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Abstract  

Understanding the mechanisms involved in malignant pathogenesis is fundamental to 

the development of targeted cancer therapies. One of the most common gynaecological 

cancers, endometrial cancer, is the main focus of this thesis. There is no early detection 

test for this disease, with highly invasive treatments (hysterectomy, radiotherapy, 

chemotherapy), associated with fertility repercussions.  Although survival rate is very 

good when detected at early stages, late stage diagnosis is associated with poor survival. 

Thus, development of new diagnostic and treatment options are of vital importance. 

This thesis examines how pro-tumourigenic Nodal/TGF-β cytokine signalling is utilized 

to facilitate tumour development. Additionally, dysregulated anti-tumourigenic 

cytokines are also implicated in tumourigenesis.  As such, the anti-cancer properties 

exhibited by a type I interferon (IFN) specific to the reproductive tract, IFNε, was also 

investigated. 

 

Nodal is rarely expressed in non-embryonic adult cells (except regenerative tissues), and 

re-emergence contributes to cancer pathogenesis. This thesis (Chapter 2) aimed to 

investigate the expression of Nodal signalling components in cancerous and healthy 

human endometrium. We were the first to report, cyclical expression patterns of Nodal 

signalling components within healthy endometrial tissue. These results implicate Nodal 

signalling as a regulator of remodelling events occurring within the proliferative phase 

of the menstrual cycle. We were also the first group to detect overexpression of both 

Nodal and Cripto in human endometrial cancer samples. Furthermore, expression of 

Nodal and Cripto increased dramatically within the epithelial tumour compartment, in 

the histological transition of Grade 1 to Grades 2 and 3. Concurrently, Lefty (antagonist) 

expression was low or absent eluding to unrestricted Nodal signalling in these tumours. 

Furthermore, this data strongly suggests that dysregulated Nodal and Cripto expression 
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positively correlates with the degree of endometrial cancer aggressiveness, 

corroborating with various other types of malignancies such as melanoma and breast 

cancer. 

 

Additionally, this thesis further aimed to study the effects of Nodal signalling blockade 

on cancer cell behavior (Chapter 3). In these studies, neutralising Cripto monoclonal 

antibodies were employed to specifically block Nodal signalling. We demonstrated that 

6E10 MAb treatment significantly suppressed in vitro cancer cell proliferation and 

migration reflecting NODAL/CRIPTO expression levels. Furthermore, the reversal of 

tumourigenic phenotype by in vitro 6E10 MAb treatment was accompanied by 

abrogated Smad 2/3 phosphorylation levels. These results correlate with previous 

studies confirming that Nodal/Smad signalling promotes cancer cell growth and 

metastasis.  

 

In order to broaden the study to include other cytokines present in the FRT we also 

investigated type I IFN, IFNε. IFNε is emerging as an important FRT cytokine with 

distinguished characteristics from other type I IFN members. As such IFNε is 

constitutively expressed by epithelial cells of the FRT and is hormonally regulated, 

exclusively within the endometrium. Therefore, the final aim of this thesis was to 

investigate the in vitro anti-tumourigenic effects of IFNε in FRT epithelial cancer cells 

(Chapter 4). In this study we observed that IFNε down-regulated anti-apoptotic, and up-

regulated pro-apoptotic, IFN stimulated genes (ISGs); in vaginal, cervical and 

endometrial, cancer cell lines. Interestingly, IFNε significantly suppressed proliferation 

of vaginal, cervical and endometrial, cancer cell lines. Additionally, we demonstrated 

that IFNε induces early, as well as late stage apoptosis of epithelial cancer cells.  
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Collectively the body of evidence in this thesis highlights pro-tumourigenic Nodal, and 

anti-tumourigenic IFNε, cytokine activities. The findings of this thesis support both Nodal 

and Cripto as diagnostic and prognostic biomarkers of endometrial cancer as well as 

attractive molecular targets for anti-cancer therapy. As such we demonstrated that 6E10 

Cripto monoclonal antibody could be utilized as potential therapeutic agent. 

Subsequently this thesis further supports the use of IFNε in the development of 

endometrial cancer therapies.
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General Introduction 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

“Either we shall find what it is we are seeking or at least we shall free ourselves from the 

persuasion that we know what we do not know”. 
-Plato, Republic, Book VII 
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Chapter 1: General Introduction 

 Tumourigenesis 

1.1.1. Historical Origins of Cancer Biology  

Contrary to the misbelief of a modern world affliction, archaeological evidence suggests 

that cancer may have existed as early as the pre-historic era. The oldest malignant 

metastatic disease on earth, identified by CT (computerized tomography) of dinosaur 

vertebrae (cretaceous hadrosaurs; duck‐billed dinosaurs), dates approximately 70 

million years ago (1). Further use of modern technological advancements has led to the 

discovery of the oldest case of human malignancy using micro-CT imaging. According to 

Odes E., et al., (2016) the toe bone fossil discovered in Swartkrans cave, near 

Johannesburg, belonged to a hominin (human relative) that was diagnosed with 

osteosarcoma and estimated to have lived on earth 1.7 million years ago. in vivo 

 

The term cancer is derived from the Greek word “karkinos” (καρκίνος) which translates 

to a crab, was first used by the “father of modern medicine” Hippocrates (460-370 BC). 

It is postulated that Hippocrates associated the appearance of a dissected solid tumour, 

with protruding veins stretching from all sides, analogous to a crab that adheres to its 

surroundings with its claws (2).  The medical book known as the Hippocratic Corpus is 

devoted to diseases that produce masses “onkos” (Greek: όγκος) and “karkinos” is 

described as non-ulcer forming and ulcer-forming tumours. According to Hippocrates 

“that which medicine does not heal, the knife frequently heals; and what the knife does 

not heal, cautery often heals; but when all these fail, the disease is incurable” (3). His 

treatment approaches on advanced malignancies were that “occult cancers should not 

be molested. By attempting to treat them, they quickly become fatal. When unmolested, 

they remain in a dormant state for a length of time” (4).  
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Although cancer has coexisted alongside human evolution, its prevalence has increased 

in the new era. Rapidly aging populations, unhealthy lifestyles, as well as the 

overwhelming presence of environmental carcinogens are among numerous causative 

factors contributing to this increase. 

1.1.2. Cancer Hallmarks  

Cancer is a major cause of illness globally, with devastating socio-economic impacts on 

individuals, families, and the community.  134,174 new cancer diagnoses have been 

estimated to occur in Australia for the year 2017, which equates to approximately one 

new cancer case detected every 4 minutes. The Australian Institute of Health and 

Welfare (AIHW) estimated there were 47,753 of cancer related deaths in 2017 (5). 

Fortunately, prognosis has improved, with the overall 5-year survival rate increasing 

considerably over the years. However, this is largely dependent on multiple factors such 

as age, gender, cancer type and staging (5).  

 

Cancer should not be viewed as a single disease, but more importantly as a cluster of 

complex diseases that share common characteristics. More importantly, it constitutes a 

chain of events with intricate communication networks, acting both intracellularly as 

well as via the microenvironment, to sustain the acquired tumourigenic status. From 

Hippocrates’s time to the current technologically advanced era of research, cancer 

biology has culminated to the notion of a multistage heterogeneous disease. 

Tumourigenesis involves the acquisition of a complex network of dysregulated 

molecular processes.  

 

To provide a framework of key molecular mechanisms associated with malignancy, 

Hanahan D., and Weinberg R.A., (2011), proposed the ten hallmarks of pathogenic 
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development, as portrayed in Figure 1 (6, 7). To rationalise the intricacies of cancer 

biology, according to the authors, the hallmarks initially comprised the following 

characteristics: 1) sustaining proliferative signalling, 2) evading growth suppression, 3) 

cell death resistance, 4) replicative immortality, 5) angiogenesis, 6) invasion/metastasis 

(6). The authors subsequently revisited this phenomenon and added: 7) reprogramming 

energy metabolism, 8) evading immune response, 9) genome instability/mutation, and 

10) tumour-promoting inflammation; as subsequent carcinogenic traits (7). The 

multistep machinery allows cells to evolve progressively by acquiring these qualities 

successively, to maintain and aid the malignant transformation.  

 

During carcinogenic development normal cells are recruited to form the “tumour-

associated stroma” or mesenchymal cells adjacent to the cancer cell epithelium, or 

parenchyma (refer to Figure 2). The stromal cells are in constant communication with 

the cancerous cells to and facilitate transformative events. Hence the tumour 

microenvironment is an essential framework that supports the cancerous phenotype 

and contributes to cellular heterogenicity (7). 
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Figure 1.  Hanahan and Weinberg’s Cancer Hallmarks. 

Acquired capabilities leading to cancer development. Highlighted Nodal signalling 
(red) as part of the pro-tumourigenic machinery and IFNε signalling (blue) exhibiting 
anti-tumour functions. Adapted from (6, 7). 

 

 

Cytokines are cell signalling molecules that can be involved in neoplastic development. 

These molecules are aberrantly expressed and can display pro-tumourigenic properties 

such as the TGF-β family member of growth factors, Nodal (see Figure 1). In contrast 

cytokines exhibiting anti-tumourigenic properties are dysregulated as a mechanism to 

promote malignancy. An example of the latter is type I interferon, IFNε (Figure 1). As 
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this thesis intends to examine how these two cytokines are utilized to favour cancer 

development, this introduction will discuss in detail their biological significance. 

 

 

 

 

Figure 2. Solid Tumour Microenvironment Architecture. 

Distinct cell types constitute a solid tumour supported by a specialised 
microenvironment according to dissemination status.  Adapted from (7). 
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 Female Reproductive Cancer  

Gynaecological cancers of the upper and lower female reproductive tract (FRT) are an 

important cause of morbidity and mortality worldwide (8). In Australia, 1,763 

gynaecological cancer related deaths are estimated for 2017 (9).  FRT cancers including 

the most commonly: ovarian, cervical, uterine (endometrial); as well as the rarer: vulva, 

vaginal, placenta; comprise the third most common diagnosed female malignancy (5). 

Emphasis will be given to endometrial cancer in this introduction. 

 

 Biology of the Female Reproductive Tract 

The FRT comprises of ovary, fallopian tubes, uterus, endocervix (projecting into the 

uterus), ectocervix (protruding into the vagina), and vagina as illustrated in Figure 3. The 

FRT is primarily important for successful reproduction. The mucosal lining of upper and 

lower FRT is morphologically and functionally diverse. While the upper FRT (including 

uterine tubes, uterus, and endocervix), is covered by the columnar epithelium which is 

essential for embryo implantation (10); the lower reproductive tract (comprising of 

ectocervix and vagina) is lined with stratified squamous epithelium, serving additional 

protective function against infections (11). 

1.2.1.1 Endometrial tissue Anatomy  

The uterus is a pear-shaped organ (Figure 3), approximately measuring: 8 cm long, 5 cm 

wide and 2.5 cm thick (during nulliparity); and located in the pelvic cavity. The uterine 

corpus, opens into the cervix, followed by the vagina (12). Lining the uterus is the highly 

regenerative endometrial mucosal tissue, where fertilization occurs. Structurally the 

endometrium is composed of the upper functionalis layer (or zona functionalis, refer to 

(Figure 4), in which the morphological changes occur, and the lower basalis layer 
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(otherwise known as zona basalis) (13). Surrounding the endometrium is the smooth 

muscle layer of myometrium. The endometrium consists of glandular and luminal 

epithelial cells, surrounded by stromal cells (see Figure 4). Paracrine activities of stromal 

cells facilitate growth and differentiation of endometrial epithelial cells.   It has been 

postulated that stem/progenitor cells identified in glandular and stromal zona basalis, 

might contribute to the great regenerative capacity of the endometrium (14). 

 

 

 

Figure 3. Anatomy of the Female Reproductive Tract. 

Adapted from (15). 
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Figure 4. Structural Organisation of the Human Endometrium. 

A) Graphical illustration of the different cell types comprising the human endometrial 
tissue. B) Histology of the endometrial compartments. Adapted from (16). 

