TFF3) were cultured in FM media. Either forced or depleted of 
TFF3 expression was achieved using stable transfection of TFF3 expression vector and siRNA directed to TFF3 transcript as described in 
materials and methods. Soluble whole cell extracts were run on a SDS-PAGE and immunoblotted as described in materials and methods. 
β-ACTIN was used as input control for cell lysate. The predictable sizes of detected protein bands in kDa are shown on the left side.
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Figure 2: Forced expression of TFF3 in Ishikawa cells stimulates oncogenicity. (A) Total cell number assay. Ishikawa cells 
with either forced or depleted expression of TFF3 were cultured in FM as described in materials and methods. (B) Apoptosis. Ishikawa cells 
with either forced or depleted expression of TFF3 were fixed and were stained for the assessment of early and late phase of apoptotic cell 
death using fluorescein isothiocyanate-conjugated annexin V (AV) and propidium iodide (PI), as described in materials and methods. (C) 
S-phase entry. The percentage of bromodeoxyuridine (BrdU)-positive cell nuclei relative to the total number of cell nuclei in Ishikawa cell 
with either forced or depleted expression of TFF3 was determined, as described in materials and methods. (D) Growth in Matrigel culture. 
Ishikawa cells were seeded in 2% Matrigel and irregular colonies formed were counted after incubation for fourteen days, as described 
in materials and methods. Representative images of colonies formed in Matrigel were presented below. (E) Soft agar colony formation. 
Ishikawa cells were seeded in 0.35% agarose and colonies (more than 50µm size) formed were counted after incubation for fourteen days, 
as described in materials and methods. (F) Growth in suspension culture. Ishikawa cells were seeded in low adherent plate and colonies 
(more than 50µm size) formed were counted after incubation for fourteen days, as described in materials and methods. (G) Foci formation. 
Ishikawa cells were seeded in six-well plate and stained with coomassie blue after incubation for fourteen days. Representative images of 
colonies formed were presented below. (H) Colony scattering assay. Distribution of compact, loose, and scattered colonies of Ishikawa cells 
with either forced or depleted expression of TFF3. Cells were plated at colony-forming conditions. One hundred colonies in each sample 
were categorized after scoring phase contrast images into three categories: compact (in which >90% of cells in a colony have cell-cell 
junctions), loose (in which 50–90% of cells form junctions), and scattered (in which <50% of cells form junctions), as described in materials 
and methods. Representative images of colonies formed were presented below. (I) Migration. Capacity of Ishikawa cells with either forced 
or depleted expression of TFF3 to migrate through membrane in trans-well chamber, as described in materials and methods. (J) Invasion. 
Capacity of Ishikawa cells with either forced or depleted expression of TFF3 to invade and migrate through Matrigel coated membrane 
in trans-well chamber, as described in materials and methods. (K) Collagen I adhesion. Capacity of Ishikawa cells with either forced or 
depleted expression of TFF3 to adhere to a Collagen I matrix, as described in materials and methods. (L) Trans-migration. Capacity of 
Ishikawa cells with either forced or depleted expression of TFF3 to transmigrate through a HMEC-1 layer, as described in materials and 
methods.
Statistical significance was assessed by using an unpaired two-tailed Student’s t test (P<0.05 was considered as significant) using 
GraphPad Prism5. Columns or points are mean of triplicate experiments; bars, ±SD. **P < 0.001, *P < 0.05.
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concordant with the observed decrease in apoptosis (Table 
1). In contrast, the depletion of TFF3 in the EC cells 
exhibited the opposite effect on the expression of these 
apoptosis-related genes. These observations suggest that 
TFF3 stimulates survival and proliferation of the EC cells 
through the modulation of genes involved in cell cycle 
progression and apoptosis.

A characteristic of oncogenically transformed cells 
is the capacity for anchorage-independent growth, which 
is studied using the soft agar colony formation, suspension 
culture and foci formation assays. Ishikawa-TFF3 cells 
exhibited higher anchorage-independent cell growth, 
as indicated by increased colony formation in soft agar 
(Figure 2E), increased cell growth in suspension culture 
(Figure 2F) and increased foci formation (Figure 2G), as 
compared to Ishikawa-vector cells. In contrast, depletion 
of TFF3 decreased anchorage-independent cell growth of 
Ishikawa cells in the respective assays (Figure 2E-2G). 
Similar directional changes in anchorage-independent 
growth were observed in ECC-1 cells with either forced 
or depleted expression of TFF3 (Supplementary Figure 
1D-1E). Hence, TFF3 promotes increased oncogenicity of 
EC cells.

We next determined the effect of TFF3 on the 
migratory and invasive properties of EC cells. In colony 
scattering assay, Ishikawa-TFF3 cells formed a higher 
percentage of loose and scattered colonies, and a lower 
percentage of compact colonies as compared to Ishikawa-
vector cells (Figure 2H). On the other hand, Ishikawa-
siTFF3 cells formed a higher percentage of compact 
colonies, a lower percentage of loose colonies and an even 
lower percentage of scattered colonies, as compared to 
Ishikawa-sivector cells (Figure 2H). As compared to their 
respective control cells, Ishikawa-TFF3 cells exhibited 
more mesenchymal characteristics including an elongated 
morphology with multiple cellular protrusions and reduced 
cell-cell contact, while Ishikawa-siTFF3 cells exhibited 
more epithelial characteristics forming defined grouped 
colonies with copious cell-cell contact (Figure 2H). In 
addition, forced expression of TFF3 significantly increased 
cell migration, while depletion of TFF3 significantly 
reduced cell migration of Ishikawa cells in the Transwell 
assay (Figure 2I). Ishikawa-TFF3 cells also demonstrated 
significantly increased invasion, while Ishikawa-siTFF3 
cells showed significantly decreased invasion through the 
Matrigel-coated Transwell, as compared to their respective 
control cells (Figure 2J). As the metastatic process also 
involves the adhesion of tumour cells to, and invasion 
through, the surrounding extracellular matrix [21], we 
investigated the effect of TFF3 on the ability of EC cells 
to adhere to collagen I, which is a major component of the 
stromal matrix. The forced expression of TFF3 increased 
the adhesion of Ishikawa cells to collagen I, while 
depletion of TFF3 decreased the adhesion of Ishikawa 
cells to collagen I (Figure 2K). Furthermore, tumour cells 
adhere to and migrate through endothelial cells lining 

blood vessels during metastasis [21]. Ishikawa-TFF3 cells 
showed increased transmigration through the endothelial 
cell barrier as compared to Ishikawa-vector cells (Figure 
2L). In contrast, Ishikawa-siTFF3 cells showed decreased 
transmigration through the endothelial cell barrier as 
compared to Ishikawa-sivector cells (Figure 2L). Similar 
directional changes in invasive and migratory properties 
were observed in ECC-1 cells with either forced or 
depleted expression of TFF3 (Supplementary Figure 1H-
1J). We further determined the effect of forced expression 
of TFF3 on the expression of epithelial mesenchymal 
transition (EMT)-related genes using qPCR (Table 1). 
The forced expression of TFF3 in the EC cells increased 
the mRNA levels of mesenchymal gene markers including 
TWIST1, VIM, FN1 and SNAIL, and decreased the mRNA 
levels of epithelial gene markers including OCLN and 
CDH1, concordant with the observed TFF3-mediated 
invasion and migration of EC cells. In contrast, the 
depletion of TFF3 in the EC cells exhibited the opposite 
effect on the expression of these EMT-related genes. 
Furthermore, the forced expression of TFF3 increased 
the mRNA levels of metastasis-associated genes MET and 
PLAU, while the depletion of TFF3 exhibited a decrease in 
the expression of these genes in the EC cells. Hence, TFF3 
increases the EMT of EC cells through the modulation 
of epithelial, mesenchymal and metastasis-related gene 
markers.

TFF3 enhances tumorigenicity of EC cells in vivo

To determine whether TFF3 enhances growth of EC 
cells in vivo, we injected Ishikawa-vector and Ishikawa-
TFF3 cells subcutaneously into the dorsal flanks of 
female nude mice. Palpable tumours derived from each 
cell line were formed within a week, and tumour sizes 
were measured every 3 days. The Ishikawa-TFF3 cell-
derived tumours grew at a significantly faster rate than 
the Ishikawa-vector cell-derived tumours from day 25 
onwards, resulting in a larger tumour mass on day 40 
(Figure 3A). Next, we performed immunohistochemistry 
(IHC) analysis for TFF3 on resected tumours generated 
using Ishikawa-vector or Ishikawa-TFF3 cells. Tumours 
generated from Ishikawa-TFF3 cells exhibited markedly 
increased expression of TFF3 compared to tumours 
generated from Ishikawa-vector cells (Figure 3B) 
indicative of phenotypic retention. The percentage of the 
TFF3-positive cell population in Ishikawa-TFF3 cell-
derived tumours was significantly higher (84.63±5.82% vs 
14.86±3.08%, p value <0.001) as compared to Ishikawa-
vector cell-derived tumours. We further determined the 
effect of TFF3 on tumour cell proliferation and apoptosis 
in vivo using Ki67 staining and TUNEL assay respectively. 
The percentage of Ki67-positive cell population in 
Ishikawa-TFF3 cells-derived tumours was significantly 
higher as compared to Ishikawa-vector cells-derived 
tumours (Figure 3C). In contrast, the tumours generated 
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Table 1: qPCR analysis for the mRNA levels of various genes associated with oncogenic progression of EC cells with 
either forced or depleted expression of TFF3