A 

B 
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1.2.1.2 The Menstrual Cycle 

The human endometrium undergoes cyclical processes of growth, differentiation, and 

regression in response to ovarian hormonal fluctuations of oestrogen and progesterone 

as indicated in Figure 5 (17, 18). These processes are crucial in preparation of embryo 

implantation. The menstrual cycle which lasts for approximately 28 days, is divided into 

three main phases: proliferative, secretory and menstrual; with ovulation occurring on 

approximately the fourteenth day (19). At day 5 of the cycle, oestrogen levels rise to 

initiate the proliferative phase (20, 21). Under the influence of oestrogen, dominating 

the proliferative phase, the endometrium undergoes rapid cellular proliferation, 

glandular thickening and elongation as well as angiogenesis (21). During this phase 

narrow, short, glands thicken, and elongate forming branched glands, to adopt a 

convoluted morphology by the late proliferative phase of the endometrium.  

 

Following ovulation at cycle day 14, under the influence of progesterone the secretory 

phase is characterized by marked epithelial differentiation, in preparation for embryo 

implantation. Progesterone antagonises oestrogen mediated proliferation of glands and 

stroma. In the presence of progesterone, stromal cells undergo 

decidualization associated with an epithelial-like morphology. In addition, stromal cells 

become enlarged and secretory whereas spiral arterioles begin to coil (19). In the 

absence of implantation, progesterone and oestrogen levels decrease, allowing for the 

menstrual phase to occur. Endometrial regression and shedding of the functionalis layer, 

follows in days 1-5 of the cycle (19). Subsequently the cycles continue sequentially until 

pregnancy occurs or menopause is reached (Figure 5).   

 

Menopause commences with the cessation of oestrogen and progesterone from the 

ovaries, with concurrent anovulation and termination of the menstrual cycle. During 

menopause the endometrium becomes inactive and atrophic. For most women 
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menopause normally occurs between 45-55 years of age although premature 

menopause may result from cancer treatment or surgery, as well as from unknown 

aetiology (22).  

 

 

 

 

 

 

 

Figure 5: Cyclical Changes of the Human Menstrual Cycle. 

A) Oestrogen and progesterone fluctuations following the menstrual cycle in women. 
B) Human endometrium undergoing cyclical changes. Adapted from (17, 18). 

 

A 

B 
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 Endometrial cancer 

Endometrial cancer, or malignant neoplasm of corpus uteri, is the most common 

invasive gynaecological malignancy in the developed world (23).  An estimated 2,861 of 

new uterine cancer cases were diagnosed in Australia in 2017, with the occurrence of 

453 endometrial cancer related deaths (23). Early stage endometrial malignancies 

usually have a favourable prognosis compared to advanced disease, characterized with 

poorer clinical outcomes and associated deaths (5).  

1.2.2.1 Risk Factors 

Nearly 90% of diagnosed uterine cancers are sporadic, while the remaining 10% are 

hereditary, typically in women with familial Lynch syndrome (24). Alarmingly, 

endometrial cancer incidence rates have substantially risen in the last decade, due to 

increased aging population and obesity prevalence (23).  

 

Risk factors for endometrial cancer include anovulation, nulliparity, polycystic ovarian 

syndrome, early age menarche and diabetes mellitus (25-29). It has been suggested that 

these factors contribute to unopposed oestrogen exposure, which stimulates 

endometrial cell proliferation, leading to predisposition of endometrial hyperplasia or 

malignancy. Moreover, treatments such as oestrogen-only hormonal therapy; 

tamoxifen chemotherapy for breast cancer; and pelvic irradiation; have also been 

associated with increased endometrial cancer risk (28-30). In addition, tobacco smoking 

and hypertension constitute significant endometrial cancer risk factors (31). 

1.2.2.2 Pathology and Prognosis 

According to Bokhman’s dualistic model of pathogenesis, sporadic endometrial cancer 

is categorised into type I and type II (32-34). Additional clinicopathological features, 



 Chapter 1: Introduction 

12 

 

including histological and morphological characteristics as well as grading, are employed 

to facilitate diagnosis (as summarized below in Tables 1 and 2) (32, 35, 36). Patient 

prognosis is dependent upon the cancer type and disease progression. Diagnosis of at 

early stage endometrial cancer, with localised malignancy (FIGO staging I/II), has an 

overall five-year survival rate of 69-88% (37). In a contrast five-year survival rates of 

advanced disease are drastically reduced to 47-57 % and 15-20 for the highly aggressive 

stage III and IV respectively (38).  

 

 

 Type I Type II 

Histology Endometrioid adenocarcinoma 
Non-endometrioid carcinoma, 

serous, clear cell 

Oestrogen 

Dependence 
Dependent Independent 

ER or PR Positive Negative 

Tumour 

Grade 
Low grade (grade 1) High grade (grades 2, 3) 

FIGO Staging 
Early 

(FIGO stages I or II) 

Advanced 

(FIGO stages III /IV) 

Invasiveness Minimal myometrial invasion Deep myometrial invasion 

Genetic 

Mutations 
Microsatellite instability, 

PTEN, KRAS, CTNNB1, PIK3CA 
HER-2 amplification, 

p53, CDH1 

Menopause 

Status 
Pre /Peri-menopausal Post-menopausal 

Prognosis Favourable Unfavourable 

Table 1. Endometrial Cancer Sub-type Clinicopathological features 

ER: oestrogen receptor; PR: progesterone receptor; FIGO: International Federation of Gynaecology and 
Obstetrics. PTEN (phosphate and tensin homolog); KRAS (Kirsten ras sarcoma viral oncogene homolog); 
CTNNB1 (beta-catenin); PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 
alpha); of HER2(epidermal growth factor receptor tyrosine kinase); TP53 (tumour protein); CDH1 
(epithelial cadherin);  

Modified from (32, 36).  
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Type I endometrial cancer also known as endometroid, is the most common, occurring 

in 70-85% of cases, and generally afflicts younger pre/peri-menopausal women (39). 

Grading of type I endometrial cancer is based on tumour differentiation status 

(summarized in Table 2). The majority of type I endometrial cancers are oestrogen 

sensitive and display high to moderate differentiation morphology (32,39).  

 

 

FIGO Grading 

Grade 1  well-differentiated, ≤ 5% non-squamous solid growth pattern  

Grade 2  
moderately differentiated, 6- 50% of non-squamous growth 
pattern  

Grade 3  poorly-differentiated, > 50% of non-squamous growth area  

Type II non-endometrioid 

Serous 
carcinoma  

atypical cells, complex pattern of papillary features  

Clear cell 
carcinoma 

clear or hobnail cells with clear cytoplasm 

Malignant 

Müllerian 

Mixed Tumour 

(MMMT) 

 

high grade pleomorphic nuclei, mixture of epithelial and 
mesenchymal malignant components, papillary 
 

Table 2. Histopathological Classification of Endometrial Cancer Sub-types. 

Adapted from (32,35,36,40) 
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Whereas type II tumours represent 10-20% of endometrial carcinomas, are typically 

diagnosed in older postmenopausal women (32,35). They present a distinct molecular 

profile from type I endometrial cancers, involving amplification of HER2/ERBB2 

[epidermal growth factor (EGF) receptor family of receptor tyrosine kinases]; as well as 

genetic mutations of TP53 (tumour protein), and CDH1 (epithelial cadherin) genes (34). 

Type II malignancies are highly aggressive with frequent relapses and metastasis, thus 

accompanied by less favourable prognosis (32, 36, 40).  

 

Furthermore, FIGO (International Federation of Gynaecology and Obstetrics) surgical 

staging of endometrial cancer describes a “four stage disease progression”, as outlined 

in Table 3 (30, 35, 36, 41). Surgical staging is based on tumour size and dissemination 

status, to further complement diagnosis, and is essential in determining prognosis of the 

disease. 
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Stage I 

IA tumour invasion < 50% of the 
myometrium 

 

IB tumour invasion ≥ 50% of the 
myometrium 

Stage II 

tumour invades cervix, but does not extend 
beyond the uterus 

 

Stage III 

IIIA 
tumour invades the serosa of 

the corpus uteri and/or 
adnexae 

 

IIIB vaginal and/or parametrial 
involvement 

IIIC metastases to pelvic and/or 
para-aortic lymph nodes 

Stage IV 

IVA tumour invasion of bladder 
and/or bowel mucosa 

 

IVB 
distant metastases, including 
intra-abdominal metastases 
and/or inguinal lymph nodes 

Adapted from (30, 35, 41, 42).     

Table 3. FIGO Surgical Staging of Endometrial Cancer   
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1.2.2.3 Diagnosis and treatment 

Postmenopausal vaginal bleeding is commonly present in endometrial cancer patients 

(43).  Other symptoms may also include vaginal discharge (pyometra), in this group of 

women (40). Premenopausal women diagnosed with endometrial cancer may present 

with irregularities in menstruation.  However, there is currently no early detection test 

for endometrial cancer and diagnosis is often carried out by histopathological 

examination of endometrial biopsies (30). Further diagnostic tools such as transvaginal 

ultrasound, dilatation and curettage, and hysteroscopy may also be utilized in 

combination, to confirm endometrial malignancies (29, 44). Tumour metastasis can be 

monitored by magnetic resonance imaging (MRI) for elucidation of myometrial and 

cervical invasion. In addition, lymph node dissemination can be determined by PET-CT 

(positron emission -computed tomography) scan (44, 45). 

 

Surgery including hysterectomy and bilateral salpingo-opherectomy remains the current 

treatment to date (40). Extensive surgery may be required for advanced FIGO stage 

disease and high-risk histological subtypes, in conjunction with radiation therapy (either 

external beam radiation or vaginal brachytherapy) or chemotherapy (most commonly: 

cisplatin, carboplatin, paclitaxel, doxorubicin) (44). Subsequently, chemotherapy and 

radiotherapy target cancer cells, as well as healthy cells, by causing irreversible DNA 

damage leading to cellular death. Furthermore, these cancer therapies are associated 

with severe side effects (40,44). 

 

Alarmingly, advanced FIGO stage endometrial cancer survival following treatment is 

currently less than one year (23). Furthermore, disease recurrence within three years of 

treatment, is very common for either late or early stage endometrial cancer (28,29). To 

add to the complexity of therapeutic approaches, aggressive and recurrent endometrial 

malignancies develop resistance to chemotherapy and radiotherapy (36). Additionally, 
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young women diagnosed with endometrial cancer will suffer grave ramifications to their 

fertility. Non-surgical, fertility-sparing therapy options are limited to progestogen 

hormonal treatment, with an associated risk of cancer progression in 80% of the cases 

(28).   

 

It is evident that development of less invasive diagnostic and treatment options are of 

vital importance for endometrial cancer patients. Hence, understanding the precise 

dysregulated molecular mechanisms contributing to the pathophysiology of 

endometrial cancer is paramount to the development of new diagnostics and targeted 

therapies. This chapter will further discuss the involvement of pro-tumourigenic, Nodal, 

and anti-tumour IFNε as well as providing relevant introductory themes of both 

cytokines.   



 Chapter 1: Introduction 

18 

 

 TGF-β Superfamily 

The transforming growth factor-β (TGF-β) superfamily of cytokines comprises of over 40 

members subcategorized according to structural identities or functional properties (46). 

TGF-β was discovered in 1983, as the first member of the TGF-βs subgroup (47). Others 

members include:  activins / inhibins; Nodal; BMPs (bone morphogenetic proteins); 

GDFs (growth and differentiation factors); as illustrated in the phylogenetic tree below   

[Figure 6, (48)].  

 

TGF-β superfamily ligands as well as their associated signalling components are highly 

evolutionary conserved among different invertebrate and vertebrate species. TGF-β 

cytokines regulate pleotropic cellular processes including cell growth, apoptosis, 

differentiation, adhesion, and migration, morphogenesis, essential in embryogenesis 

and adult tissue homeostasis. Dysregulated TGF-β signalling has been implicated human 

disease such cancer, fibrosis, cardiovascular, reproductive, and wound healing disorders 

(49, 50). 
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Figure 6. TGF-β Phylogenetic Tree. 

The TGF-β phylogenetic tree, according to Hinck, A.P., et al., (2012), is derived from 
alignment of human mature C-terminal domain family proteins. Adapted from (48). 