Gene

Ishikawa ECC1
Forced expression of 

TFF3
Depleted expression of  

TFF3
Forced expression of  

TFF3
Depleted expression of 

TFF3
Fold 

change p value Fold change p value Fold change p value Fold change p value

CCND1 5.80 1.40E-02 0.21 2.70E-02 6.08 1.92E-02 0.32 2.64E-02
ATM 2.52 4.58E-03 0.67 1.71 E-02 3.23 7.68E-03 0.39 3.63E-03
CCNE1 3.43 6.34E-04 0.17 1.87E-02 2.84 6.14E-03 0.11 1.03E-02
CDK2 2.08 3.01 E-02 0.20 1.73E-02 3.11 3.12E-03 0.15 1.73E-02
CDK4 2.21 3.61 E-02 0.07 7.28E-03 2.12 2.09E-02 0.03 1.00E-02
CDKN1A 0.84 4.63E-02 0.26 1.78E-02 1.46 5.22E-03 0.75 9.12E-05
CDKN2A 1.53 1.23E-02 0.44 4.68E-02 3.26 7.92E-04 0.12 6.93E-03
CHEK2 2.60 2.30E-02 0.11 1.62E-03 2.91 3.35E-06 0.34 9.00E-04
MDM2 9.45 3.87E-03 0.11 2.39E-02 6.49 7.34E-04 0.07 2.10E-03
S100A4 1.76 1.75E-02 0.59 1.63E-02 1.58 5.64E-03 0.47 6.85E-03
TP53 0.07 2.03E-02 9.19 9.69E-03 0.04 2.10E-03 11.38 1.21E-03
CDKN1B 0.15 2.14E-02 3.67 6.45E-04 0.11 1.03E-03 4.82 1.20E-03
APAF1 2.39 1.15E-02 0.10 1.64E-03 3.21 4.24E-02 0.04 1.80E-02
BCLAF1 1.06 2.08E-02 0.29 2.29E-03 1.12 2.22E-02 0.32 2.51E-02
BAK1 1.18 9.52E-02 0.30 2.71 E-04 1.26 5.69E-03 0.72 8.01E-03
BAD 8.60 4.96E-03 0.17 2.17E-03 11.43 1.12E-03 0.05 1.55E-02
BCL2 18.25 1.33E-03 0.17 1.12E-02 15.94 4.41 E-03 0.09 5.58E-03
BCL2L1 3.86 1.90E-02 0.14 7.63E-03 5.63 1.02E-02 0.07 6.13E-02
CASP7 0.21 1.11 E-02 8.20 1.53E-02 0.13 3.03E-02 16.03 7.98E-03
TERT 2.86 1.54E-02 0.51 4.21 E-02 3.67 2.17E-03 0.01 2.13E-03
TNFRSF10B 4.52 8.66E-03 0.37 1.98E-02 6.04 1.46E-03 0.29 4.08E-03
MET 2.18 1.10E-02 0.38 3.20E-05 3.46 2.24E-03 0.09 1.68E-02
NME1 1.03 1.71 E-02 0.89 2.57E-02 1.94 7.84E-04 0.05 1.51E-03
PLAU 4.90 8.57E-05 0.23 2.30E-02 5.02 1.73E-03 0.34 2.49E-02
SERPINE1 5.56 3.00E-03 0.13 2.29E-02 7.02 1.64E-02 0.11 2.56E-02
TWIST1 2.17 7.95E-03 0.23 4.06E-02 3.09 7.46E-03 0.09 5.84E-04
VIM 7.64 9.01 E-03 0.12 3.66E-02 10.37 4.73E-02 0.26 3.85E-03
FN1 3.30 3.51 E-03 0.21 3.44E-02 6.39 1.84E-03 0.11 2.75E-03
OCLN 0.22 3.61 E-03 4.72 4.01 E-03 0.01 4.38E-03 7.38 2.83E-02
CTNNA1 0.88 4.01 E-02 0.30 2.88E-02 1.84 4.94E-03 0.25 3.76E-02
CTNNB1 0.81 3.70E-02 0.28 2.97E-02 1.55 4.84E-02 0.22 3.47E-03
CTNND1 1.59 3.87E-02 0.28 1.70E-02 3.92 3.82E-02 0.36 3.75E-03
CDH1 0.06 1.93E-02 5.03 1.74E-03 0.04 3.95E-04 13.95 4.74E-02
CD44 0.77 1.61 E-02 0.40 2.70E-02 1.26 1.85E-02 0.56 4.33E-02
SNAIL 1.77 1.03E-02 0.12 3.01 E-02 2.04 3.85E-02 0.25 1.85E-02
CDH2 5.43 7.29E-03 0.27 1.11 E-02 8.03 3.83E-04 0.14 3.75E-03
ALDH1 7.66 7.00E-03 0.08 7.88E-03 11.48 2.85E-02 0.09 4.39E-01

Change in gene expression is expressed as fold difference, respectively. Fold change values are representative of three independent 
biological experiments. To compensate for potential differences between markers, the relative expression was computed, based on the 
efficiency (E), normalized by a panel of housekeeping genes, β-ACTIN, HPRT, and GAPDH.
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Figure 3: Forced expression of TFF3 in Ishikawa cell enhances tumour formation in immunodeficient mice. Ishikawa 
cells with forced expression of TFF3 and their vector control cells in Matrigel were injected SC into immunodeficient mice and allow 
to grow for defined period as described in materials and methods. (A) Tumour volume in relation to the day of surgery shown. Resected 
tumour masses generated from Ishikawa-TFF3 and Ishikawa-vector cells in mice are shown on the right side. (B) TFF3 expression was 
assessed in resected tumour masses generated from Ishikawa-TFF3 and Ishikawa-vector cells in mice using immunohistochemistry (IHC) 
as described in materials and methods. (C) Cell proliferation was assessed using Ki67 positivity staining as described in materials and 
methods. (D) Apoptosis was measured by TUNEL labelling as described in materials and methods.
Statistical significance was assessed by using an unpaired two-tailed Student’s t test (P<0.05 was considered as significant) using 
GraphPad Prism5. Columns or points are mean of triplicate experiments; bars, ±SD. **P < 0.001, *P < 0.05.
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from Ishikawa-TFF3 cells contained significantly less 
apoptotic nuclei than tumours formed from Ishikawa-
vector cells in the TUNEL assay (Figure 3D). Therefore, 
TFF3 promotes xenograft growth of Ishikawa cells by 
increasing tumour cell proliferation and reducing tumour 
cell apoptosis.

High TFF3 expression is associated with EC and 
myometrial invasion

To determine the potential clinical relevance 
of TFF3 expression in EC patients, we analyzed the 
expression levels of TFF3 protein in normal endometrial 
tissues, endometrial hyperplasia and EC using IHC. High 
TFF3 expression was observed in EC specimens, while 
absent or lower TFF3 expression was detected in the 
normal endometrium and hyperplastic tissues (Figure 
4A). The percentage of EC patients with high TFF3 
expression was significantly higher than the percentage of 
EC patients with absent or low TFF3 expression (Figure 
4B). In contrast, in cohorts with normal endometrium, 
simple endometrial hyperplasia (SEH) and complex 
endometrial hyperplasia (CEH), the percentage of cases 
with absent/low TFF3 expression was higher as compared 
to the percentage of cases with high TFF3 expression, 
although the differences were not statistically significant 
(Figure 4B). TFF3 expression in EC was found to be 
significantly correlated with enhanced myometrial 
invasion (Table 2). There was also a tendency for TFF3 
expression to be associated with higher FIGO grade and 
cervical involvement although statistical significance was 
not reached.

Acute TAM exposure increases TFF3 expression 
and enhances cell viability of ER+ EC cells

To determine the potential association between 
TAM-driven agonistic activities and TFF3 expression 
in EC cells, we first utilized cell viability analysis to 
determine the effect of acute TAM exposure (48 hour) 
in Ishikawa, ECC-1, RL95-2 and AN3 cells. Acute 
TAM exposure resulted in a dose-dependent increase 
in cell viability of Ishikawa and ECC-1 cells (Figure 
5A); whereas, ER-negative and low TFF3-expressing 
RL95-2 and AN3 cells exposed to TAM exhibited only 
marginal increases in cell viability at higher doses of 
TAM. We also verified that TAM was acting as an ERα 
agonist over the utilized dose range of TAM by use of 
an oestrogen response element (ERE) reporter assay 
in Ishikawa cells (Supplementary Figure 2A). Higher 
doses of TAM has been reported to exhibit cytotoxic 
effects in EC cells [33]. We therefore verified that TAM 
was not cytotoxic in Ishikawa cells over the utilized 
dose range (5µM) of TAM as indicated by use of 
ApoTox-Glo™ Triplex Assay, Promega (Supplementary 
Figure 2B).

We next assessed TFF3 promoter activity using a 
TFF3-luciferase (-luc) reporter construct in Ishikawa, 
ECC-1, RL95-2 and AN3 cells after exposure to TAM. 
The TFF3-luc reporter construct contains a fragment of 
the TFF3 gene promoter (−700 to +50 bp) as described 
in the materials and methods section. On exposure to 
increasing concentrations of TAM, Ishikawa and ECC-
1 cells exhibited dose-dependent increases in TFF3 
promoter activity (Figure 5B); whereas, RL95-2 and AN3 
cells exposed to TAM exhibited only marginal increases in 
TFF3 promoter activity at higher doses of TAM. As TFF3 
has previously been demonstrated to increase STAT3 
activity and expression of CCND1 and BCL2 [21], we 
next utilized qPCR and western blot analysis to examine 
the mRNA and protein levels of TFF3, CCND1, BCL2 
and pSTAT3 in Ishikawa cells after exposure to TAM. 
Consistent with above findings, Ishikawa cells exposed 
to TAM exhibited dose-dependent increases in the mRNA 
levels of TFF3, CCND1 and BCL2 (Figure 5C); and dose 
dependent increase in protein levels of TFF3, CCND1, 
BCL2 and pSTAT3. No significant change was observed 
in total STAT3 protein levels in Ishikawa cells after 
exposure to TAM (Figure 5D). Thus, acute TAM exposure 
consequently increased TFF3 expression and enhanced 
cell viability of ER+ Ishikawa and ECC-1 cells.

Chronic exposure of ER+ EC cells to TAM 
stimulates growth in 3D Matrigel culture, 
anchorage independent cell growth, and cell 
invasion through TFF3

To determine the functional role of TFF3 in TAM-
stimulated agonistic activities in EC cells, we generated 
an in vitro model of Ishikawa and ECC-1 cell lines with 
chronic (18 weeks) TAM exposure (CTE) or vehicle 
(DMSO) exposure (VE) as described in materials and 
methods. Cell lines were designated as CTE-Ishikawa/VE-
Ishikawa and CTE-ECC-1/VE-ECC-1 cells. Using western 
blot analysis we first determined that CTE-Ishikawa cells 
exhibited higher basal TFF3 protein levels compared to 
VE-Ishikawa cells when cultured in 10%FBS-media (FM) 
or charcoal-stripped 10%FBS phenol-red free media (CSF-
PRFM) (Figure 6A). On exposure to TAM, both CTE-
Ishikawa and VE-Ishikawa cells exhibited augmented 
levels of TFF3 protein compared to the respective vehicle 
(DMSO) exposed cells (Figure 6A). Nevertheless, CTE-
Ishikawa cells maintained higher protein levels of TFF3 
compared to VE-Ishikawa cells in the presence of TAM 
(Figure 6A). Moreover, CTE-Ishikawa cells also exhibited 
increased pSTAT3 activity and higher basal protein levels 
of CCND1 and BCL2 compared to VE-Ishikawa cells 
when cultured in FM or CSF-PRFM (Figure 6A). The 
total protein levels of STAT3 were not significantly altered 
in Ishikawa cells with either CTE- or VE- when cultured 
in FM or CSF-PRFM. On exposure to TAM, both CTE-
Ishikawa and VE-Ishikawa cells exhibited augmented 
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levels of pSTAT3 activity and CCND1 and BCL2 protein 
compared to the respective vehicle (DMSO) exposed cells 
(Figure 6A). Consistently, CTE-Ishikawa cells maintained 
increased pSTAT3 activity and higher protein levels of 
CCND1 and BCL2 compared to VE-Ishikawa cells in the 
presence of TAM (Figure 6A). The total protein levels 
of STAT3 were not significantly altered in Ishikawa 
cells with either CTE- or VE- when exposed to TAM or 
DMSO. Hence, CTE-Ishikawa cells exhibited higher TFF3 
protein levels, and corresponding higher levels of pSTAT3, 

CCND1 and BCL2 as compared to VE-Ishikawa cells, 
both basally and with acute TAM exposure.

Next, we employed validated siRNA [34] to reduce 
expression of TFF3 in both CTE-Ishikawa and VE-
Ishikawa cells when cultured in FM or CSF-PRFM. 
siRNA-mediated depletion of TFF3 protein in both CTE-
Ishikawa or VE-Ishikawa cells markedly decreased 
basal protein levels of TFF3 compared to their control 
cells (Figure 6A). Depletion of TFF3 expression in both 
CTE-Ishikawa and VE-Ishikawa cells also resulted in 
decreased protein levels of CCND1 and BCL2, and 

Figure 4: High TFF3 expression is observed in EC patient tissue specimens. (A) TFF3 expression was detected using 
immunohistochemistry (IHC) in normal (endometrium), simple endometrial hyperplasia (SEH), complex endometrial hyperplasia (CEH), 
and EC tissue specimens. TFF3 was predominantly localized in the cytoplasm of carcinoma cells in EC tissue specimens. Representative 
images of TFF3 expression in normal, SEH, CEH, and EC tissue specimens were captured under X200 magnification (above). (B) TFF3 
expression was analysed in normal, SEH, CEH, and EC tissue specimens using IHC. Statistical significance was assessed by using an 
unpaired two-tailed Student’s t test (P<0.05 was considered as significant) using GraphPad Prism5.
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pSTAT3 activity as compared to their control cells (Figure 
6A). Moreover, TAM-stimulated protein levels of TFF3, 
CCND1, and BCL2; and pSTAT3 activity were abrogated 
after depletion of TFF3 expression in both CTE-Ishikawa 
and VE-Ishikawa cells (Figure 6A). CTE-Ishikawa and 
VE-Ishikawa cells cultured in CSF-PRFM exhibited 

augmented protein levels of TFF3, CCND1, and BCL2; 
and pSTAT3 activity compared to cells cultured in FM 
(Figure 6A). Similar directional changes in protein levels 
of TFF3, CCND1, BCL2, and pSTAT3 activity were 
observed in acute TAM or DMSO treated CTE- or VE- 

Table 2: Association of TFF3 expression with clinicopathological parameters from endometrial cancer patients

Parameter n TFF3 expression
(++/+++), n (%)  p value

Age (years)    

 < 60 40 25 (62.5) 0.650

 ≥ 60 7 5 (71.4)  

Menopausal status  4  

 Premenopausal 12 7 (58.3) 0.646

 Postmenopausal 35 23 (65.7)  

FIGO stage    

 I + II 42 25 (59.5) 0.075

 III+IV 5 5 (100.0)  

FIGO grade    

 1 21 12 (57.1) 0.391

 2 + 3 26 18 (69.2)  

Lymph node metastasis    

 – 44 27 (61.4) 0.178

 + 3 3 (100.0)  

Myometrial invasion    

 No 6 0(0) 0.001

 Yes 41 30 (73.2)  

Cervical involvement    

 Negative 42 25 (59.5) 0.075

 Positive 5 5 (100.0)  

Ovarian metastasis    

 Negative 44 27 (61.4) 0.178

 Positive 3 3(100)  

Estrogen receptor (ER)    

 – 13 8 (61.5) 0.840

 + 34 22 (64.7)  

Progesterone receptor (PR)    

 – 13 8 (61.5) 0.840

 + 34 22 (64.7)  

Note: Cohort size (N)=47; statistical analyses of patient’s samples was performed using SPSS software (version 13.0; 
SPSS, Chicago, IL). P<0.05 was considered as significant. Estrogen or progesterone receptor positive required at least 10% 
staining nuclei.
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ECC-1 cells,  and upon TFF3 depletion in these cells 
under the same conditions (Figure 6A).

To determine the functional consequences of 
enhanced TFF3 expression in TAM-treated EC cells, 
we next examined 3D Matrigel growth, anchorage 
independent growth and invasiveness of CTE-Ishikawa 
and VE-Ishikawa cells when cultured in FM or CSF-
PRFM after exposure to TAM or DMSO. In 3D Matrigel 
culture, CTE-Ishikawa cells exhibited increased cell 
viability compared to VE-Ishikawa cells when cultured 
in FM or CSF-PRFM (Figure 6B). On exposure to TAM, 
both CTE-Ishikawa and VE-Ishikawa cells exhibited 
increased 3D growth as compared to the respective 
vehicle-exposed cells (Figure 6B). CTE-Ishikawa cells 
maintained significantly increased 3D growth compared 

to VE-Ishikawa cells in the presence of TAM (Figure 6B). 
siRNA-mediated depletion of TFF3, decreased both basal 
and TAM-stimulated 3D growth of CTE-Ishikawa or VE-
Ishikawa cells (Figure 6B). Notably, the stimulatory effect 
of TAM exposure on 3D growth was largely abrogated by 
TFF3 depletion in Ishikawa cells in either CTE- or VE-
cells. In soft agar colony formation and foci formation 
assays, CTE-Ishikawa cells exhibited enhanced anchorage 
independent growth capacity compared to VE-Ishikawa 
cells when cultured in FM or CSF-PRFM (Figure 6C and 
Supplementary Figure 2C). On exposure to TAM, both 
CTE-Ishikawa and VE-Ishikawa cells exhibited enhanced 
soft agar colony formation and foci formation compared 
to vehicle-exposed cells, although CTE-Ishikawa cells still 
maintained significantly higher anchorage-independent 

Figure 5: TAM exposure of ER+ EC cells stimulates cell viability, increased promoter activity of TFF3, expression of 
TFF3/CCND1/BCL2 and STAT3 activity. (A) Cell viability was measured in EC cells after exposure to increased doses of TAM. 
Cell viability was measured using Alamar Blue as described in materials and methods. (B) TFF3 promoter activity was measured in EC 
cells after exposure to increasing doses of TAM. Universal controls (scrambled oligo) were used for transfection control as described in 
materials and methods. The luciferase assay was performed as described in materials and methods. (C) qPCR analysis was used to evaluate 
the mRNA levels of TFF3, CCND1, and BCL2 gene in Ishikawa cells after exposure to increasing doses of TAM. qPCR analysis were 
performed as described in materials and methods. Change in gene expression is expressed as fold difference relative to mRNA levels of 
β-ACTIN. Fold change values are representative of three independent biological experiments. (D) Western blot analysis was used to assess 
the levels of TFF3, pSTAT3, STAT3, BCL2, and CCND1 in Ishikawa cells after exposure to increased doses of TAM. Soluble whole cell 
extracts were run on a SDS-PAGE and immunoblotted as described in materials and methods. β-ACTIN was used as input control for cell 
lysate. The predicted sizes of detected protein bands in kDa are shown on the left side.
Statistical significance was assessed by using an unpaired two-tailed Student’s t test (P<0.05 was considered as significant) using 
GraphPad Prism5. Columns or points are mean of triplicate experiments; bars, ±SD. **P < 0.001, *P < 0.05.
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growth capacity than VE-Ishikawa cells (Figure 6C and 
Supplementary Figure 2C). Depletion of TFF3 in CTE-
Ishikawa or VE-Ishikawa cells reduced both basal and 
TAM-stimulated soft agar colony formation and foci 
formation (Figure 6C and Supplementary Figure 2C). 
In particular, the stimulatory effect of TAM exposure 
on anchorage-independent growth was abrogated 
after depletion of TFF3 expression in either CTE- or 
VE- Ishikawa cells. In transwell invasion assays, CTE-
Ishikawa cells exhibited increased cell invasion capacity 

through Matrigel compared to VE-Ishikawa cells when 
cultured in FM or CSF-PRFM (Figure 6D). On exposure 
to TAM, both CTE-Ishikawa and VE-Ishikawa cells 
demonstrated enhanced cell invasion capacity through 
Matrigel compared to vehicle-exposed cells, with 
CTE-Ishikawa cells maintaining a significantly higher 
invasive capacity than VE-Ishikawa cells (Figure 6D). 
siRNA-mediated depletion of TFF3 expression in CTE-
Ishikawa or VE-Ishikawa cells largely prevented cell 
invasion through Matrigel (Figure 6D). Particularly, the 

Figure 6: TAM-stimulated oncogenic behaviour of ER+ EC cells is significantly abrogated after depletion of TFF3 
expression. (A) Western blot analysis was used to assess the levels of TFF3, pSTAT3, STAT3, CCND1, and BCL2 protein in EC cells, 
namely Ishikawa and ECC-1 with chronic TAM exposed (CTE) or their vehicle exposed (VE). EC cells (VE or CTE) were cultured in FM 
or CSF-PRFM. 5μM TAM was treat cells. Depletion of TFF3 expression was achieved using transient-transfection of small interfering 
(si)-RNA directed to TFF3 transcript as described in materials and methods. Soluble whole cell extracts were run on a SDS-PAGE and 
immunoblotted as described in materials and methods. β-ACTIN was used as input control for cell lysate. The predicted sizes of detected 
protein bands in kDa are shown on the left side. (B) 3D Matrigel growth, (C) soft agar colony formation and (D) trans-well cell invasion of 
EC cells with CTE or VE. EC cells (VE or CTE) were cultured in FM or CSF-PRFM. 5μM TAM was used to treat cells. Depletion of TFF3 
expression was achieved using transient-transfection of small interfering (si)-RNA directed to TFF3 transcript as described in materials 
and methods. Cell viability of EC cells (CTE or VE) measured using AlamarBlue® viability assay as described in materials and methods.
FM were 10%FBS, standard media conditions as per ATCC propagation instructions; and CSF-PRFM were charcoal stripped 10% FBS, 
phenol-red free media. Statistical significance was assessed by using an unpaired two-tailed Student’s t test (P<0.05 was considered as 
significant) using GraphPad Prism5. Columns are mean of triplicate experiments; bars, ±SD. **P < 0.001, *P < 0.05.
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stimulatory effect of TAM on cell invasion was abrogated 
after depletion of TFF3 expression in CTE-Ishikawa 
and VE-Ishikawa cells. ECC-1 cells with either CTE- or 
VE- exhibited similar directional changes in 3D Matrigel 
growth, anchorage independent growth and cell invasion 
on exposure to TAM or DMSO, and upon the depletion 
of TFF3 in these cells under the same conditions (Figure 
6B-6D). Thus, chronic TAM exposure stimulates growth, 
oncogenicity and invasiveness of ER+ EC cells in a TFF3-
dependent manner.

TAM-stimulated increase in TFF3 expression 
occurs through hypomethylation of the TFF3 
promoter and increased transcriptional activity 
of c-JUN/SP1

To understand the mechanism of enhanced TFF3 
expression in EC cells after chronic exposure to TAM, 
we examined the methylation status of the proximal 
TFF3 promoter in CTE-Ishikawa and VE-Ishikawa cells 
using methylation-specific PCR after genomic bisulfite 
modification as described in materials and methods. 
The promoter sequence of TFF3 from -700bp to +50bp 
contains 13 CpG’s, out of which 7 CpG’s are located 
between -550bp to -251bp and 6 CpG’s are located 
between -150bp to +50bp. Two set of primers were 
designed for methylated or un-methylated sequence 
from -150bp to +50bp (P1) and -550bp to -251bp (P2) 
as described in materials and methods (Figure 7A). Using 
PCR analysis, both P1 & P2 PCR product demonstrated 
that the TFF3 promoter sequence was hypomethylated 
in CTE-Ishikawa cells as compared to VE-Ishikawa cells 
when cultured in either FM or CSF-PRFM (Figure 7B). 
Upon acute exposure to TAM, both CTE-Ishikawa cells 
and VE-Ishikawa cells showed decreased TFF3 promoter 
methylation (Figure 7B). Notably, TAM exposure 
rendered the TFF3 promoter in CTE-Ishikawa cells to be 
almost completely non-methylated as compared to vehicle 
treated cells (Figure 7B). Hence, cells cultured in CSF-
PRFM exhibited hypomethylation of the TFF3 promoter 
compared to cells cultured in FM media (Figure 7B).