 

1.3.1 Structure 

All TGF-β mature ligands share a common structural motif known as the “cysteine knot” 

formed by intramolecular disulphide bonds interlocked between conserved Cys residues 

(46).  According to Allendorph et al., (2007), TGF- β protein structure resembles a 

butterfly-shaped configuration, as illustrated in Figure 7 below (51). Ligands are 

synthesized intracellularly as large dimeric precursor forms containing pro-domains that 

require cleavage by proteases prior to secretion of the dimeric mature protein (52).  
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Figure 7. Structure of TGF-β Superfamily Ligands. 

“Butterfly shaped” or “open hand” Illustration of BMP3 dimer structure highlighting 
conserved motifs across the TGF-β superfamily. (1) demonstrates ‘fingers’ formed by 
two pairs of anti-parallel β-sheets interlocking with (2) the “cysteine knot” core. (3) 
consists of the “wrist” domain, formed by the α-helix of one monomer and the 
“fingers” of the second monomer. Adapted from (51). 

 

 

1.3.2 Mode of Action  

TGF-β signal transduction is initiated by ligand binding to transmembrane 

serine/threonine kinase receptors. Twelve TGF-β receptor members have been 

discovered in mammals classified as type I receptors, ALK (activin receptor-like kinases) 

1-7; and TGF-β type II receptors (TβRII, ActRIIA, ActRIIB, BMPRII); (53-56).  Recruitment 

of such a specialized network of receptors with ligand interaction dictates downstream 

signalling via the Smad pathway (see Figure 8, below) (57). Nodal and activin share 

signalling receptors ALK4 and ActRIIA, activating Smad2/3, whereas TGF-β isoforms 
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interact with TβRII and ALK1/4 mediating phosphorylation of Smad2/3 or Smads 1/5/ 8. 

In addition, co-receptors have been recognized to facilitate TGF-β ligand accessibility to 

receptors in a highly regulated manner. These accessory proteins are commonly 

transmembrane, or GPI (glycosylphosphatidylinositol)-membrane bound such as Cripto, 

(depicted in Figure 8, below) utilized by Nodal mediated signalling (58). This will be 

further discussed below. Another example of co-receptor activity is betaglycan, known 

to enhance TGF-βII and inhibin signalling (46, 59).  

 

 

Figure 8. TGF-β Superfamily Ligand Interactions with Receptors. 
Summary of key binding components accompanying TGF-β isoform, activin, Nodal 
and BMP, ligand-receptor complex initiation.  TGF-β ligands bind to type I (ALK 1-7) 
and type II (TβRII, ActRIIA, ActRIIB, BMPRII) receptors to mediate Smad signalling 
transduction. Adapted from Kitisin K, et al., (2007), (57). 

Ligand 
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1.3.3 Canonical TGF-β Signalling Pathway 

TGF-β family ligands orchestrate myriads of biological responses, initiated by binding to 

cognate type II and type I receptors, mediating signal transduction via the canonical   

TGF-β/ Smad cascade. Figure 9, demonstrates differential TGF-β ligand/receptor binding 

to form specific active heterotetrametric complexes, leading to recruitment and 

phosphorylation of receptor-regulated Smads (R-Smads) (46, 60).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Canonical TGF-β Superfamily Signalling Pathway. 

A) Graphical representation of the highly complex network of TGF-β signalling 
components triggered by ligand binding to type II and type I receptors to mediate 
downstream signal transduction and gene transcription via Smad activation.                   
B) Denotes soluble as well as membrane- bound TGF-β antagonists. Adapted from 
(60). 
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Activated R-Smads form complexes with Smad 4, which translocate to the nucleus to 

regulate gene expression (61). Endogenous inhibitors, such as Nodal antagonist, Lefty, 

are key regulators of TGF-β signalling studied extensively during embryonic 

development (57). Another example is Nodal co-receptor Cripto which antagonizes 

activin A/B signalling (60). 

 

1.3.4 Nodal 

According to Conlon, F.L. et al., (1991), morphogenic TGF-β protein, Nodal was originally 

discovered by retroviral mutation studies in transgenic mouse models, displaying 

embryonically lethal phenotypes (62). Additional murine genetic characterization gave 

rise to the nomenclature of Nodal, reflecting spatial expression localization within “the 

node” of the gastrula embryonic organizer (63). 

 

Nodal is located on chromosome 10q22.12 of the human genome, consisting of three 

exons, that translate into 347 amino acid residues to constitute the 26 kDa Nodal protein 

(64). Similar to other TGF-β family members, Nodal is also evolutionary conserved 

among different species, exhibiting central activities such as mesoderm specification, 

anterior-posterior axis establishment as well as maintaining stem cell pluripotency 

during embryonic development (65). Aberrant reactivation of Nodal has also been 

implicated in carcinogenesis (66). Integral to understanding the pleotropic biological 

actions of Nodal in health and disease is the underlying mode of action. 
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1.3.4.1 Canonical Nodal signalling axis  

Nodal is initially biosynthesized in the form of a dimeric pro-protein followed by 

proteolytic processing which serves as an inherent regulatory mechanism of TGF-β 

activity (65). Proteolytic processing also regulates Nodal’s biological activity (65). 

However, in contrast to other TGF-β ligands, studies conducted during embryonic 

development indicate that Nodal is enzymatically processed extracellularly. Cleavage by 

subtilisin-like proprotein (SPC) enzymes including FURIN (or SPC1) and PACE 4 (or SPC4) 

activates Nodal (67). It has also been reported that co-receptor Cripto facilitates 

proteolytic cleavage, by interacting with the Nodal pro-protein and SPC and forming a 

complex (68, 69). Canonical TGF-β signalling is initiated with mature Nodal ligand 

binding to type II (ActRIIA/B) and type I (Alk4) receptor transmembrane 

serine/threonine kinases (refer to Figure 10), and co-receptor Cripto (70). Cripto is an 

essential mediator of Nodal dependent-Smad signalling cascade, facilitating high    

affinity receptor binding.  

 

Receptor complex activation leads to phosphorylation of receptor type I by receptor 

type II kinase, as well as Smad2/3 activation (61). This triggers association of cytosolic R-

Smads (receptor associated -Smads) Smad2/3, with co-Smad (common mediator-Smad) 

Smad4 and formation of hetero-oligomeric complexes which translocate to the nucleus 

(50). The accumulation of active Smad complexes initiates interactions with winged-

helix transcription factor FoxH1, and homeodomain protein Mixer which act as co-

activators of targeted gene expression (71). Furthermore, active Smad2/3-Smad4 

complexes also interact with Mediator transcriptional co-activator complex subunit   

ARC 105 to further facilitate gene transcription (66). 
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1.3.4.2 Antagonism 

Developmental studies have provided significant evidence of Nodal signalling regulation 

by secreted antagonists. Lefty proteins have been established as TGF-β inhibitors that 

bind unconventionally to Nodal, or co-receptor Cripto, as monomers instead of dimers, 

preventing formation of active receptor-ligand complexes and thus blocking 

downstream signalling (72-74). 

 

Nodal activities are also abrogated by Cerberus, which obstructs ligand-receptor 

interactions by directly binding to Nodal. Cerberus is a multifunctional TGF-β inhibitor 

that also binds to BMPs (75). In addition, membrane-bound proteins Tomoregulin-1 (76) 

and Nicalin (77), also attenuate Nodal signalling. Subsequently Lefty and Cerberus-like 

genes are transcribed by the Nodal cascade, acting as negative feedback mechanism to 

regulate Nodal (65, 78). Collectively these processes control spatiotemporal activities of 

Nodal in embryogenesis and are dependent upon communication with the surrounding 

microenvironment. 
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Figure 10. Canonical Nodal Signalling Pathway. 
Illustration of the canonical Nodal signalling pathway. Nodal dimers bind to co-
receptor Cripto forming an active complex with type II (ActRIIA/B) and type I (ALK4) 
receptors, leading to Smad 2/3 phosphorylation and complex formation with Smad 4 
and translocation to the nucleus. Active Smad complexes within the nucleus, interact 
with transcription factors (Fox H1, Mixer) and transcriptional co-activator complex 
(ARC 105, Mediator), leading to transcriptional activation of target genes. Lefty is a 
soluble antagonist that binds to Nodal and prevents downstream Smad activation. 
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1.3.4.3 Cripto essential mediator of Nodal signalling  

1.3.4.3.1 Structure and canonical signalling 

Cell surface GPI (glycosylphoshatidylinosytol) anchored protein co-receptor Cripto is an 

essential mediator of canonical Nodal signalling (79). Cripto belongs to the EGF-CFC 

(epidermal growth factor-cripto-FRL-Cryptic) family of growth factors which consist of 

an amino-terminal signal peptide, an epidermal growth factor (EGF)-like domain, a 

cysteine- rich CFC domain and a hydrophobic C-terminus that contains a site for GPI-

anchor attachment to the cell membrane, as illustrated in Figure 11 below (80, 81). A 

soluble, biologically active form of Cripto, is generated by removal of GPI domain by GPI-

phospholipase D (82). Although coexistence of both soluble and membrane bound 

Cripto has been reported both in vivo and in vitro, the precise biological effects that they 

elicit have not yet been clarified in detail (83). 

 

 

 

Figure 11. Graphical illustration of Human Cripto Protein. 

Human Cripto protein consists of 188 amino acid residues. Key structural motifs 
include: N-terminus, EGF-like domain, CFC-domain, and the hydrophobic C-terminus 
containing GPI site. 

 

 

As previously mentioned, Cripto is an essential co-receptor for canonical Nodal 

signalling and activation of the receptor complex ALK4 and ActRIIA/B (see Figure 10). 

Cripto interacts with Nodal through the EGF like-domain (refer to Figure 11) and requires 

post-translational modification by o-fucosylation (83). Whereas binding of Cripto to 

 EGF-Like  

 

 
CFC 

 
           GPI site 
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ALK4 is mediated by the CFC domain (81). Direct interaction of Cripto and ALK4 is 

essential for binding of Nodal to the ALK4/ActRII complex mediating downstream Smad 

signalling activation, and subsequent transcriptional activation of target genes (49, 50). 

Cripto also plays an important role in endocytic trafficking of Nodal and thus controls 

signal strength. At the cell surface, Cripto recruits the Nodal precursor and an SPC 

enzyme (Furin or PACE4), to facilitate cleavage of the prodomain, as well as endocytotic 

translocation in early endosomes (69, 84). Within the endosomes the Nodal/Cripto 

complex interacts with the ALK4/ActRII receptor complex to mediate Smad signalling 

(83, 85, 86). These molecules will eventually proceed to lysosomal recycling (84).  

 

In addition, Nodal endocytotic trafficking can also occur via Cripto-independent 

mechanisms. The Nodal precursor can be cleaved by soluble extracellular protein 

convertases or associate with unidentified cell surface proteins from the 

microenvironment, triggering endocytosis (84). However, in the absence of Cripto, 

Nodal is sequestered on intraluminal vesicles within endosomes triggering 

transportation to lysosomes. In this regard, Nodal signalling is delayed or inhibited. 

Alternatively, unprocessed Nodal can interact with its receptor complex on caveolin lipid 

rafts to further initiate lysosomal degradation (68). 

 

1.3.4.3.2 Alterative signalling pathways 

Cripto has been shown to elicit activities independent of the classical Nodal/Smad 

signalling pathway. It has been reported that Cripto can interact with Glypican-1 which 

is a GPI-anchored heparan sulphate proteoglycan protein attached to microdomains of 

lipid rafts within the plasma membrane. This activates downstream signalling via c-Src 

[cellular sarcoma (Schmidt–Ruppin A-2) viral oncogene]/mitogen-activated protein 

kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Protein Kinase B (Akt) signaling 
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pathways independent of Nodal (87). The latter downstream signalling pathways are 

important regulators of cell proliferation motility, and survival. Evidence suggests that 

Cripto mediated activation of c-Src is involved in cell proliferation and migration of murine 

mammary epithelia cells (87).  

 

Subsequently, it has recently been shown that Cripto also binds to GRP78 (glucose regulated 

protein 78kDa) at the cell surface (88). This interaction activates both the Nodal-dependent 

Smad cascade as well as the Nodal-independent Src/MAKP/PI3K pathway, to promote 

cellular proliferation and survival (89). Additionally, Cripto can also function as a chaperone 

protein to promote Wnt/β-catenin as well as Notch/Cbf-1 signal transduction pathways 

(90). These signalling pathways have been shown to modulate stem cell proliferation and 

differentiation. 