We next sought to determine the transcription factors 
that bind the TFF3 promoter to regulate TFF3 transcription 
in EC cells with acute and/or chronic TAM exposure. 
Using the online Transcriptional Regulatory Element 
Database (TRED) (https://cb.utdallas.edu/cgi-bin/TRED/
tred.cgi?process=home), we identified four transcription 
factor binding sites in the TFF3 promoter sequence 
between -700bp to +50bp namely FOXA2, c-JUN, 
SP1, and SOX5 (Figure 7A). FOXA2, c-JUN, and SP1 
transcription factor binding sites are found to be located 
in -550bp to -251bp (P2) of the TFF3 promoter sequence. 
Only the SOX5 transcription factor binding site is located 
in -150bp to +50bp (P1) of the TFF3 promoter sequence. 
To determine whether FOXA2, c-JUN, SP1, and/or SOX5 
is/are involved in TAM-stimulated TFF3 transcription 

in EC cells, the specific TF binding sequences were 
serially mutated in the TFF3-luc reporter construct and 
transfected into CTE-Ishikawa and VE-Ishikawa cells for 
subsequent detection of luciferase activity. As represented 
in Figure 7C, both CTE-Ishikawa and VE-Ishikawa cells 
transfected with each mutant TFF3-luc construct resulted 
in decreased luciferase activities compared to wildtype 
TFF3-luc (positive control) construct. Amongst the 
mutant TFF3-luc constructs, SP1 site mutated TFF3-luc 
construct demonstrated the lowest luciferase activities 
in CTE-Ishikawa cells under FM conditions (Figure 
7C). Furthermore, c-JUN or SP1 site mutated TFF3-
luc construct showed lowest and/or marginal luciferase 
activities in CTE-Ishikawa cells under CSF-PRFM 
conditions. Under FM conditions, no significant changes 
in TFF3 promoter luciferase activities were observed in 
CTE- and VE- Ishikawa cells, or upon acute exposure of 
these cells to TAM. Under CSF-PRFM conditions, CTE-
Ishikawa cells exhibited markedly higher wildtype TFF3 
promoter luciferase activities as compared to VE-Ishikawa 
cells. Notably, mutations in the SP1 or c-JUN transcription 
factor binding sites of the TFF3 promoter abrogated the 
increased transcriptional activity at the TFF3 promoter 
of the CTE-Ishikawa cells. Upon TAM exposure under 
CSF-PRFM conditions, the wildtype TFF3 promoter 
luciferase activities were significantly increased in both 
the CTE-Ishikawa and VE-Ishikawa cells. Similarly, 
mutation of the SP1 or c-JUN transcription factor binding 
sites of the TFF3 promoter prevented the TAM-stimulated 
increase in TFF3 promoter transcriptional activity of 
both the CTE-Ishikawa and VE-Ishikawa cells. Similar 
directional changes in methylation status and TFF3 
promoter luciferase activities was observed in ECC-1 
cells with either CTE- or VE- under the same conditions 
(Figure 7B and 7C). To further determine the regulation 
of TFF3 by c-JUN and/or SP1, we performed chromatin 
immunoprecipitation (ChIP) analysis. Both c-JUN and 
SP1 binding sites of the TFF3 promoter interacted with 
c-JUN and SP1 proteins respectively in CTE-Ishikawa 
cells. Upon TAM exposure, c-JUN and SP1 proteins 
demonstrated significantly increased interaction with their 
respective binding sites on the TFF3 promoter in CTE-
Ishikawa cells (Figure 7D). These observations suggest 
that SP1 and c-JUN transcription factors are involved in 
increased TFF3 transcription in acute or chronic TAM-
exposed EC cells.

TAM-stimulated TFF3 upregulation and 3D 
growth of EC cells occurs in a c-JUN/SP1-
dependent manner

To further confirm the involvement of SP1 and 
c-JUN transcription factors in TAM-stimulated TFF3 
transcription and the resulting functional effects, siRNA-
mediated depletion of SP1 or c-JUN was performed in 
the EC cells (Supplementary Figure 2D and 2E). CTE-
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Ishikawa cells exhibited increased TFF3 luciferase 
activities as compared to VE-Ishikawa cells when cultured 
in FM or CSF-PRFM (Figure 8A). On exposure to TAM, 
both CTE-Ishikawa and VE-Ishikawa cells exhibited 
increased TFF3 luciferase activities as compared to the 
respective vehicle exposed cells (Figure 8A). siRNA-
mediated depletion of SP1 or c-JUN abrogated the 
higher TFF3 luciferase activities in CTE-Ishikawa cells 
and eliminated the TAM-stimulated increase in TFF3 

luciferase activities in both CTE-Ishikawa and VE-
Ishikawa cells (Figure 8A). Concordantly, CTE-Ishikawa 
cells exhibited increased 3D growth as compared to 
VE-Ishikawa cells when cultured in FM or CSF-PRFM 
(Figure 8B). On exposure to TAM, both CTE-Ishikawa 
and VE-Ishikawa cells exhibited increased 3D growth as 
compared to the respective vehicle exposed cells (Figure 
8B). siRNA-mediated depletion of SP1 abrogated the 
higher 3D growth of CTE-Ishikawa cells and eliminated 

Figure 7: TAM stimulates hypomethylation in the TFF3 promoter and modulates TFF3 transcription through c-JUN/
SP1. (A) TFF3 promoter sequence (from -700 to +50bp) located on chromosome 21q22.3 (21:42316053-42314804). Thirteen CpG 
islands are positioned in the TFF3 promoter sequence, highlighted in red colour. Four binding sites for transcription factors, FOXA2 
(TATTTGATTTTA, -667 to -656bp), c-JUN (TGTTTCA, -532 to -525bp; TGACTCA, -498 to -491bp), SP1 (CACCACACCC, -379 to -369bp), 
and SOX5 (CAAACAATCC, -119 to -110bp) were identified in the TFF3 promoter sequence, highlighted in bold font. Starting site, ATG, 
highlighted in green colour. Primer sites highlighted in black (P1) and grey (P2) colour. (B) PCR for bisulfite treated DNA. Total DNA was 
extracted from cells and treated with bisulfite as described in materials and methods. Sequence of unmethylated (U) and methylated (M) 
specific primers described in materials and methods. Primer specific sequence amplified on TFF3 promoter mentioned left side. The sizes 
of detected amplified product in base pair (bp) are shown on the right side. EC cells (VE or CTE) were cultured in FM or CSF-PRFM. 
5μM TAM was used to treat cells. (C) TFF3 promoter activity in EC cells. EC cells (VE or CTE) were cultured in FM or CSF-PRFM. 
5μM TAM was used to treat cells. The luciferase assay was performed as described in Materials and Methods. NT, negative control (pGL3 
basic construct); PT, positive control (pGL3-TFF3 construct); pGL3-TFF3 construct with altered sequence of FOXA, c-JUN, SP1, or SOX5 
binding site (mentioned in Figure 2A), respectively. Construct information is described in methodology section. (D) ChIP analysis in EC 
cells. EC cells (VE or CTE) were cultured in FM or CSF-PRFM. 5μM TAM was used to treat cells. ChIP assay was carried out using IgG 
(control) or SP1 antibody and c-JUN antibody and binding of SP1 and c-JUN was assessed using q-PCR as described in the methodology 
section. For each PCR, enrichment represent relative to the percentage of Input, error bars represent ±SD.
FM were 10%FBS, standard media conditions as per ATCC propagation instructions; and CSF-PRFM were charcoal striped 10% FBS, 
phenol-red free media. Statistical significance was assessed by using an unpaired two-tailed Student’s t test. Columns are mean of triplicate 
experiments; bars, ±SD. **P < 0.001, *P < 0.05.
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the TAM-stimulated increase in 3D growth of both CTE-
Ishikawa and VE-Ishikawa cells (Figure 8B). However, 
siRNA-mediated depletion of c-JUN did not significantly 
decrease the higher 3D growth of CTE-Ishikawa cells nor 
eliminate the TAM-stimulated increase in 3D growth of 
CTE-Ishikawa cells (Figure 8B). In addition, the higher 
TFF3 luciferase activities in CTE-ECC-1 cells, and 
the tamoxifen-stimulated increase in TFF3-luciferase 
activities in both CTE-ECC-1 and VE-ECC-1 cells were 
abrogated by depletion of either SP1 or c-JUN (Figure 
8A). This decrease in TFF3 promoter activities upon SP1 
or c-JUN depletion was concordant with a corresponding 
abrogation of the enhanced 3D growth of the CTE-ECC-1 
cells, and the TAM-stimulated 3D growth of both CTE-
ECC-1 and VE-ECC-1 cells (Figure 8B).

In addition, we also examined for a potential 
association of TFF3, p-c-JUN, c-JUN, and SP1 protein 
expression in the cohort of EC patients used above in 
Figure 4B. IHC analysis showed that TFF3 expression 
positively correlated with expression of p-c-JUN, c-JUN, 
or SP1 in the EC cohort tumour specimen, as compared 
using Pearson correlation (r) summarized in Table 3.

Inhibition of TFF3 or TFF3-mediated STAT3 
signalling abrogates oncogenicity and invasion of 
ER+ EC cells owing to TAM-induction or forced 
expression of TFF3

TFF3 has previously been reported to act through 
STAT3 to stimulate breast cancer metastasis [21]. To 
determine the role of TFF3-mediated STAT3 signalling 
in promoting the oncogenicity and invasion of ER+ 
EC cells, we performed cell functional assays using the 
STAT3 inhibitor, Stattic, in EC cells exposed to TAM 
(Figure 9 and Supplementary Figure 3). As previously 
observed, the forced expression of TFF3 increased; while 
the stable depletion of TFF3 decreased the 3D Matrigel 
growth, anchorage-independent growth, and invasion of 
the EC cells. Similarly, acute TAM treatment increased the 
3D Matrigel growth, anchorage-independent growth, and 
invasion of the EC cells. The siRNA-mediated depletion 
or the monoclonal antibody-mediated inhibition of TFF3 
in EC cells significantly abrogated the higher 3D Matrigel 
growth, anchorage-independent growth and invasion 
owing to TAM-induction or forced expression of TFF3 
(Figure 9). Importantly, the inhibition of STAT3 by Stattic 
also reduced the enhanced 3D Matrigel growth, anchorage-
independent growth and invasion of the EC cells owing to 
TAM-induction or forced expression of TFF3 (Figure 9). 
Similar directional changes was observed on 3D Matrigel 
growth, anchorage-independent growth and invasion of 
the ECC-1 cells after inhibition of TFF3 or STAT3 in the 
presence of acute TAM exposure (Supplementary Figure 
3A, 3B and 3C). Therefore, TAM-stimulated oncogenicity 
and invasion of EC cells is dependent on TFF3-mediated 
STAT3 activation.