 

1.3.4.3.3 Roles in Embryogenic Development 

EGF-CFC homologues have been identified in human (Cryptic), mouse (Cripto-1, Cryptic, 

cfc1), zebrafish ([oep] one-eyed pinhead), Xenopus (FRL1/XCR1, XCR2, XCR3) and are 

expressed almost exclusively during embryogenesis (91, 92). Zebrafish and murine 

genetic studies have shown that EGF-CFC proteins are critical regulators of mesoderm 

and endoderm formation as well as the establishment of left/right asymmetry and 

cardiogenesis during vertebrate development (91). This phenotype is replicated in knock 

out studies including: ActRIIA/B -/-; Alk4-/-; and Nodal -/- mice. These are consistent with 

the overlapping embryogenic properties of Nodal mediated signalling via Activin 

receptors, facilitated by Cripto triggering TGF-β/Smad signalling (93-95).  

 

Cripto’s vital roles in development were further elucidated according to Xu C., et al., 

(1999), by murine Cripto knockout (Cr-1-/-) models displaying embryonically lethal 

phenotypes, accompanied by gastrulation failure, aberrant morphogenesis, pericardic 

https://www-sciencedirect-com.ezproxy.lib.monash.edu.au/topics/medicine-and-dentistry/stem-cell
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mesoderm defects and death at embryonic day seven and a half (96). Furthermore, the 

morphogenic activities of Cripto extend to also include primitive streak elongation, 

anterior/posterior axis patterning specification, mesoderm formation and 

organogenesis (97). 

 

Cripto is crucial in regulating stem cell maintenance, pluripotency, and cellular growth 

during embryonic development and is recognized as a stem cell marker. Cripto is 

expressed in undifferentiated pluripotential or [induced pluripotent stem cells (iPSC)] 

human and murine embryonic stem (ES) cells. More specifically, Cripto is detected 

within a four-day mouse blastocyst, confined in the inner cell mass as well as in 

extraembryonic trophoblast cells, prior to gastrulation (92). Cripto expression peaks 

within migrating epiblast cells (via EMT) that will compartmentalize to mesoderm and 

endoderm (98). The Cripto expression pattern is constrained to cardiac progenitor cells 

following the eighth day of embryogenesis (99). 

 

1.3.4.3.4 Oncogenic properties 

The essential functions of stem cell maintenance and pluripotency displayed by Cripto 

during embryonic development, have also been implicated in tumourigenesis. The 

CRIPTO gene was initially isolated from human NTERA 2-D1 testicular, and mouse F9 

undifferentiated, teratocarcinoma cells (80). Hence, the CRIPTO gene is also known as 

TDGF1 (Teratocarcinoma-Derived Growth Factor). Following developmental stages, in 

the normal adult tissue, the expression of Cripto is significantly reduced and sequestered 

to either the stem cell niche, or within highly regenerative cellular compartments (100). 

 

Overwhelming evidence support observations collectively validating that Cripto 

overexpression in vitro induces a transformed cellular phenotype (101-103). 

Concurrently, transgenic mice overexpressing Cripto in the mouse mammary gland, 
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under the control of MMTV (mouse mammary tumour virus), develop mammary 

tumours (104, 105). Anti-sense inhibition of CRIPTO in human cancer cells reverts their 

transformed phenotype both in vivo and in vitro, highlighting the essential tumourigenic 

properties of Cripto (106). In addition, use of specific antibodies that target either the 

EGF-like domain, or the CFC region of Cripto, have resulted in inhibition of tumour 

growth by 70% in testicular and colon xenograft models, as well as other carcinoma cell 

lines (107, 108). 

 

Cripto partakes in a variety of signalling pathways to promote tumour development and 

progression. Both in in vitro and in vivo reports clearly demonstrate that Cripto enhances 

proliferation, anchorage independent growth, EMT (epithelial to mesenchymal 

transition), motility, migration, invasion, vascularization, and angiogenesis of cancer 

cells, to sustain malignant progression (101, 109-113).  

 

Cripto also interacts with other TGF-β family members ligands such as activin A/B and 

TGF-β1 and antagonizes signalling by preventing complex formation with their cognate 

signalling receptors (88, 114). In this regard Cripto inhibits activin A/B and TGF-β1 

mediated growth inhibitory and cytostatic effects (115).  Concurrently Cripto mediated  

signalling promotes proliferation migration and plasticity to further favour the 

oncogenic phenotype (114,115). 

 

Cripto has been detected to be aberrantly overexpressed in human breast, colon, non 

small cell-lung, testicular, gastric, pancreatic, cervical squamous, ovarian, oesophageal 

squamous, and hepatocellular carcinomas compared to healthy tissue (116, 117). 

Interestingly, increased Cripto expression plasma levels were detected in early stage 

breast cancer patients, compared to healthy controls, implicating its use as potential 

biomarker for early diagnosis of malignancy (118). Further evidence suggests 
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clinicopathological significance and prognostic value of Cripto associated with advanced 

disease. Additionally, increased Cripto serum levels were observed in breast, colon, non 

small cell-lung, cervical squamous, oesophageal squamous and hepatocellular cancers 

which correlated with metastatic potential and poor prognosis (119-124). 

 

1.3.4.4 Nodal Mediated Roles in Developmental Biology 

TGF-β superfamily members have been extensively characterized to exhibit essential 

roles during embryonic development. This section focuses on the crucial morphogenic 

mechanisms mediated by Nodal to better understand re-emergence in tumourigenesis.  

 

1.3.4.4.1 Early Events of Mammalian Embryonic Development  

Embryogenesis encompasses a complex interplay of cellular processes such as division 

and differentiation required for embryonic conception and development. Figure 12 

portrays the homologous developmental events during the pre-implantation stage, 

among human and mouse (125). However, differences in timing and molecular signalling 

pathways are distinguishable in these two species. Following human and mouse 

fertilization, the single diploid, zygote cell undergoes mitotic divisions (cleavage) 

increasing cell numbers (without cell growth), leading to the formation of the blastocyst 

(126). The blastocyst is comprised of the ICM (inner cell mass) containing pluripotent 

embryonic cells, and the outer trophectoderm layer (127). Subsequently, pre- 

implantation epiblast and hypoblast (or primitive endoderm) compartments of the late 

blastocyst, are derived from ICM. Following implantation, the human embryo exhibits 

distinct structural characteristics compared to mouse (as seen in Figure 12) (128).  
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Figure 12. Early Developmental Events in Murine and Human Embryos.  
Schematic representation of embryogenic stages occurring in the zygote during 
fertilization, implantation, and gastrulation. Structural similarities are evident in the 
pre-implantation stage of both mouse and human embryos. Following implantation 
and gastrulation human embryonic architecture displays species specialization and 
patterning, distinct from murine.  ExE (trophectoderm‑derived extra-embryonic 
ectoderm); VE (visceral endoderm); DVE (distal visceral endoderm); AVE (anterior 
visceral endoderm); PS (primitive streak). Adapted from (125). 

 

 

Gastrulation in the human embryo, commences at embryonic day 16 upon formation of 

the primitive streak at the posterior end of the embryonic disc. Gastrulation is initiated 

by gradient morphogenic activity throughout the developing embryo, for germ layer 

specification. Epiblast cells undergo EMT and migrate between the epiblast and 

primitive endoderm, forming the mesoderm and ectoderm layers (129). This follows 

ingression of epiblast cells to give rise to the endoderm layer. This transformation 

process leads to the establishment of three germ layers (ectoderm, mesoderm, 

endoderm) for lineage specification and embryonic patterning, as depicted in Figure 13 
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(130). The ectoderm will develop into the following: nervous system (central 

and peripheral), epidermis, sensory organs (eye, ear, nose) (131). Whilst circulatory 

system, heart, kidney, reproductive system, skeletal system, smooth muscle, connective  

tissues, tendons, ligaments, dermis and cartilage are derived from the mesoderm 

lineage (132). The endoderm is a precursor of the gut tube (including cecum, intestine, 

stomach); liver; pancreas; lungs; thyroid; prostate (133). 

 

1.3.4.4.2 Morphogenic Properties in Early Embryonic Development 

Nodal and members of its signalling pathway play crucial roles during early 

embryogenesis, including germ layer induction as well as anterior-posterior and left-

right axis establishment. Nodal is also vital during the implantation stage of embryonic 

development, with its expression localized in the ICM of the blastocyst and secreted by 

ESCs to facilitate expansion of progenitor precursor cells (134). Lack of Nodal signalling    

in    mouse   mutants    has   been   reported   to contribute    to    premature differentiation 

of the ICM to neuronal tissue (135). Following implantation, Nodal is imperative in 

maintaining pluripotency and is expressed in the epiblast from which the foetus is 

derived (134, 136).  

 

 

 

 

 

 

 

 

 



 Chapter 1: Introduction 

35 

 

 

 

 

 

 

Figure 13. Gastrulation Structure of Embryonic Stem Cells. 

A) Architecture of human embryo gastrula (left) and micropatterned hESC cells treated 
with morphogenic BMP4 for 42 hours, according to Heemskerk, I. and Warmflash, A., 
2016.; to simulate embryonic patterning in vitro. B) Immunofluorescence staining of 
lineage markers including extraembryonic (Cdx2+, Sox17-, Bra-, Sox2-); endoderm 
(Sox17+, Sox2); mesoderm (Bra+, Sox17-); ectoderm (Sox2 +, [Nanog-, not provided]). 
The authors treated with the Nodal inhibitor SB431542 (B right panel); resulting in 
aberrant gastrulation patterning with lack of mesoderm formation and abnormal 
ectoderm expansion within the mesodermal layer. (B left panel) In comparison control 
pluripotent cells undergoing specification of ectoderm, mesoderm, and endoderm 
germ layers. Adapted from (130). 

A 

 

A 

B 

 

B 
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1.3.4.4.3 Mesoderm and Endoderm Induction 

Nodal’s fundamental developmental roles have been revealed by knockout studies 

vertebrate models including human, murine, zebrafish, Xenopus; reported to display 

defects in mesoderm, endoderm, and primitive streak formation (63, 78, 136, 137). 

Primitive streak in the mouse embryo is achieved via “interlinked fast and slow positive 

regulatory loops” (138).  As illustrated in Figure 14, unprocessed pro-Nodal protein is 

secreted from the epiblast and induces expression of FURIN and PACE4 enzymes as well 

as BMP4 from the neighbouring ectoderm. Subsequently BMP4 activates Wnt3 pathway 

activation in the epiblast leading to Nodal and Cripto expression (139). Concomitantly 

Cripto null mouse models present analogous phenotypes to Nodal -/- mice, with primitive 

streak defects and lack of mesoderm and endoderm patterning (139, 140). Thus, 

mesoderm is generated upon low Nodal activity responses. While high levels of Nodal 

signalling, mediated by Mixer homeoproteins, leads to endoderm specification (137, 

141, 142).  

 

 



 Chapter 1: Introduction 

37 

 

 

 
 
 
Figure 14.  Models of Regulatory Pathways in Murine Mesoderm Induction. 
Graphical depiction of the pre-gastrulation stage of embryonic development 
represented in lateral view. Nodal pro-protein (Nodal-Pp) expressed in the epiblast, 
activates expression of its convertases (FURIN, PACE4), and Bmp4 in the 
extraembryonic ectoderm. In turn mature Nodal production triggers both fast acting 
and slow acting autoregulatory feedback loops to induced primitive streak formation. 
Adapted from (138). 

 

 

1.3.4.4.4 Neural Patterning 

Nodal signalling is an essential mediator of neural development (see Figure 15). As 

previously discussed, Nodal is initially expressed in the ICM and primitive endoderm of 

the mouse blastocyst at 4.5 dpc (days post-coitum). At 5.5 dpc Nodal expression is 

confined within the epiblast and embryonic visceral endoderm, to facilitate induction of 
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the AVE (anterior visceral endoderm) (134). Anterior patterning of the adjacent epiblast 

is mediated by secretion of Nodal’s antagonists Lefty and Cerberus within the AVE (143). 