DISCUSSION

TAM is a widely-used drug in the treatment of 
BC and long-term side effects include an increased risk 
for EC [9]. The increased risk of EC in TAM-treated 
BC patients ranges from 1.5 to 6.9–fold in different 
studies [13]. BC patients also tend to have an increased 
risk of endometrial proliferative disorders, thereby 
predisposing them to the development of EC upon 
TAM treatment [13]. Importantly, EC resulting from 
TAM treatment are often associated with poor clinical 
outcome and increased mortality [13]. A well-studied 
mechanism accounting for the agonistic effects of TAM 
in the endometrium is the preferential recruitment of 
co-activators by TAM-bound ERα, being attributed to 
differential expression of ERα co-factors in different 
tissues [13]. However, not all ERα target genes are 
upregulated in the endometrium upon TAM treatment, 
suggesting that this mechanism only partially accounts 
for the agonistic effect of TAM in the endometrium. 
The current understanding of TAM-induced EC remains 
limited, hence this reinforces the need to identify novel 
strategies to treat EC and EC that arises from the use 
of TAM [13]. Chronic exposure to TAM has been 
previously linked to increases in cell survival, anchorage 
independent growth, and invasiveness of oestrogen-
responsive EC cells [13]. Clinical transcriptomics in 
EC reveal several genes that are associated with TAM 
treatment and could be used to predict survival rates 
post-TAM treatment [35]. Herein, we reported that both 
acute and chronic TAM treatment resulted in increased 
expression of the ER-responsive TFF3 gene, which in 
turn promoted EC oncogenicity.

An in silico promoter analysis performed by 
Borthwick et al. (2003) has identified two candidate 
ERE sequences in the first -1kb of the TFF3 promoter 
[22]. A study by Theodorou et al. (2013) has shown 
that GATA1 modulates enhancer accessibility and ERα 
binding that regulates the transcription of ERα-regulated 
genes including TFF3 [36]. Similarly, it has been reported 
that TFF3 expression is regulated by ERα binding to ER 
binding sites (ERBSs) brought into vicinity of the TFF3 
locus [37]. Given that the effect of chronic TAM exposure 
on TFF3 expression is maintained in the absence of TAM, 
and the literature evidence for epigenetic regulation of 
TFF3 expression at the core promoter (-700bp) level 
[28, 38, 39], we chose to examine the proximal promoter 
for the ability of TAM to epigenetically regulate TFF3 
expression. In this study, we have reported an epigenetic 
mechanism of TAM-stimulated upregulation of TFF3 
through hypomethylation of its proximal promoter region. 
In general, methylation of CpG sites in gene promoters 
can lead to downregulation or silencing of gene expression 
while demethylation results in the opposite. DNA 
hypomethylation is a ubiquitous phenomenon associated 
with various types of cancers [38]. Hypomethylation of 
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the TFF3 promoter region, resulting in increased TFF3 
expression, has been observed in hepatocellular carcinoma 
[28], and prostate cancer [39]. In contrast, retinoblastoma 
cell lines, with low levels of TFF3 expression, exhibited 
hypermethylation of the TFF3 promoter in a DNA 
methyltransferase 1 dependent manner [40]. Hence, 
a strong association between hypomethylation of the 
TFF3 promoter with high expression of TFF3 has been 
previously established [41]. Herein, both chronic and 
acute exposure of EC cells to TAM resulted in decreased 
methylation of the TFF3 promoter region corresponding 
to binding sites for the transcription factors c-JUN and 
SP1. We showed that the TAM-stimulated expression of 
TFF3 was at least partially c-JUN and/or SP1 dependent 
in EC cells. Concordantly, TFF3 expression in EC tumour 
samples positively correlated with the levels of SP1, and 
the activity and levels of phospho c-JUN. c-JUN has been 
previously implicated in the progression of BC showing 

an increase in invasive potential of the cancer cells that 
is associated with angiogenesis and proliferation [42]. 
SP1 is a transcription factor containing a zinc-finger that 
recognises GC-rich regions and regulates many genes in 
the cell, including proto-oncogenes and tumour suppressor 
genes [43]. Amongst its many targets, SP1 can also work 
together with ERα to regulate the expression of many E2-
responsive genes, as reported in a study utilising BC cells 
[44]. A previous study of the human TFF3 promoter in 
colon cancer cells had also found that the transcription 
of TFF3 was precisely controlled by an SP1 binding site, 
corroborating the results obtained in our experiments 
[45]. Hence, there appears to be a combinatorial control 
of TFF3 expression by chronic tamoxifen exposure in 
EC cells; the hypomethylation of the TFF3 promoter to 
potentially increase availability of TF binding sites as 
well as the specific increase in phospho-c-JUN activity 
and SP1 expression that interact with the binding sites on 

Figure 8: siRNA-mediated depletion of SP1 or c-JUN expression in ER+ EC cells abolished TAM-stimulated promoter 
activity of TFF3 and growth in Matrigel culture. (A) TFF3 promoter activity and (B) growth in Matrigel of EC cells. EC cells 
(VE or CTE) were cultured in FM or CSF-PRFM. 5μM TAM was used to treat cells. Depletion of SP1 or c-JUN expression was achieved 
using transient-transfection of si-RNA directed to SP1 or c-JUN transcript respectively, as described in materials and methods. Universal 
controls (scrambled oligo) were used for transfection control as described in materials and methods. The luciferase assay was performed 
as described in materials and methods.
FM were 10%FBS, standard media conditions as per ATCC propagation instructions; and CSF-PRFM were charcoal striped 10% FBS, 
phenol-red free media. Statistical significance was assessed by using an unpaired two-tailed Student’s t test (P<0.05 was considered as 
significant) using GraphPad Prism5. Columns are mean of triplicate experiments; bars, ±SD. **P < 0.001, *P < 0.05.
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TFF3 promoter and stimulate transcription of TFF3. TFF3 
overexpression also leads to enhanced phospho c-JUN 
activates and SP1 expression at the TFF3 promoter site, 
in turn leading to upregulation of TFF3 expression. This 
may suggest that TFF3 can transcriptionally upregulate 
its own expression in a positive feedback loop through 
increasing the activity and levels of its transcription 
factors, namely SP1 and/or c-JUN. A similar observation 
of TFF3 positively regulating its own expression has 
been previously reported, in which TFF3, being an 
oestrogen-responsive gene, was found to increase ERα 
transcriptional activity [17]. Furthermore, the possible 
TFF3-mediated upregulation and/or activation of SP1 
and c-JUN transcription factors further supports this 
notion as TFF3 has been suggested to be a promiscuous 
ligand which activates multitude of signalling pathways 
including EGFR, HER2, MET, CXCR4/7, and RTKs [21, 
34, 46, 47]. This mode of TFF3 transcriptional regulation 
through a positive feedback loop is an interesting finding 
that warrants further investigation.

In this study, we demonstrated that the elevated 
TFF3 expression upon acute or chronic TAM exposure is 
responsible for increased growth and invasion of the EC 
cells. Consistently, forced expression of TFF3 stimulated 
cell proliferation and survival, 3D cell growth, anchorage-
independent growth, and invasive and metastatic potential 
of EC cells. These observations have been complemented 
by TFF3 depletion studies showing opposite trends. 
In addition to EC, TFF3 has previously been shown 
to enhance cell proliferation, survival, oncogenicity, 
invasion and metastasis of BC [17, 21], prostate cancer 

[29], cervical cancer [23] and hepatocellular carcinoma 
[48]. Consistent with TFF3-stimulated oncogenicity and 
EMT, we observed that TFF3 promotes the expression 
of cell cycle progression, anti-apoptotic, mesenchymal 
and metastasis-associated genes, and suppresses the 
expression of cell-cycle inhibitors, pro-apoptotic and 
epithelial genes in EC cells. A similar trend of TFF3-
regulated gene expression has previously been reported in 
breast, prostate, cervical and hepatocellular cancers [17, 
21, 23, 29, 48]. In addition, we herein observed a graded 
increase in TFF3 expression from normal endometrium 
to endometrial hyperplasia to EC. A significantly higher 
percentage of EC patients exhibited high TFF3 expression 
as compared to low TFF3 expression. This is consistent 
with a previous study, which reported increased TFF3 gene 
and protein expression, and serum TFF3 protein levels 
in high grade endometroid EC as compared to normal 
endometrium [24]. The overexpression of TFF3 has also 
been reported clinically in breast [25], prostate [16, 39, 
49, 50], lung [30, 51], gastric [52–54] and liver [28, 55, 
56] cancers. Furthermore, in our cohort of EC patients, 
TFF3 expression is positively associated with myometrial 
invasion, indicating that TFF3 likely promotes EMT 
leading to cancer progression. We have also previously 
reported a positive correlation of TFF3 expression with 
tumour size, lymph node metastasis, higher stage and 
poorer survival outcome in ER+ BC [21].

Herein, we also demonstrated that the TFF3-
stimulated oncogenicity of EC cells is at least partially 
dependent on STAT3 activity. TFF3-mediated activation 
of STAT3 has also been previously reported to stimulate 

Table 3: Correlation between expression of TFF3, p-c-JUN, c-JUN, and SP1 protein markers in EC cohort utilized in 
Figure 3B

Marker  TFF3 p-c-JUN c-JUN SP1

TFF3 r 1 0.427 0.303 0.383

p-value - 0.003 0.038 0.008

N - 47 47 47

p-c-JUN r 0.427 1 -0.081 0.154

p-value 0.003 - 0.588 0.302

N 47 - 47 47

c-JUN r 0.303 -0.081 1 0.281

p-value 0.038 0.588 - 0.056

N 47 47 - 47

SP1 r 0.083 0.154 0.281 1

p-value 0.008 0.302 0.056 -

N 47 47 47 -

Note: Cohort size (N)=47; r, Pearson’s chi-square test was used to compare the differences between groups. Statistical 
significance was assessed by using an unpaired two-tailed Student’s t test (P < 0.05 was considered as significant) using 
GraphPad Prism 5.
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Figure 9: Inhibition of TFF3 or its downstream effector abrogates oncogenicity and invasion of Ishikawa cells owing 
to TAM-induction or forced expression of TFF3. (A) Growth in Matrigel culture. Ishikawa cells with either forced or depleted 
expression of TFF3 were seeded in 2% Matrigel and irregular colonies formed were counted after incubation for fourteen days, as described 
in materials and methods. Cells were cultured in FM or CSF-PRFM. Representative images of colonies formed in Matrigel were presented 
below. 5μM TAM and 2μM Stattic was used to treat cells. 10μg/ml each of IgG-TFF3 polyclonal antibody was used to treat cells. Cell 
viability was measured using Alamar Blue as described in materials and methods. (B) Soft agar colony formation. Ishikawa cells with 
either forced or depleted expression of TFF3 were seeded in 0.35% agarose and colonies (more than 50μM size) formed were counted 
after incubation for fourteen days, as described in materials and methods. Cells were cultured in FM or CSF-PRFM. Representative images 
of colonies formed in Matrigel were presented below. 5μM TAM and 2μM Stattic was used to treat cells. 10μg/ml each of IgG-TFF3 
polyclonal antibody was used to treat cells. Cell viability was measured using Alamar Blue as described in materials and methods. (C) 
Trans-well cell invasion of Ishikawa cells with either forced or depleted expression of TFF3 as described in materials and methods. Cells 
were cultured in FM or CSF-PRFM. Representative images of colonies formed in Matrigel were presented below. 5μM TAM and 2μM 
Stattic was used to treat cells. 10μg/ml each of IgG-TFF3 polyclonal antibody was used to treat cells.
FM were 10%FBS, standard media conditions as per ATCC propagation instructions; and CSF-PRFM were charcoal striped 10% FBS, 
phenol-red free media. Statistical significance was assessed by using an unpaired two-tailed Student’s t test (P<0.05 was considered as 
significant) using GraphPad Prism5. Columns are mean of triplicate experiments; bars, ±SD. **P < 0.001, *P < 0.05.
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progression of different cancers [21, 25]. Our group has 
earlier shown that TFF3 increased STAT3 activity, which 
resulted in downregulation of E-cadherin, stimulated 
invasion and metastasis of ER+ mammary carcinomas 
[21]. This is supported by a recent study in which TFF3 
decreased E-cadherin expression in a manner dependent 
on STAT3 activity, hence promoting the invasiveness 
of cervical cancer cells [23]. Similarly, it has been 
demonstrated that the TFF3- and VEGF-stimulated 
invasion and growth of colorectal cancer cells is dependent 
on STAT3 activation [57]. In addition, our previous 
study has shown that TFF3 promotes STAT3-dependent 
transcription of IL8, thereby stimulating angiogenesis in 
mammary carcinoma through the IL-8/CXCR2 axis [27].

In summary, TFF3 is a potential therapeutic target 
in EC and in TAM-associated EC. Importantly, TFF3 
also promotes BC progression, decreases anti-oestrogen 
sensitivity and mediates anti-oestrogen resistance. The 
present study provides a compelling rational to explore 
therapeutic agents to inhibit TFF3 in EC and combination 
regimens of TAM with TFF3-inhibiting agents for 
hormone dependent BC, thereby preventing TAM-
stimulating effects in endometrial tissues.

MATERIALS AND METHODS

Cell culture and reagents

The human EC cell lines, Ishikawa, ECC-1, RL95-2 
and AN3, were obtained from the American Type Culture 
Collection (ATCC, Rockville, MD) and were cultured 
as per ATCC propagation instructions. Stable cell lines 
were freshly generated as previously described [21, 32], 
briefly, the human EC cell lines were stably transfected 
with either pIRESneo3 containing the TFF3 cDNA 
(designated as Ishikawa-TFF3 and ECC-1-TFF3) or a 
pSilencer containing a siRNA targeting TFF3 (designated 
as Ishikawa-siTFF3 and ECC-1-siTFF3), using FuGENE 6 
(Promega, Singapore). Control cells lines were transfected 
with the empty pIRESneo3 vector (designated Ishikawa-
vector and ECC-1-vector) or the negative control siRNA 
plasmid (Ambion) as siRNA control (designated Ishikawa-
sivector and ECC-1-sivector). To generate an in vitro 
model of chronic TAM stimulation, Ishikawa and ECC-1 
cells were first exposed to 0.5μM of TAM for six weeks 
and then to 1μM of TAM for twelve weeks. Ishikawa and 
ECC-1 cells were cultured in DMEM (Hyclone, USA) 
supplemented with 10% heat inactivated fetal bovine 
serum (FBS) (Hyclone, USA), 100 IU/mL penicillin and 
100μg/mL streptomycin (Invitrogen, USA) as per ATCC 
propagation instructions. These cells were designated as 
chronic TAM exposure (CTE)-Ishikawa and CTE-ECC-1 
cells. Concomitantly, Ishikawa and ECC-1 cell line were 
also exposed to DMSO (solvent) for similar periods and 
were cultured as per ATCC propagation instructions. 

These EC cells were designated as vehicle exposure (VE)-
Ishikawa and VE-ECC-1 cells. To generate oestrogen-
depleted experimental condition, the cells were cultured 
in phenol red-free media supplemented with charcoal-
stripped 10%FBS (CSF-PRFM). Prior to TAM or vehicle 
exposure, EC cells were cultured in CSF-PRFM for twelve 
hours. Tamoxifen, Doxorubicin (Dox) and STAT3 activity 
inhibitor, Stattic, were purchased from Sigma-Aldrich 
(Singapore).

Patient tissue microarrays and IHC

The patient cohort used herein consists of 47 EC, 20 
SEH, 12 CEH and 38 specimens of normal endometrium 
that underwent surgery at the First Affiliated Hospital of 
Anhui Medical University (AMU) (Hefei, Anhui, People's 
Republic of China) between 2001 and 2002 as previously 
described [58]. The Institutional Review Board of AMU 
approved the protocol for the use of patient specimens 
in this study [58]. Patient consent forms were obtained 
from all patients in accordance with the Declaration of 
Helsinki [58]. IHC analysis was performed as previously 
described [58] using rabbit anti-TFF3 was obtained from 
Abcam, Cambridge, MA; rabbit anti-SP1, rabbit anti-p-c-
JUN and rabbit anti-c-JUN antibodies wereobtained from 
Cell Signaling Technology, Singapore [17]. The details of 
the cohort and IHC scoring methodology have previously 
been described in detail [30, 58, 59].

Plasmids and luciferase assay

Human TFF3 expression and siRNA plasmid 
constructs have been previously described [17]. The 
TFF3, SP1 and c-JUN Stealth RNAi duplexes and Stealth 
RNAi negative control duplexes (Invitrogen, CA) were 
transfected into EC cells by FuGene X-tremeGENE 
9 (Roche Applied Science, Singapore) according to 
the manufacturer’s instructions. The ERE luciferase 
reporter have been previously described [17]. The 
5′-flanking region of human TFF3 (Genbank Accession 
NM_003226.3) was amplified by PCR from a sample 
of genomic DNA from Ishikawa cells using the primers, 
5′- GCTAGCCGTGCTTAGATCCAGAGAG-3′ and 
5′- CTCGAGAGGACCAGCCCCAGCAT-3′, which are 
engineered to contain a Nhel and an Xhol site respectively. 
The PCR product was gel-purified and cloned into the 
pGEM-T Easy vector (Promega, Madison, WI, USA), 
using the T-A cloning strategy. The TFF3 promoter (-700 
to +50 bp) fragments were then cloned into the pGL3-
basic luciferase reporter vector (Promega, USA). Site-
directed mutagenesis was performed using the Q5 DNA 
site-directed mutagenesis kit (NEB, USA) following the 
manufacturer's instructions. We generated four single site 
mutant TFF3 luciferase reporter constructs based on the 
parental TFF3 luciferase reporter construct using pGL3-
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basic as backbone vector. The primers for mutating the 
four transcription factor binding sites (FOXA2, SOX5, 
c-JUN and SP1) were shown in Supplementary Figure 
4. Following the PCR process, the amplified product was 
added directly to a unique Kinase-Ligase-DpnI (KLD) 
enzyme mix for rapid circularization and removal of the 
original template at room temperature. Mutations were 
verified through single-pass DNA sequencing.

Luciferase assays were performed as previously 
described [60]. Briefly, transfections were carried out 
in triplicate using 1μg of the appropriate luciferase 
reporter construct or empty vector along with 0.1μg of 
Renilla luciferase construct as control for transfection 
efficiency. Luciferase activities were assayed 24 hour 
after transfection using the Dual Luciferase Assay System 
(Promega Corp, Madison, WI).

Bisulfite modification

Genomic DNA was prepared from EC cells by 
the standard method of proteinase K digestion and 
phenol/chloroform/isoamyl alcohol extraction. Genomic 
DNA was bisulfite-treated using CpGenomeTM Turbo 
Bisulphite Modification kit from Millipore, CA. with 
some modification. Briefly, 10μg of genomic DNA from 
each samples of EC cells were digested with EcoRV and 
then denatured. Freshly prepared sodium bisulfite (pH5.0, 
1020μl, 3.6M) and hydroquinone (60μl, 10mM) was added 
with a final volume of 1200μl and then the DNA solution 
incubated for 16h at 55°C. DNA was purified using the 
DNA Gel Extraction System (Qiagen, Singapore). After 
denaturation by NaOH and neutralization, the DNA was 
precipitated and resuspended in 50μl of water (DNAse 
free). PCR primers that amplify both methylated DNA 
and unmethylated DNA (Supplementary Figure 5) 
were designed using the Methprimer software (http://
www.urogene.org/methprimer/). PCR conditions were 
summarized in Supplementary Figure 5. PCR products 
were assessed using electrophoresis with a 2% agarose 
gel and visualized.

ChIP assay

ChIP assay was performed as previously described 
[61]. Briefly, EC cells were cultured in FM or CSF-
PRFM and treated with 5μM TAM or vehicle (DMSO). 
Cells were then fixed, harvested and sonicated. 5μg 
of SP1 monoclonal antibody (ChIP-grade), c-JUN 
monoclonal antibody (ChIP-grade) or Rabbit IgG 
from Cell Signaling Technology, Singapore, was used 
in this assay. The precipitated DNA was purified and 
assessed by quantitative-PCR (qPCR) using c-JUN-
FP: 5’GGAAAGACAAGGGAATCTCTGTGT3’, 
c-JUN-RP: 5’AGGCTGCTTCATCCCAGATC 3’; 
SP1-FP: 5’TGGGGCTCTCTTGTCATGG 3’ SP1-RP: 
5’CCTGGTGTAGTGTGCAGGAG 3’.

PCR and qPCR

Total RNA was isolated from cells (cultured in 10% 
fetal bovine serum) using TRIzol Plus RNA Purification 
system as previously described [32]. DNase I treatment, 
reverse transcription, PCR, and qPCR assays were 
performed as previously described [32]. Gene expression 
analysis was performed as previously described [32].

Immunoblot

Immunoblot analysis and IHC was performed as 
previously described [32], using rabbit anti-TFF3, rabbit 
anti-pSTAT3, and mouse anti-STAT3 was obtained from 
Abcam, Cambridge, MA. While the mouse anti-CCND1, 
mouse anti-BCL2, mouse anti-β-ACTIN antibodies were 
obtained from Santa Cruz Biotechnology, CA.