Modulation of Nodal signalling by Lefty and Cerberus inhibitors is detrimental in anterior 

neural specification, as excessive Nodal activity contributes to the formation of enlarged 

or      duplicate    primitive    streaks    according    to    Perea-Gomez et al., (2002), (144). 

Furthermore, decreased Nodal activity is observed in mutant oep (Cripto homologue) 

zebrafish as well as in hypomorphic Cripto mouse mutants with phenotypes that 

resemble human holoprosencephaly1 (145, 146). 

 

1.3.4.4.5 Left-Right Axis Specification  

As murine development progresses to the gastrulation stage, Nodal pathway activity is 

restricted to the node located at the anterior of the primitive streak (65). Left-right axis 

specification is initiated from the node (63, 147). Patterning of the left side of the 

embryo results from Nodal signalling through the ventral node as well and this is 

facilitated by co-receptor Cryptic from the lateral plate mesoderm (68). Whilst in the 

right side of the embryo the activities of Nodal are restricted by inhibitors (CER1, 

Lefty1/2). Concurrently, leftwards ciliated action by the node physically confines Nodal 

within the left side of the embryo (68). Following gastrulation, Nodal is downregulated 

during somitogenesis, with expression ceasing at 8 dpc (148). 

 

 

 

                                                      

1 Holoprosencephaly (HPE) is a cephalic birth defect caused by failure of the prosencephalon (embryonic 
forebrain) to sufficiently develop two hemispheres, resulting in a single-lobed brain accompanied with 
skull and facial abnormalities. HPE malformations may also include: close eye spacing, small head size, lip 
cleft, mouth roof. Highly sever cases can be fatal (146). 
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Figure 15. Stages of Murine Neural Specification Mediated by Nodal Signalling.  

Regions of Nodal expression are highlighted in blue and areas coloured in red indicate 
presence of Nodal inhibitors (Lefty and Cerberus). Following implantation at 5.25 dpc 
(days post-coitum), Nodal signalling throughout the epiblast, is necessary for 
establishment and movement (purple arrow) of the AVE (anterior visceral endoderm) 
at the distal end of the developing embryo. Lefty and Cerberus, expressed within the 
AVE, antagonise Nodal leading to anterior specification in adjacent epiblast at 5.75 
dpc. Concurrently, Nodal activity leads to the development of the anterior primitive 
streak and in turn, the axial mesendoderm accompanied by gastrulation at 7.5 dpc. 
Finally, the axial mesendoderm conveys important signals (black arrows) for forebrain 
and neural tube patterning. Adapted from Shen, M. M., et al., (2007), (138). 

 

 

1.3.4.5 Regenerative stem cell functions  

Nodal displays instrumental morphogenic roles in early embryonic development, as 

previously discussed, and is functionally restricted in the normal adult tissue. However, 

Nodal has also been shown to exhibit important functions in non-embryonic tissues that 
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are highly dynamic and undergo regenerative or remodelling events. Nodal is expressed 

in the placenta although its roles are controversial. Evidence suggests that Nodal 

supports normal placentation as well as regulating trophoblast differentiation during 

placental development (149). A study which utilized conditional knockout mice lacking 

Nodal specifically in the reproductive tract, demonstrated the importance of Nodal for 

placentation, and full-term pregnancy (150). The authors also reported a defective 

maternal-foetal interface disrupted placentation, as well as intrauterine growth 

restriction, accompanied by preterm birth at 17.5 days post coitum and foetal loss (150). 

However further studies are required to clarify the intricate mechanisms involved and 

the precise mechanisms regulate by Nodal signalling during fertilization and pregnancy. 

 

Nodal signalling has also been suggested to regulate mammary gland development 

during lactation. Cyclical expression of Nodal and cognate signalling pathway members 

was detected in murine mammary gland (151, 152). Accordingly, Nodal, Cripto, ALK-4, 

and SMAD4 were upregulated during lactation, and downregulated during post-

lactational involution of Balb/C mice (151, 152). In this regard Nodal orchestrates 

mammary gland remodelling events as increased Nodal signalling coincides with 

proliferative alveola expansion accompanying lactation. In contrast, subsiding of Nodal 

signalling concurs with apoptotic events of alveolar epithelial tissue, that take place to 

revert the mammary gland to pre-lactation morphology during involution (153-155). 

 

Furthermore, Nodal signalling is essential in maintenance of human adult stem cells 

parallel to its regulatory functions in pluripotent embryonic stem cell niche during 

development. Studies suggest that tightly regulated Nodal activities govern the fate of 

human adult liver and pancreatic stem cell populations (156, 157). However, the 

detailed mechanisms associated have not been fully deciphered yet. 

https://www-sciencedirect-com.ezproxy.lib.monash.edu.au/topics/medicine-and-dentistry/intrauterine-growth-restriction
https://www-sciencedirect-com.ezproxy.lib.monash.edu.au/topics/medicine-and-dentistry/intrauterine-growth-restriction
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1.3.4.6 Nodal Signalling in Cancer 

As discussed previously, Nodal expression is generally restricted to embryonic and 

dynamic tissues. During late developmental stages upon cellular differentiation, Nodal 

expression is “switched off” and its activity is generally absent from adult tissues (65). 

However, evidence suggests that Nodal re-emerges in malignancy and its morphogenic 

properties facilitate tumour development (refer to Figure 16) (158).  

 

 

 
 
Figure 16. Nodal Re-Emerges during Melanoma Progression. 
Illustration depicting Nodal activity during embryogenic and tumourigenic events. In 
early embryonic development Nodal activity is elevated and is then lost with 
melanocyte differentiation. Upon malignant transformation Nodal expression and 
activity rise dramatically with increase disease stage. RGP, radial growth phase; VGP, 
vertical growth phase. Adapted from (158). 
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Studies implicate Nodal-mediated maintenance of pluripotency to be associated with 

increased tumourigenesis and cancer cell aggressiveness (66, 159-161). Morpholino-

oligonucleotide inhibition of Nodal in vivo reduced plasticity of melanoma cells and 

significantly reduced tumourigenicity and metastasis (66, 159). 

 

Eloquent studies conducted by Postovit et al., employed in vitro and in vivo a three-

dimensional (3D) model enriched by hESCs (human embryonic stem cells), to examine 

the effects of the stem cell microenvironment on melanoma cell behaviour (162, 163). 

The authors determined that exposure of aggressive melanoma cells to the stem cell 

enriched 3D model (prior to removal of hESCs) lead to reduced tumour growth and 

proliferation, as well as increased apoptosis (163, 164). It was postulated that the 

suppressed tumourigenicity of metastatic melanoma cells resulted from Lefty (Nodal 

inhibitor) secreted by the hESC microenvironment.  

 

Subsequently, Nodal overexpression was detected in highly advanced melanoma tissue 

sections (stages III and V) compared to undetected levels from normal skin samples (66, 

165, 166). Further studies demonstrate that Nodal contributes to aggressive melanoma 

vascular-like phenotype, and Nodal signalling blockade reduced vasculogenic mimicry 

(167, 168). These findings implicate dysregulated embryogenic processes involving 

Nodal to promote invasive and aggressive tumour phenotypes.  However, additional 

studies should be conducted to validate the potential prognostic value of Nodal in 

melanomas. 

 

Nodal signalling has also been shown to play crucial roles in the development of breast 

cancer (169). Knockdown studies have revealed that NODAL facilitates growth, 

proliferation, invasion and cell renewal of triple-negative breast cancer cells. 

Additionally, xenografts of NODAL knockdown breast cancer cells displayed significant 
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reductions in tumour progression, compared with controls (169). Further studies utilized 

Nodal inhibitor, Cerberus to block Nodal signalling in breast cancer cells (170). 

Treatment of these cells with human Cerberus significantly reduced proliferation, 

migration and invasion of cells that expressed high levels of Nodal (170).   

 

Concurrently, it has been suggested that Nodal facilitates breast cancer angiogenesis. In 

primary breast cancers Nodal protein expression was positively correlated with 

microvascular density (171). The authors also demonstrated that Nodal mediated 

vasculature recruitment by promoting expression and secretion of pro-angiogenic 

factors VEGF (vasoactive endothelial growth factor) and PDGF (platelet-derived growth 

factor). In addition, it was also reported that in vivo Nodal inducible inhibition results in 

the collapse of the established tumour vasculature (171). 

 

Nodal has also been implicated in the maintenance of the cancer stem cell (CSC) 

signature of breast cancer. According to Meyer et al., (2009) phenotypic switching of 

invasive breast cancer cell subpopulations was mediated by Nodal signalling both in vitro 

and in vivo (172). Thus, Nodal may be important in sustaining tumour-initiating CSC 

populations, and maintaining breast cancer cell plasticity (173). 

 

Further evidence substantiates clinicopathological correlations between Nodal 

expression levels and breast cancer progression and stage. A study examining 400 

patient samples, found that Nodal was positively correlated with advanced breast 

tumour stage, lymph node status, tumour grade and dissemination (174). 

 

Similarly, in glioma patients, Nodal expression has also been correlated with tumour 

grade and progression (175). Overexpression of Nodal in poorly invasive cell lines 

increased their invasive potential, in contrast to NODAL knockdown of highly invasive 
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cell lines associated with supressed invasiveness (175). Lee et al., (2010) also reported 

that Nodal promotes in vivo tumour growth and proliferation (175). Further evidence 

suggests that that Nodal enables tumour growth and vascularization by regulating HIF-

1 (hypoxia-induciblefactor-1) (176). These findings collectively support the link between 

aberrant Nodal signalling and brain cancer progression (177-180). 

 

Dysregulated Nodal activities may also contribute to the pathogenesis of hepatocellular 

carcinoma. Cavallari et al., (2013) confirmed that human adult liver stem cells secreting 

Lefty (Nodal inhibitor) were capable of suppressing the tumourigenicity of Nodal-

expressing HepG2 cells (181). These findings corroborate the aforementioned 

observations of aggressive melanoma cell phenotype reversal by the hESC 

microenvironment (160). Further evidence suggests that high Nodal expression might 

be a predictor of poor prognosis of hepatocellular carcinoma (182). 

 

Dysregulated Nodal signalling has also been linked to male reproductive cancers 

including testicular and prostate cancer. A study demonstrated that inhibition of Nodal 

signalling by anti-Cripto antibody treatment significantly inhibited tumour growth of 

NCCIT testicular cancer cells in murine xenografts (107). Increased Nodal levels where 

detected in advanced prostate cancer stages compared to non-cancerous tissue, 

indicating a positive correlation of Nodal with prostate cancer progression (183). The 

authors also showed that overexpression of Nodal in vitro, increased prostate cancer 

cell growth (183). Further studies suggest that dysregulated Cripto/Nodal signalling may 

be associated with the development of germ cell testicular neoplasia (184, 185). 

However additional investigation is required to fully understand the underlying 

molecular events at play.  
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Nodal signalling has also been implicated in pancreatic cancer development. Low levels 

of Nodal expression were detected in well-differentiated adherent pancreatic cancer 

cells, whilst high Nodal levels were expressed in non-adherent pancreatic spheroids, 

associated with CSC populations (186). Subsequently in vitro recombinant Nodal 

treatment increased spheroid formation, size, and invasiveness of CSCs (186, 187). 

Whereas, Nodal signalling blockade of pancreatic cells, by an ALK4/7 inhibitor, abolished 

self-renewal of CSCs and tumourigenicity, both in vitro and in vivo (186). The authors 

also demonstrated the reversal of CSC xenograft resistance to gemcitabine 

chemotherapy (186). It has also been shown that Nodal signalling promotes migration 

and invasion, induces EMT and enhances the expression of (MMP-2) matrix 

metalloproteinase-2 of pancreatic cancer cells (188). In line with clinical observations 

from other cancer types, high expression of Nodal correlated with reduced pancreatic 

cancer patient survival rates (189). These observations illustrate the detrimental effects 

of Nodal in the pathogenesis, CSC maintenance and aggressiveness associated with 

pancreatic cancer progression (188). 