Oncogenicity assays

Cell migration and invasion assays were performed 
using BD BioCoat Matrigel invasion chambers 
(BD Biosciences, Bedford, MA) according to the 
manufacturer’s instructions and as previously described 
[32]. The colony scattering assay was performed as 
previously described [62]. ApoTox-Glo™ Triplex Assay 
Kit from Promega was performed according to the 
macufacturer’s instructions and as previously described 
[63]. Cell functional assays, including an AlamarBlue® 
viability assay, anchorage-independent growth (soft 
agar colony formation and foci formation), 2D and 3D 
morphogenesis, and wound-healing assay were performed 
as previously described [32]. The collagen I adhesion 
assay was performed on Collagen I substrate coated 
plate following manufacturer’s instructions (Invitrogen, 
Singapore). The endothelial cell adhesion and endothelial 
trans-migration assays were performed as previously 
described [62].

Xenograft assay

The in vivo work was carried out following the 
animal care protocol USTCACUC1301013 which was 
approved by The Institutional Animal Care and Ethics 
Committee of The University of Science and Technology 
of China. Xenograft assays were performed as previously 
described. Briefly, Ishikawa-vector or Ishikawa-TFF3 
cells (1.5×108) were suspended in 100μl PBS and injected 
subcutaneously (sc) into 3- to 4-wk-old BALBc nu/
nu mice (Shanghai Slaccas Co., Shanghai, China). The 
latency of the tumours in the nude mice in this study 
was around 1 week, and tumours were harvested 40 days 
after inoculation. Tissue samples of the primary tumours 
were fixed in 4% paraformaldehyde and stained with 
haematoxylin and eosin for histological assessment. For 
BrdU analysis, mice were injected intraperitoneally (ip) 
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with BrdU (100 mg/kg) 6 h before euthanasia. Nuclear 
BrdU was detected in sections using an UltraSensitive 
S-P Kit for BrdU detection (FuZhou MAIXIN BIO 
Co., FuZhou, China) according to the manufacturer’s 
instructions, and slides were counterstained with Gill’s 
haematoxylin. For TUNEL analysis, paraffin-embedded 
tumor tissue sections were deparaffinized and rehydrated, 
followed by treatment with 15 mg/liter proteinase K for 
30 min. Apoptotic nuclei in the section were analyzed 
with an in situ Cell Death Detection Kit, POD (Roche, 
Indianapolis, IN) according to the manufacture’s guide. 
The number of TUNEL-positive cells in tumor sections 
was determined in at least three independent high-
resolution fields selected randomly, and around 800 cells 
were counted per slide. IHC was performed as described 
in the previous section.

Statistics

Statistical analyses of patient’s samples was 
performed using SPSS software (version 13.0; SPSS, 
Chicago, IL), as previously described [58]. Briefly, 
differences between groups were compared using 
Pearson’s chi-square test for qualitative variables and 
Student’s t-test for continuous variables. All numerical 
data are expressed as mean ±SD from a representative 
experiment performed in triplicate. Statistical 
significance was assessed by using an unpaired two-
tailed Student’s t test (P < 0.05 was considered as 
significant) by GraphPad Prism 5 (GraphPad Software, 
Inc, La Jolla, CA).

Author contributions

V.P. designed research, conducted the experiments, 
analysed the data, and wrote the manuscript. Q.Y.C, 
and A.R.R., wrote the manuscript. M.Z., Y.M., D.X.L., 
A.K.P., L.L., L.M., S.J., Z.S.W., and T.Z. conducted the 
experiments and analysed data. P.E.L. designed research, 
analyzed data and corrected the manuscript. All authors 
have read and approved the manuscript for publication.

ACKNOWLEDGMENTS

We thank Lau Yong Chen Amy for her 
technical assistance. This work was supported by 
the National Key R&D Program of China (Grant 
2016 YFC1302305); the National Natural Science 
Foundation of China (81472494,81672615); and 
The Cancer Science Institute through grants from 
The Ministry of Education, Singapore and National 
Research Foundation, Singapore and by a grant from 
the National Medical Research Council of Singapore 
(Grants R-713-000-163-511 and R-713-000-163-511). 
PEL was also supported by The Chinese Academy of 

Sciences President’s International Fellowship Initiative 
(PIFI) Grant No. 2015VBA031.

CONFLICTS OF INTEREST

P.E.L. and T.Z. have consulted for Perseis 
Therapeutics Ltd. P.E.L. is also named on PCT application 
numbers WO 2006/69253 and WO 2008/042435 and 
US provisional application number 61/059558 and 
derivatives thereof. V.P., M.Z., Q.Y.C., A.R.R., Y.M., 
L.L., D.X.L. A.K.P., L.M., S.J., and Z.S.W., declare no 
conflict of interest. VP and PEL are named as inventors 
on a provisional patent for compounds that inhibit TFF3 
dimerization and functions.

REFERENCES

1. Amant F, Moerman P, Neven P, Timmerman D, Van 
Limbergen E, Vergote I. Endometrial cancer. Lancet. 2005; 
366:491-505.

2. Arem H, Irwin ML. Obesity and endometrial cancer 
survival: a systematic review. Int J Obes (Lond). 2013; 
37:634-639.

3. Murali R, Soslow RA, Weigelt B. Classification of 
endometrial carcinoma: more than two types. Lancet Oncol. 
2014; 15:e268-278.

4. Kurra V, Krajewski KM, Jagannathan J, Giardino A, Berlin 
S, Ramaiya N. Typical and atypical metastatic sites of 
recurrent endometrial carcinoma. Cancer Imaging. 2013; 
13:113-122.

5. Zhang L, Li Y, Lan L, Liu R, Wu Y, Qu Q, Wen K. 
Tamoxifen has a proliferative effect in endometrial 
carcinoma mediated via the GPER/EGFR/ERK/cyclin D1 
pathway: a retrospective study and an in vitro study. Mol 
Cell Endocrinol. 2016; 437:51-61.

6. Marino M, Galluzzo P, Ascenzi P. Estrogen signaling 
multiple pathways to impact gene transcription. Curr 
Genomics. 2006; 7:497-508.

7. Shanle EK, Xu W. Endocrine disrupting chemicals targeting 
estrogen receptor signaling: identification and mechanisms 
of action. Chem Res Toxicol. 2011; 24:6-19.

8. Martinkovich S, Shah D, Planey SL, Arnott JA. Selective 
estrogen receptor modulators: tissue specificity and clinical 
utility. Clin Interv Aging. 2014; 9:1437-1452.

9. Davies C, Pan H, Godwin J, Gray R, Arriagada R, Raina V, 
Abraham M, Medeiros Alencar VH, Badran A, Bonfill X, 
Bradbury J, Clarke M, Collins R, et al. Long-term effects of 
continuing adjuvant tamoxifen to 10 years versus stopping 
at 5 years after diagnosis of oestrogen receptor-positive 
breast cancer: ATLAS, a randomised trial. Lancet. 2013; 
381:805-816.

10. Spring LM, Gupta A, Reynolds KL, Gadd MA, Ellisen 
LW, Isakoff SJ, Moy B, Bardia A. Neoadjuvant endocrine 



Oncotarget77289www.impactjournals.com/oncotarget

therapy for estrogen receptor-positive breast cancer: a 
systematic review and meta-analysis. JAMA Oncol. 2016; 
2:1477-1486.

11. Paech K, Webb P, Kuiper GG, Nilsson S, Gustafsson J, 
Kushner PJ, Scanlan TS. Differential ligand activation 
of estrogen receptors ERalpha and ERbeta at AP1 sites. 
Science. 1997; 277:1508-1510.

12. Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, 
Agard DA, Greene GL. The structural basis of estrogen 
receptor/coactivator recognition and the antagonism of this 
interaction by tamoxifen. Cell. 1998; 95:927-937.

13. Hu R, Hilakivi-Clarke L, Clarke R. Molecular mechanisms 
of tamoxifen-associated endometrial cancer (Review). 
Oncol Lett. 2015; 9:1495-1501.

14. Taupin D, Podolsky DK. Trefoil factors: initiators of 
mucosal healing. Nat Rev Mol Cell Biol. 2003; 4:721-732.

15. Babyatsky M, Lin J, Yio X, Chen A, Zhang JY, Zheng 
Y, Twyman C, Bao X, Schwartz M, Thung S, Lawrence 
Werther J, Itzkowitz S. Trefoil factor-3 expression in human 
colon cancer liver metastasis. Clin Exp Metastasis. 2009; 
26:143-151.

16. Garraway IP, Seligson D, Said J, Horvath S, Reiter RE. 
Trefoil factor 3 is overexpressed in human prostate cancer. 
Prostate. 2004; 61:209-214.

17. Kannan N, Kang J, Kong X, Tang J, Perry JK, Mohankumar 
KM, Miller LD, Liu ET, Mertani HC, Zhu T, Grandison 
PM, Liu DX, Lobie PE. Trefoil factor 3 is oncogenic and 
mediates anti-estrogen resistance in human mammary 
carcinoma. Neoplasia. 2010; 12:1041-1053.

18. Kirikoshi H, Katoh M. Expression of TFF1, TFF2 and TFF3 
in gastric cancer. Int J Oncol. 2002; 21:655-659.

19. Wong WM, Poulsom R, Wright NA. Trefoil peptides. Gut. 
1999; 44:890-895.

20. Xu XQ, Emerald BS, Goh EL, Kannan N, Miller LD, 
Gluckman PD, Liu ET, Lobie PE. Gene expression profiling 
to identify oncogenic determinants of autocrine human 
growth hormone in human mammary carcinoma. J Biol 
Chem. 2005; 280:23987-24003.

21. Pandey V, Wu ZS, Zhang M, Li R, Zhang J, Zhu T, Lobie 
PE. Trefoil factor 3 promotes metastatic seeding and 
predicts poor survival outcome of patients with mammary 
carcinoma. Breast Cancer Res. 2014; 16:429.

22. Borthwick JM, Charnock-Jones DS, Tom BD, Hull ML, 
Teirney R, Phillips SC, Smith SK. Determination of the 
transcript profile of human endometrium. Mol Hum Reprod. 
2003; 9:19-33.

23. Yuan Z, Chen D, Chen X, Yang H, Wei Y. Overexpression 
of trefoil factor 3 (TFF3) contributes to the malignant 
progression in cervical cancer cells. Cancer Cell Int. 2017; 
17:7.

24. Bignotti E, Ravaggi A, Tassi RA, Calza S, Rossi E, Falchetti 
M, Romani C, Bandiera E, Odicino FE, Pecorelli S, Santin 

AD. Trefoil factor 3: a novel serum marker identified 
by gene expression profiling in high-grade endometrial 
carcinomas. Br J Cancer. 2008; 99:768-773.

25. Ahmed AR, Griffiths AB, Tilby MT, Westley BR, May FE. 
TFF3 is a normal breast epithelial protein and is associated 
with differentiated phenotype in early breast cancer but 
predisposes to invasion and metastasis in advanced disease. 
Am J Pathol. 2012; 180:904-916.

26. Mhawech-Fauceglia P, Wang D, Samrao D, Liu S, 
DuPont NC, Pejovic T. Trefoil factor family 3 (TFF3) 
expression and its interaction with estrogen receptor (ER) 
in endometrial adenocarcinoma. Gynecol Oncol. 2013; 
130:174-180.

27. Lau WH, Pandey V, Kong X, Wang XN, Wu Z, Zhu T, 
Lobie PE. Trefoil factor-3 (TFF3) stimulates de novo 
angiogenesis in mammary carcinoma both directly and 
indirectly via IL-8/CXCR2. PLoS One. 2015; 10:e0141947.