 

1.3.4.7 Potential Nodal Targeted Therapeutics Applications in Cancer  

Given that the expression of embryogenic Nodal is relatively absent in normal tissues 

and that its re-emergence facilitates the tumourigenic phenotype, it poses as an ideal 

target for cancer therapy (65,158). A growing body of evidence suggests the potential 

use of both Nodal and Cripto as biomarkers of cancer progression and 

clinicopathological prognosis and survival associated with various cancer types (66,165-

169,174-178,180,182,183,189). Nodal has been demonstrated to facilitate proliferation, 

migration, invasion, EMT, angiogenesis, CSC renewal and plasticity of cancer cells 

(158,159,163,168,171,172,173,175,180,183,186,188). In this regard dysregulated Nodal 

signalling promotes crucial cellular processes utilized in the maintenance and 
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progression of the oncogenic phenotype. Furthermore, Nodal signalling has been 

reported to play key roles in aggressive cancer types which are problematic to treat with 

the current chemotherapeutical approaches (164,168,170,171,173-175,177-188). For 

all these reasons Nodal provides quite a promising candidate for targeted cancer 

therapy which may be relevant to different cancer types.  
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 Interferon Superfamily 

Interferons (IFN)s are a superfamily of class II helical cytokines, identified 50 years ago. 

Their assigned terminology was based on their abilities to interfere with the growth of 

viral influenza (190). Aside from anti-viral activities, the IFNs have also been extensively 

characterised as integral regulators of innate and adaptive immunity by exhibiting anti-

proliferative, pro-apoptotic and immunomodulatory properties. According to amino 

acid composition and receptor specificity, IFNs are classified into type I, type II and type 

III as illustrated in the phylogenetic tree in Figure 17 (191-195).  

 

 

 
Figure 17. Phylogenetic Tree of Human Interferon Cytokine Family. 
IFN superfamily consisting of types I (green), II (red), and III (blue). The scale bar 
symbolizes amino acid substitutions per site. Adapted from (195). 
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The type I IFN family consists of 8 members including IFNα (14 subtypes), IFNβ, IFNε, 

IFNκ and IFNω, identified in both human and mice. While members such as IFNδ, IFNτ, 

and IFNζ (limitin) are exclusively present in porcine, ruminant and mice respectively. The 

highly evolutionary conserved type I IFN family of genes are clustered on human 

chromosome 9 (196-198) [or mouse chromosome 4 (199-202)] and are all intronless 

except for IFNΚ (199).  Signalling is mediated by the heterodimeric IFNAR receptor 

complex as illustrated below in Figure 18 (203). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Interferon Superfamily Mode of Action. 

Schematic depiction of the differential receptor complex formation IFNs (type I, type II 
and type III) to mediate signal transduction via the JAK-STAT pathway. STAT complex 
activation induces specialized gene expression of both ISRE (interferon stimulated 
response element) or GAS (gamma interferon-activated site) promoter elements (IFN 
type I and type II) or genes containing exclusively GAS promoter elements (IFN type 
III). Adapted from (204). 
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In contrast to type I, the type II IFN family consists of a single member only, known as 

interferon gamma (IFN-γ). Even though IFN-γ is structurally heterogeneous to IFN type I 

proteins, it has been subsumed to the IFN superfamily, due to exhibiting antiviral as well 

as immunoregulatory properties (205). Production of IFN-γ is mainly restricted to 

activated immune cells such as T cells [CD4+T helper cell type 1 (Th1) lymphocytes, CD8+ 

cytotoxic lymphocytes], NK cells, B cells, and APCs [(professional antigen-presenting 

cells), including monocytes, macrophages and dendritic cells]; stimulated by mitogens 

[IL-12, IL-18, IL-2 and phytohemagglutinin (PHA)] (206-208).  

 

IFN-γ signalling is mediated by the IFNGR1/R2 (interferon gamma receptors 1 and 2) 

tetrameric receptor complex (as shown in Figure 18), distinct from the type I IFN 

signalling mechanism (209). Similar to type I IFNs, IFN-γ signal transduction is facilitated 

by the JAK-STAT pathway to orchestrate acute host defence mechanisms, as well as 

adaptive immunity against pathogenic infection (205, 210). 

 

Human type III IFNs comprise of four IFN-λ (interferon-lambda) molecules: IFN-λ1 (IL-

29), IFN-λ2 (IL28A), IFN-λ3 (IL-28B) and IFN-λ4 (211). Figure 18 demonstrates that type 

III IFNs signal via a distinct heteromeric receptor complex composed of IL-10R2 and 

IFNLR1 (194, 212). The IFN-λs can exert anti-viral activities with cell-type and tissue 

specificity (213). Type III IFN responses are mainly restricted to lung and intestinal 

mucosal epithelial tissues due to the restricted expression of IFNLR1 (214, 215).  

 

The widespread immunological properties modulated by interferons to combat 

bacterial, viral, and fungal infections will not be further discussed as they fall beyond the 

focus of this thesis. As this thesis will attempt to examine the direct anti-tumourigenic 

properties exhibited by type I IFNs as discussed in Chapter 4, this review will attempt to 
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further elaborate on the associated evidence as well as essential underlying molecular 

mechanisms.  

 

1.4.1 Type I IFNs  

Type I IFNs are produced by all nucleated cell types upon pathogenic infection via the 

detection of PAMPs (pathogen-associated molecular patterns) of viral or bacterial origin. 

However, plasmacytoid dendritic cells (pDCs) are specialized in the production of large 

amounts of type I IFNs (216). Type I IFNs display pleotropic biological functions, crucial 

in innate and adaptive immunity as well as maintenance of homeostatic mechanisms, as 

depicted in Figure 19. The most commonly characterised type I IFN members include 

IFNα and IFNβ, which share 30% amino acid sequence identity and are produced in a cell 

type specific manner. Infected epithelial cells and adjacent fibroblasts produce IFNβ to 

provide microbial protection by inducing intracellular antimicrobial processes (217).  

 

Concurrently, type I IFNs regulate innate immune responses by facilitating antigen 

presentation as well as cytokine and chemokine production. Additionally, type I IFN 

signalling stimulates B cell antibody production and activates T cell function thereby 

augmenting adaptive immunity (217).  Apart from the well characterised anti-viral and 

anti-bacterial activities, type I IFNs also exhibit anti-proliferative, pro-apoptotic, anti-

migratory and immunomodulatory properties via the JAK-STAT signalling transduction 

cascade. Owing to their anti-tumour activities type I IFNs (α and β) have been clinically 

utilized in cancer therapy.  
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Figure 19. IFN type I mechanisms of Intracellular, Innate and Adaptive Immunity. 
Upon infection epithelial cells and neighbouring fibroblasts sense pathogen 
components via PRRs (pattern-recognition receptor) and secrete type I IFNs (mainly 
IFNβ). Type I IFN paracrine and autocrine action confines the infection by induction of 
antimicrobial pathways. Immune cells including DCs and macrophages also produce 
type I IFNs to facilitate antigen presentation and mediate innate immunity responses. 
In turn type I IFN signalling triggers B cell antibody production and T cell activation to 
enhance adaptive immunity. Adapted from (217). 
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1.4.1.1 Induction of type I IFNs 

Production of type I IFNs is initiated by PRRs (illustrated in Figure 20), acting as 

pathogenic sensors. These receptors include Toll-like receptors (TLR), RIG-like receptors 

(RLR), NOD-like receptors (NLR), and Cyclic GMP-AMP synthase (cGAS); and are localized 

in the cell surface, cytoplasm and endosome (218). Upon microbial infection, PAMPs or 

DAMPs (damage-associated molecular patterns) conserved among bacteria and viruses, 

(such as dsRNA, dsDNA, ssRNA, bacterial lipopolysaccharide) are sensed by the PRR. 

 

 

 

Figure 20. Type I Interferon Induction by Pattern-Recognition Receptors. 

Pattern-recognition receptors of infected cells bind to PAMPs and activate 
downstream signalling pathways leading to transcription of IFNA or IFNB. IFNα/β are 
then secreted and can mediate either autocrine or paracrine type I IFN signalling. 
Adapted from (219). 
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1.4.1.2 Canonical IFN type I signalling  

A complex network of IFN type I signalling pathways dictates the precise biological 

activities in a tightly controlled manner and in accordance with the tissue specific 

microenvironment. Canonical IFN type I signalling pathway is mediated through 

activation of the common receptor IFNAR (IFN alpha-receptor), as illustrated in         

Figure 21. Heterodimeric IFNAR consists of two transmembrane glycoproteins IFNAR1 

and IFNAR2 (191, 192). 

 

To date, three IFNAR2 isoforms have been identified, as generated by alternative 

splicing of a commonly transcribed gene (220). Studies conducted in our lab have 

detected the soluble form, known as IFNAR-2a in serum and attributed both agonistic 

as well as antagonistic IFN activities (221). However, further studies are required to fully 

elucidate the function of soluble IFNAR-2a. IFNAR2b is the shortest transmembrane 

IFNAR2 form lacking the intracellular signalling domain and may act as a dominant 

negative regulator of type I IFN signalling (222). Whereas IFNAR2c is the long 

transmembrane form containing the cytoplasmic domain, well characterized for its 

essential functional requirement within the IFNAR receptor complex, for type I IFN signal 

transduction (223).  

 

The IFN ligand binds initially to the high affinity subunit IFNAR2 followed by the low 

affinity subunit IFNAR1 (223). Formation of IFN ligand-IFN receptor complex triggers 

cross phosphorylation of receptor associated Janus kinase JAK1 and tyrosine kinase TYK2 

followed by recruitment and phosphorylation of STATs (Signal Transducer and Activator 

of Transcription). This leads to STAT dimerization and formation of transcription factor 

complex ISGF3 [composed of STAT1, STAT2 (or STAT 4, STAT5, STAT6) and IRF9) (224). 
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The ISGF3 complex then translocates to the nucleus to regulate gene expression, by 

binding to interferon stimulated response element (ISRE) (225). IFN type I mediated 

signalling can induce transcription of a wide range of interferon stimulated genes (ISGs) 

encoding for a wide variety of proteins that exhibit cell specific antiviral, anti-

proliferative, anti-tumour and immunomodulatory activities (226-228). 

 

Activation of type I IFN signalling leads to the regulation of myriads of ISGs, accounting 

for over 3,000 identified genes to date. These have been compiled and curated by our 

group in the Interferome database (229). ISGs that are up- regulated or down-regulated 

encode effector proteins that mediate broad biological functions, including antiviral, 

anti-tumour and immunoregulatory (see Figure 21). They collectively formulate type I 

IFN responses based on the cellular microenvironment.  

 

ISGs can also serve as regulators of IFN signalling by providing positive or negative 

feedback loop mechanisms. PRR and IRFs (interferon regulatory factors) are examples 

of positive feedback signalling regulation (230). In contrast type I IFNs can also induce 

the transcription of SOCS (suppressor of cytokine signalling) or USP18 (ubiquitin specific 

peptidase 18), which act via a negative feedback loop to inhibit JAK-STAT signalling, as a 

protective mechanism of excessively toxic signalling which contributes to pathology 

(231). Furthermore, aberrant overexpression of SOCS has been linked to tumourigenesis 

of melanoma and prostate malignancies (232, 233). 
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Figure 21. Canonical IFN type I Signalling Pathway. 

Cells respond to DAMPs (damage-associated molecular patterns) and produce IFNs. 
Type I IFNs engage with the IFNAR receptor complex and phosphorylate the JAK1 and 
TYK2 to initiate the intracellular JAK-STAT pathway. In turn phosphorylation and 
dimerization of STAT molecules triggers binding to IRF9 and formation of ISGF3 
(STAT1/STAT2/IRF9) complex. The latter translocates to the nucleus to induce 
transcription of interferon regulated genes. Adapted from (234). 
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1.4.1.3 Non-Canonical type I IFN pathway 

Apart from the classical JAK-STAT pathway, type I IFNs can also signal via alternative 

pathways independent of the JAK-STAT cascade, depending on the cellular context. It 

has been reported that type I IFNs can also activate p38 mitogen-activated protein 

kinase (MAPK), phosphatidylinositol-3-kinase (PI3K) and NFkB (nuclear factor κB) 

pathways (235, 236). Furthermore, type I IFNs   have   also   been   shown   to facilitate 

Rap1-CrkL (Ras-proximate-1 -Crk-like protein) pathway associated with repression of 

p21 (proto-oncogen protein 21) activity. The latter contributing to type I IFN anti-tumour 

and growth inhibitory effects (237).  

1.4.1.4 IFN type I anti-tumour activity 

Besides the well characterised host defence properties against pathogens, type I IFNs 

also exhibit potent anti-tumour effects, by promoting anti-proliferative and anti-

apoptotic cellular mechanisms (238). These anti-tumour activities (summarised in Figure 

22) are executed either directly by intrinsic cellular procedures or indirectly by utilization 

of host immunosurveillance processes (239). “As such, the effect of type I IFNs on the 

reciprocal crosstalk between immune and tumour cells is key to their antitumour 

potential. The source, inducer, subtype, dose, duration and stability of the endogenous 

or exogenous IFN also have a major impact on outcome; as does the requirement for 

IFNα/β receptor (IFNAR) expression” (234). Type I IFN anticancer effects have been 

deciphered predominantly for IFNα and IFNβ, compared to the lesser studied IFNɛ, IFNκ 

and IFNζ.  

 

1.4.1.4.1 Intrinsic mechanisms 

Intrinsic type I IFN anti-tumour processes (summarised in Figure 22), involve the 

regulation of proliferation, apoptosis, and differentiation (240, 241).  Anti-proliferative 
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as well as pro-apoptotic efficacies vary according to the cell type and the specific IFN 

type I subtype (242-244). Type I IFNs exhibit anti-proliferative or growth inhibitory 

properties. It has been reported that IFNβ reduced BMM (bone marrow-derived 

macrophage) cell proliferation with CSF1 treatment (colony stimulating factor 1) (245-

247). Moreover, BMM cells derived from IFNAR1-null mice proliferate faster than their 

analogous wild type (247). It has been suggested that IFNs down-regulate proto-

oncogenes, such as c-myc leading to growth inhibition (241, 248, 249). Additionally, it 

was observed that IFNα induction of cell cycle arrest at the G0/G1 phase, correlated with 

down-regulation of c-myc mRNA in lymphoma cells (250).  

 

Apoptosis is a homeostatic mechanism essential in eliminating infected or damaged 

cells, or cells that have escaped cell cycle checkpoints and have adopted aberrant 

proliferative characteristics (251). Evidence suggests that type I IFNs induce apoptosis 

of transformed cells through the extrinsic apoptotic pathways accompanied by 

activation of death receptors as well as by the intrinsic apoptotic (or mitochondrial 

pathway) cascade (252). More specifically, IFNα and IFNβ have been shown to activate 

caspase pathways and concurrently suppress the expression of anti-apoptotic genes 

(such as BCL-2) leading to programmed cell death (253-255). Furthermore, type I IFNs 

regulate the expression of various molecules such as: FAS ligand/receptor, caspase-8, 

p21/waf1, IRF1, STAT1, PKR, RNase L, PML, Daxx, TNF family receptors/ligands, 

phospholipid scramblase, death-associated protein kinases involved in cell survival and 

apoptosis (252, 256-261). 

 

1.4.1.4.2 Extrinsic mechanisms 

Type I IFNs also utilize extrinsic mechanisms to promote anti-cancer activity of immune 

cells by activating broad innate and adaptive immune responses, as depicted in         
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Figure 22 (262). The extrinsic anti-cancer machinery is associated with activation of 

innate and adaptive immunity including stimulation of T cells, natural killer cells, 

dendritic cells, innate lymphoid cells; and with inhibition of immunosuppressive cell 

types which attenuate anti-tumour immunity (such as myeloid-derived suppressor cells 

and regulatory T cells) (263-265). In addition, type I IFN activate antigen presentation 

processes (264). Hence tumour infiltrating immune cells can facilitate anti-tumour 

immunity in response to type I IFN paracrine activities.   

 

 

Figure 22. The Interplay of Anti-Tumourigenic Properties Exhibited by type I IFNs. 
Schematic representation of the various anticancer processes orchestrated by type I 
IFNs. Autocrine type I IFN response can trigger intrinsic mechanisms by regulation of 
cellular proliferation, apoptosis or differentiation. Paracrine type I IFN stimulation 
involves recruitment and activation of innate and adaptive cytotoxic lymphocytes 
associated with immunoregulatory functions. Adapted from (234). 
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An example of breast cancer evasion through dysregulated type I IFN responses has 

been described by Bidwell et al., (2012) (266).  In this study breast cancer cells obtained 

from bone metastases revealed a significant reduction in type I IFN regulated gene 

signatures compared to the corresponding primary tumour mouse model. Restoration 

of type I IFN signalling by overexpression of Irf7 in tumour cells or systemic 

administration of IFNa substantially reduced bone metastasis by activation of the critical 

anti-cancer immune surveillance cells (NK cells and CD8+ T lymphocytes) (266). Thus, 

activation of type I IFN signalling pathway could trigger an anti-tumour immune 

response, suppressing breast cancer metastasis to the bone. 

 

1.4.1.4.3 Type I IFN therapeutic applications  

Given their multifactorial host defence properties, type I IFNs have been applied as 

clinical treatments for viral infections, autoimmune disease and cancer. IFNα has been 

used to treat hepatitis B and C infections (267-269). Whereas IFNβ therapy has shown 

promising anti-inflammatory effects in multiple sclerosis and constitutes the only 

currently approved treatment of relapsing remitting disease (RRMS) (270). However, 

success of IFNβ treatment has not been fully understood in multiple sclerosis clinical 

trials conducted to date (271, 272).  

 

The first type I IFN cancer therapy was approved in 1985 with the use of IFNα treatment 

of hairy cell leukaemia (273). Thereafter IFNα therapy was clinically extended to combat 

other haematological malignancies including chronic myeloid leukaemia and lymphoma; 

as well as in solid tumours such as malignant cutaneous melanoma, Kaposi’s sarcoma, 

renal cell carcinoma (232, 239, 274-277). Although results from these studies are 

promising, the major concern with current use of IFNα in long term cancer therapy is 

that it is often not well tolerated by patients, due to its broad and systemic toxicity (278). 
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Acute IFNα cancer therapy may include fever, chills, headache, myalgia; as well as 

delayed responses like nausea, vomiting, fatigue, anorexia, leukopenia, neutropenia, 

neurotoxicity, retinal haemorrhage; and autoimmune disease with occurrence of hyper/ 

hypothyroidism, type 1 diabetes mellitus, coeliac disease, autoimmune hepatitis, 

psoriasis, rheumatoid arthritis glomerulonephritis, sarcoidosis (279). Furthermore, 

therapeutic success of adjuvant IFNα cancer treatment has been controversial (239).  

 

Subsequently IFNβ adjuvant cancer therapy has also been clinically trialled in 

glioblastoma, metastatic breast cancer, advanced pancreatic cancer, advanced non-

small-cell lung cancer, patients (280-282). Although in these studies IFNβ treatment 

prolonged the progression-free survival of advanced, breast cancer, glioblastoma, 

pancreatic carcinoma, patients; this was not reported for advanced non-small-cell lung 

cancer patients.  

 

1.4.2 IFNε: A Unique Type I interferon 

Sequencing of type I IFN locus led to the discovery of the novel interferon epsilon (IFNε), 

by our lab in 2004 (202). The human IFNε gene is located on chromosome 9p21, within 

type I IFN locus (202). Consisting of 208 amino acids, human IFNε is homologous to the 

murine protein (202). Three-dimensional structure modelling predictions suggest that 

IFNε resembles type I IFN family members, sharing sequence identities of 25% and 30% 

to IFNα and IFNβ, respectively. IFNε was rightfully classified as type I IFN as it mediates 

signal transduction via the canonical type I IFN pathway (see Figure 23). Further 

evidence by Stifter, S. A., et al., (2017), suggests that r-mIFNε (recombinant-mouse IFNε) 

can induce STAT1 phosphorylation as well as down-stream signal transduction via 

activation of ISRE promoter elements leading to transcription of canonical IRGs (192, 

283, 284). Subsequent characterization by our group revealed that IFNε promotes local 
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innate immune responses within the female reproductive tract (FRT) (283). 

Furthermore, similar to other type I IFN family members, IFNε has been shown to 

regulate cell proliferation, activate innate and adaptive immune responses and elicit 

antiviral and antibacterial properties (284) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Canonical IFNε (type I Interferon) Signalling Pathway. 

Engagement of IFN type I ligand with IFN type I receptor leads to activation of the 
JAK/STAT pathway followed by induction of IRG transcription. Signal transduction of 
this pathway elicits pleotropic IFN biological activities. Adapted from (217). 
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1.4.2.1 Constitutive expression IFNε in the FRT  

Our lab has also demonstrated that in contrast to conventional type I IFNs, IFNε is 

constitutively expressed at high levels by epithelial cells of the FRT (see Figures 24 and 

25), in particular within the uterus, ovary, and cervix and vagina of both mice and human 

(283). Comparatively lower expression of Ifnε has been observed within the brain, heart, 

lung, adrenal glands and heart of adult mice, but could not be detected in thymus, 

spleen, testis, liver, and kidney (202). According to Hardy M.P., et. al., (2004), Ifnε 

transcript was just detectable at all stages of mouse embryonic development from E14 

(more specifically in the developing brain, liver, lung, kidney, large intestine, and 

thymus). Interestingly, Ifnε was also present in the placentas of gestating mice at various 

stages of pregnancy.  

 

 
 
Figure 24. IFNε Protein Localisation in Epithelial Cells of Mouse Endometrium 
Immunohistochemical analysis of IFNε protein of endometrial tissue from wild-type 
(WT) C57BL/6 mice. Scale bar is equivalent to 50µm.  Adapted from (285). 
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The Hardy M.P., et al., (2004) study also suggested that apart from Ifnε, other type I IFN 

members such as Ifnα and Ifnβ where not constitutively expressed in the mouse FRT. In 

conjunction, a recent comprehensive study by our laboratory analysed type I (ε, β, α4, 

α2, α1), type II (IFNγ) and type III (λ1, λ2, λ3) IFN mRNA in vaginal, cervical, and 

endometrial human tissues (obtained from healthy women, clear from infections, non-

pregnant, and with regular menstrual cycles) (286). This is the first study to show that 

IFNε was the only highly expressed interferon member in human FRT, eluding to its 

distinguished roles within the FRT physiology.  

 

Additionally, Bourke et. al., (2018) demonstrated that in the lower human FRT (vagina 

and ectocervix), IFNε expression was localized to the basal layer of squamous epithelium 

(286). Whereas in the endometrial epithelium (upper FRT), constitutive expression of 

IFNε was detected primarily with in the glands and lumen and to a lesser degree in the 

stroma (286).  

 

1.4.2.2 Hormonal regulation of IFNε independent to PRR signalling  

IFNε expression is uniquely regulated by hormonal induction, independent of PRR 

signalling. Lack of conventional PRR pathway regulation of Ifnε gene expression is 

consistent with the absence of corresponding response elements associated with these 

pathways (IRFs, NF-κB, STAT, ISRE), in the Ifnε proximal promoter compared to other 

type I IFN genes (283). Hardy et al., (2004), identified conserved motifs in the promoter 

of human and mice Ifnε genes by comparative analysis. Putative conserved transcription 

binding factor sequences included sites for STATs, IRFs, Ets (E-twenty-six), PRE 

(progesterone receptor response element) and CEBPh (CCAAT/ enhancing protein h 

(202). 
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Fung et al., (2013), also confirmed that mouse Ifnε expression was upregulated following 

estrogen administration and varied according to the oestrous cycle, with the lowest 

levels associated with diestrus and highest levels at oestrus (Figure 25.B). During 

pregnancy, uterine Ifnε expression is dramatically down regulated from day 1.5 post 

coitus and lowest at day 4.5 (embryo implantation) and increases at E18.5 (285).  

 

Subsequently, in the same study, human Ifnε expression fluctuated throughout the 

menstrual cycle within the FRT (Figure 25.A). High IFNε levels were observed in the 

proliferative phase of the endometrium, correlated with high oestrogen levels, followed 

by a 10-fold downregulation of IFNε in the secretory phase of the menstrual cycle 

(associated with high progesterone levels). Additionally, post-menopausal women have 

very low levels of IFNε in the FRT, which could be related to the depletion of 

reproductive hormones (283).  