28. Okada H, Kimura MT, Tan D, Fujiwara K, Igarashi J, 
Makuuchi M, Hui AM, Tsurumaru M, Nagase H. Frequent 
trefoil factor 3 (TFF3) overexpression and promoter 
hypomethylation in mouse and human hepatocellular 
carcinomas. Int J Oncol. 2005; 26:369-377.

29. Perera O, Evans A, Pertziger M, MacDonald C, Chen H, Liu 
DX, Lobie PE, Perry JK. Trefoil factor 3 (TFF3) enhances 
the oncogenic characteristics of prostate carcinoma cells 
and reduces sensitivity to ionising radiation. Cancer Lett. 
2015; 361:104-111.

30. Wang XN, Wang SJ, Pandey V, Chen P, Li Q, Wu ZS, 
Wu Q, Lobie PE. Trefoil factor 3 as a novel biomarker to 
distinguish between adenocarcinoma and squamous cell 
carcinoma. Medicine (Baltimore). 2015; 94:e860.

31. Wu H, Chen Y, Liang J, Shi B, Wu G, Zhang Y, Wang D, 
Li R, Yi X, Zhang H, Sun L, Shang Y. Hypomethylation-
linked activation of PAX2 mediates tamoxifen-stimulated 
endometrial carcinogenesis. Nature. 2005; 438:981-987.

32. Pandey V, Qian PX, Kang J, Perry JK, Mitchell MD, Yin 
Z, Wu ZS, Liu DX, Zhu T, Lobie PE. Artemin stimulates 
oncogenicity and invasiveness of human endometrial 
carcinoma cells. Endocrinology. 2010; 151:909-920.

33. Miller MM, Alyea RA, LeSommer C, Doheny DL, Rowley 
SM, Childs KM, Balbuena P, Ross SM, Dong J, Sun B, 
Andersen MA, Clewell RA. Editor's highlight: development 
of an in vitro assay measuring uterine-specific estrogenic 
responses for use in chemical safety assessment. Toxicol 
Sci. 2016; 154:162-173.

34. Chong QY, You ML, Pandey V, Banerjee A, Chen YJ, Poh 
HM, Zhang M, Zhu T, Ma L, Basappa S, Liu L, Lobie 
PE. Release of HER2 repression of trefoil factor 3 (TFF3) 
expression mediates trastuzumab resistance in HER2+/ER+ 
breast cancer. Oncotarget. 2017; 8:74188-74208. https://doi.
org/10.18632/oncotarget.18431.

35. Mihaly Z, Kormos M, Lanczky A, Dank M, Budczies 
J, Szasz MA, Gyorffy B. A meta-analysis of gene 



Oncotarget77290www.impactjournals.com/oncotarget

expression-based biomarkers predicting outcome after 
tamoxifen treatment in breast cancer. Breast Cancer Res 
Treat. 2013; 140:219-232.

36. Theodorou V, Stark R, Menon S, Carroll JS. GATA3 acts 
upstream of FOXA1 in mediating ESR1 binding by shaping 
enhancer accessibility. Genome Res. 2013; 23:12-22.

37. Quintin J, Le Peron C, Palierne G, Bizot M, Cunha S, 
Serandour AA, Avner S, Henry C, Percevault F, Belaud-
Rotureau MA, Huet S, Watrin E, Eeckhoute J, et al. 
Dynamic estrogen receptor interactomes control estrogen-
responsive trefoil Factor (TFF) locus cell-specific activities. 
Mol Cell Biol. 2014; 34:2418-2436.

38. Ehrlich M. DNA hypomethylation in cancer cells. 
Epigenomics. 2009; 1:239-259.

39. Vestergaard EM, Nexo E, Torring N, Borre M, Orntoft TF, 
Sorensen KD. Promoter hypomethylation and upregulation 
of trefoil factors in prostate cancer. Int J Cancer. 2010; 
127:1857-1865.

40. Philippeit C, Busch M, Dunker N. Epigenetic control of 
trefoil factor family (TFF) peptide expression in human 
retinoblastoma cell lines. Cell Physiol Biochem. 2014; 
34:1001-1014.

41. Busch M, Dunker N. Trefoil factor family peptides—friends 
or foes? Biomol Concepts. 2015; 6:343-359.

42. Vleugel MM, Greijer AE, Bos R, van der Wall E, van Diest 
PJ. c-Jun activation is associated with proliferation and 
angiogenesis in invasive breast cancer. Hum Pathol. 2006; 
37:668-674.

43. Chuang JY, Wang SA, Yang WB, Yang HC, Hung CY, Su 
TP, Chang WC, Hung JJ. Sp1 phosphorylation by cyclin-
dependent kinase 1/cyclin B1 represses its DNA-binding 
activity during mitosis in cancer cells. Oncogene. 2012; 
31:4946-4959.

44. Kim K, Thu N, Saville B, Safe S. Domains of estrogen 
receptor alpha (ERalpha) required for ERalpha/Sp1-
mediated activation of GC-rich promoters by estrogens and 
antiestrogens in breast cancer cells. Mol Endocrinol. 2003; 
17:804-817.

45. Sun Y, Wang L, Zhou Y, Mao X, Deng X. Cloning and 
characterization of the human trefoil factor 3 gene promoter. 
PLoS One. 2014; 9:e95562.

46. Dieckow J, Brandt W, Hattermann K, Schob S, Schulze 
U, Mentlein R, Ackermann P, Sel S, Paulsen FP. CXCR4 
and CXCR7 mediate TFF3-induced cell migration 
independently from the ERK1/2 signaling pathway. Invest 
Ophthalmol Vis Sci. 2016; 57:56-65.

47. May FE, Westley BR. TFF3 is a valuable predictive 
biomarker of endocrine response in metastatic breast cancer. 
Endocr Relat Cancer. 2015; 22:465-479.

48. You ML, Chong QY, Wu MM, Chen YJ, Pandey V, Chen 
RM, Liu L, Ma L, Wu ZS, Zhu T, Lobie PE. Trefoil factor 
3 mediation of oncogenicity and chemoresistance in 
hepatocellular carcinoma cells is AKT-BCL-2 dependent. 

Oncotarget. 2017; 8:39323-39344. https://doi.org/10.18632/
oncotarget.16950.

49. Faith DA, Isaacs WB, Morgan JD, Fedor HL, Hicks JL, 
Mangold LA, Walsh PC, Partin AW, Platz EA, Luo J, De 
Marzo AM. Trefoil factor 3 overexpression in prostatic 
carcinoma: prognostic importance using tissue microarrays. 
Prostate. 2004; 61:215-227.

50. Vestergaard EM, Borre M, Poulsen SS, Nexo E, Torring 
N. Plasma levels of trefoil factors are increased in patients 
with advanced prostate cancer. Clin Cancer Res. 2006; 
12:807-812.

51. Qu Y, Yang Y, Ma D, Xiao W. Increased trefoil factor 3 
levels in the serum of patients with three major histological 
subtypes of lung cancer. Oncol Rep. 2012; 27:1277-1283.

52. Huang Z, Zhang X, Lu H, Wu L, Wang D, Zhang Q, Ding 
H. Serum trefoil factor 3 is a promising non-invasive 
biomarker for gastric cancer screening: a monocentric 
cohort study in China. BMC Gastroenterol. 2014; 14:74.

53. Im S, Yoo C, Jung JH, Choi HJ, Yoo J, Kang CS. Reduced 
expression of TFF1 and increased expression of TFF3 
in gastric cancer: correlation with clinicopathological 
parameters and prognosis. Int J Med Sci. 2013; 10:133-140.

54. Kaise M, Miwa J, Tashiro J, Ohmoto Y, Morimoto S, Kato 
M, Urashima M, Ikegami M, Tajiri H. The combination 
of serum trefoil factor 3 and pepsinogen testing is a valid 
non-endoscopic biomarker for predicting the presence 
of gastric cancer: a new marker for gastric cancer risk. J 
Gastroenterol. 2011; 46:736-745.

55. Khoury T, Chadha K, Javle M, Donohue K, Levea C, Iyer 
R, Okada H, Nagase H, Tan D. Expression of intestinal 
trefoil factor (TFF-3) in hepatocellular carcinoma. Int J 
Gastrointest Cancer. 2005; 35:171-177.

56. Sun Q, Zhang Y, Liu F, Zhao X, Yang X. Identification of 
candidate biomarkers for hepatocellular carcinoma through 
pre-cancerous expression analysis in an HBx transgenic 
mouse. Cancer Biol Ther. 2007; 6:1532-1538.

57. Rivat C, Rodrigues S, Bruyneel E, Pietu G, Robert A, 
Redeuilh G, Bracke M, Gespach C, Attoub S. Implication 
of STAT3 signaling in human colonic cancer cells during 
intestinal trefoil factor 3 (TFF3)—and vascular endothelial 
growth factor-mediated cellular invasion and tumor growth. 
Cancer Res. 2005; 65:195-202.

58. Wu ZS, Yang K, Wan Y, Qian PX, Perry JK, Chiesa J, 
Mertani HC, Zhu T, Lobie PE. Tumor expression of human 
growth hormone and human prolactin predict a worse 
survival outcome in patients with mammary or endometrial 
carcinoma. J Clin Endocrinol Metab. 2011; 96:E1619-1629.

59. Wu ZS, Pandey V, Wu WY, Ye S, Zhu T, Lobie PE. 
Prognostic significance of the expression of GFRalpha1, 
GFRalpha3 and Syndecan-3, proteins binding ARTEMIN, 
in mammary carcinoma. BMC Cancer. 2013; 13:34.

60. Pandey V, Jung Y, Kang J, Steiner M, Qian PX, Banerjee 
A, Mitchell MD, Wu ZS, Zhu T, Liu DX, Lobie PE. 



Oncotarget77291www.impactjournals.com/oncotarget

Artemin reduces sensitivity to doxorubicin and paclitaxel 
in endometrial carcinoma cells through specific regulation 
of CD24. Transl Oncol. 2010; 3:218-229.

61. Pandey AK, Bhardwaj V, Datta M. Tumour necrosis factor-
alpha attenuates insulin action on phosphoenolpyruvate 
carboxykinase gene expression and gluconeogenesis by 
altering the cellular localization of Foxa2 in HepG2 cells. 
FEBS J. 2009; 276:3757-3769.

62. Banerjee A, Wu ZS, Qian P, Kang J, Pandey V, Liu DX, 
Zhu T, Lobie PE. ARTEMIN synergizes with TWIST1 to 

promote metastasis and poor survival outcome in patients 
with ER negative mammary carcinoma. Breast Cancer Res. 
2011; 13:R112.

63. Sebastian A, Pandey V, Mohan CD, Chia YT, Rangappa 
S, Mathai J, Baburajeev CP, Paricharak S, Mervin LH, 
Bulusu KC, Fuchs JE, Bender A, Yamada S, et al. Novel 
adamantanyl-based thiadiazolyl pyrazoles targeting EGFR 
in triple-negative breast cancer. ACS Omega. 2016; 
1:1412-1424.