 

 

A                                                      B 

 
 
Figure 25. Human and Murine IFNε Cyclical Expression Patterns. 
A) Human IFNε mRNA levels in the endometrium, peak during the proliferative phase 
of the menstrual cycle. B) Similarly, murine IFNε mRNA expression is highest in the 
oestrus (high progesterone levels) cycle. mRNA normalised 18S ribosomal RNA, (data 
presented as mean ± SEM; *p<0.05; **p<0.01; ***p<0.001). Adapted from (193). 
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In addition, further investigations within the human FRT revealed that the cyclical 

changes in expression of IFNε occurred only within the endometrial epithelium and were 

not observed in the lower FRT, vaginal or cervical epithelium (286). This suggests that 

constitutive expression of IFNε in the FRT is hormonally regulated exclusively within the 

endometrium. Further observations negatively correlated IFNε with progesterone 

receptor (PR) levels (both protein and transcript), eluding to PR associated repression of 

IFNε expression in the endometrium. Furthermore in vitro overexpression of PRs 

resulted in significant reductions of IFNε expression levels. Thus, corroborating that PR 

is a negatively regulator of IFNε in the FRT (286). 

 

1.4.2.3 Anti-viral and Anti-bacterial properties of IFNε 

Importantly, Ifnε exhibits an essential prophylactic role in the FRT, against sexually 

transmitted infections. Fung et. al., (2013) demonstrated that Ifnε deficient mice 

presented increased susceptibility to vaginal infection by Herpes Simplex Virus 2 and 

Chlamydia muridarum (283). Furthermore Bourke et al., (2018) determined a positive 

correlation between IFNε innate immunity ISGs (MXA, CXCL10, OAS2) expressed in the 

FRT, in line with our previous study which showed that IFNε-/- mice had reduced ISG 

expression in the FRT (285, 286). Concurrently, in vitro stimulation with r-IFNε induced 

the expression of innate immune genes (286). Other evidence has suggested that IFNε 

upregulation to semen exposure examined in ectocervix of seronegative female sex 

workers (highly exposed to HIV-1), is part of an immunoregulatory mechanism, 

associated with protection from HIV-1 infection (287, 288). Collectively, these results 

demonstrate the essential roles of constitutive IFNε in maintenance of basal IFN 

mediated immunity in the FRT. Importantly, the fluctuating levels of IFNε expression in 

could explain STI susceptibility according to the menstrual cycle phase. 
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1.4.2.4 Anti-tumour activities of IFNε 

According to ground-breaking studies conducted by our group, there is evidence to 

suggest that the proliferation rate of primary uterine epithelial cells isolated from      

IFNε-/- mice, is significantly higher compared to the equivalent wild type as illustrated in 

Figure 26 (Bourke NM and Mangan NE, unpublished). This could suggest that IFNε has a 

potentially important intrinsic anti-proliferative roles within the FRT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Proliferation of IFNε-/- Mice. 

Uterine epithelial cells from IFNε-/- mice exhibit significantly higher proliferation 
compared to wild type equivalents. Adapted from (Bourke NM and Mangan NE, 
unpublished). 
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In addition, preliminary analysis of ovarian cancer samples, indicated that levels were 

significantly reduced in all samples relative to expression of IFNε in healthy controls. 

Next Generation Sequencing datasets of IFNε were carried out by our lab in 

collaboration with Prof David Bowtell, on fallopian epithelial cells from women with 

HGSC. The distinction in IFNε expression between the two groups was striking: IFNε 

expression was high and constitutive in 6 of the 7 healthy controls whereas 102 of the 

112 HGSC patients (or 91%) display decreased IFNε levels. This is consistent with the 

hypothesis that IFNε has anti-tumour activity and its suppression favours tumour 

development (Marks et al., unpublished).  

 

1.4.3 Therapeutic interventions of IFNε in uterine cancer 

Based on the aforementioned data and signalling through IFNARs, we propose that IFNε 

exhibits anti-tumour effects, similar to other type I IFNs and that its unique properties 

render it particularly pertinent to FRT tumours. As discussed previously current type I 

IFN therapies have been extremely successful in eliminating a broad range of 

malignancies. However due to detrimental side effects and systemic toxicity observed 

in patients, they are unfavourable long-term cancer treatments. Whereas IFNε is 

constitutive expressed within the FRT suggesting that it may be well tolerated within 

this organ and may direct an organ-specific type I IFN response. The potential of IFNε in 

therapeutic development of uterine cancer requires further investigation. 
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 Project Rationale, Hypothesis and Aims 

Oncogenesis is a multistage process associated with cellular transformation, 

proliferation, invasion and metastasis. These processes under normal physiological 

conditions are tightly regulated, by cytokine cellular communication and are essential 

for maintaining homeostasis. The understanding of dysregulated cellular machinery is 

key to deciphering cancer pathogenesis. This thesis will examine two such pathways. 

Firstly, the pro-tumourigenic Nodal /TGF-β signalling and will attempt to shed some 

light as to how tumours utilize this pathway to facilitate oncogenic development 

(Chapter 2 and Chapter 3). Secondly, we will investigate dysregulated anti-tumourigenic 

cytokines that have been implicated in tumourigenesis.  As such, we will also examine 

the anti-cancer properties exhibited by the novel type I IFN IFNε (Chapter 4). 

 

Nodal has been well characterized as an embryonic morphogen (63, 138). It is expressed 

in a highly restricted pattern, during embryogenesis and plays essential roles in early 

embryonic development. Although Nodal is rarely expressed in adult cells (except in 

regenerative tissues), substantial evidence suggests that it re-emerges during 

carcinogenesis (151, 289). Furthermore, Nodal expression is strongly correlated with 

tumour cell aggressiveness (151, 153, 160, 180, 290). It is suggested that Nodal 

promotes proliferation, EMT (Epithelial-mesenchymal transition), migration, invasion, 

angiogenesis, plasticity and stem cell properties of cancer cells (66, 160, 163, 168, 169, 

171, 173, 188, 291). However, the precise mechanisms have not been fully clarified. 

 

TGF-β proteins have been shown to play essential roles in tissue remodelling events 

across the cycling endometrium and during pregnancy. Expression of Nodal signalling 

components including signalling receptors (Alk4 and ActRIIA/B), Smads (downstream 

signalling molecules), Lefty (antagonist) as well as other TGF-β members have been 

detected in the human endometrium (292-295). Nevertheless, expression of Nodal as 
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well as co-receptor Cripto has not been investigated in this highly dynamic tissue. In 

non-embryonic tissues, Nodal signalling has been demonstrated to exhibit essential 

roles within regenerative adult tissues, including the placenta and mammary gland; as 

well as maintaining plasticity of human adult stem cells (149-151, 186). Furthermore, 

dysregulated Nodal signalling has been associated with tumour progression reported in 

various cancers. However, Nodal signalling components have not been examined in 

human endometrial cancer.  

 
We thus hypothesised that Nodal is expressed in normal human endometrium and that 

it could play a role in the progression of endometrial cancer. To test these hypotheses, 

this study aims to identify the expression patterns of Nodal’s signalling components in 

human cycling endometrium and endometrial cancer tissues, as described in Chapter 2. 

 

We were the first group to propose that Nodal plays an important role in tissue 

remodelling events that occur across the menstrual cycle and more specifically during 

the proliferative phase (refer to Chapter 2) (296). This was also the first study to suggest 

that dysregulated Nodal and Cripto expression is correlated with the degree of 

endometrial cancer aggressiveness (296). Following observations of Nodal and Cripto 

re-activation in endometrial cancer we hypothesised that dysregulated Nodal signalling 

is associated with cancer pathogenesis and progression. 

 

The overall aim to address this hypothesis, was to examine the effects of Nodal 

signalling blockade on cancer cell phenotype (refer to Chapter 3). The specific aims 

were:  

i To develop a Nodal specific functional bioassay.  

ii To employ anti-Cripto monoclonal antibodies to block Nodal signalling. 

iii To examine the effects of Nodal blockade on cancer cell proliferation. 
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iv To evaluate cancer cell migration potential upon Nodal signalling blockade. 

v To characterize downstream Smad signalling of cancer cells treated with anti-Cripto 

monoclonal antibody. 

 

The female reproductive tract (FRT) epithelium is hormonally controlled, to constantly 

undergo remodelling processes for successful fertilization and pregnancy. Subsequently, 

it is also equipped with a specialized immune system for adequate protection against 

infections, as well as tolerance of the implanted embryo. Therefore, homeostatic 

mechanisms governed by cytokines are detrimental to the FRT physiology. IFNε is 

emerging as an essential FRT cytokine. 

 

Our lab has also demonstrated that in contrast to conventional type I interferons, IFNε 

is constitutively expressed by epithelial cells of the FRT in both mice and human, and is 

hormonally regulated, exclusively within the endometrium (286). In addition, IFNε 

exhibits prophylactic roles within the FRT, against sexually transmitted infections (HSV-

2, Chlamydia muridarum) (6). Furthermore, the constitutive expression of IFNε 

contributes to the maintenance of basal IFN mediated immunity. 

 

Preliminary studies conducted in our group demonstrated that loss of IFNε increased 

proliferation propensity of mouse uterine epithelial cells, compared to homologous wild 

type controls. This suggests that IFNε has potentially important intrinsic anti-

tumourigenic roles, and that its suppression may favour pathogenic tumour 

development. However, the direct anti-cancer properties exhibited by IFNε have not 

yet been investigated in FRT cancer with the exception of ovarian cancer. Also, the 

precise mechanisms by which IFNε may regulate such cellular processes, have not been 

fully elucidated.  
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We hypothesised that IFNε displays intrinsic anti-cancer properties in the FRT. This study 

aimed to primarily investigate the anti-tumourigenic effects of IFNε on FRT epithelial 

cancer cell lines, described in Chapter 4.  
The specific aims of this study were: 

i To identify FRT cancer cell lines responsive to IFN stimulation. 

ii To characterize IFNε mediated IRG regulation of FRT cancer cell lines. 

iii To examine the modulation of anti-apoptotic and pro-apoptotic genes by IFNε. 

iv To assess the effects of IFNε on FRT cancer cell proliferation. 

v To investigate the effects of IFNε on FRT cancer cell apoptosis. 
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Abstract 

 
Background: The human endometrium is unique in its capacity to remodel constantly throughout adult 
reproductive life. Although the processes of tissue damage and breakdown in the endometrium have been 
well studied, little is known of how endometrial regeneration is achieved after menstruation. Nodal, a 
member of the transforming growth factor-beta superfamily, regulates the processes of pattern formation 
and differentiation that occur during early embryo development. 
Methods: In this study, the expression of Nodal, Cripto (co-receptor) and Lefty A (antagonist) was 
examined by RT-PCR and immunohistochemistry across the menstrual cycle and in endometrial 
carcinomas. 

Results: Nodal and Cripto were found to be expressed at high levels in both stromal and epithelial cells 

during the proliferative phase of the menstrual cycle. Although immunoreactivity for both proteins in 

surface and glandular epithelium was maintained at relatively steady-state levels across the cycle, their 

expression was significantly decreased within the stromal compartment by the midsecretory phase. Lefty 

expression, as has previously been reported, was primarily restricted to glandular epithelium and 

surrounding stroma during the late secretory and menstrual phases. In line with recent studies that have 

shown that Nodal pathway activity is upregulated in many human cancers, we found that Nodal and Cripto 

immunoreactivity increased dramatically in the transition from histologic Grade 1 to histologic Grades 2 

and 3 endometrial carcinomas. Strikingly, Lefty expression was low or absent in all cancer tissues. 

Conclusion: The expression of Nodal in normal and malignant endometrial cells that lack Lefty strongly 

supports an important role for this embryonic morphogen in the tissue remodelling events that occur 

across the menstrual cycle and in tumourigenesis. 

  

http://www.biomedcentral.com/
http://www.biomedcentral.com/
http://www.biomedcentral.com/
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/
http://www.biomedcentral.com/info/about/charter/
mailto:david.robertson@princehenrys.org
file:///D:/2015%20phD/Thesis%20Writing/Chapters/A%20FINAL%20Thesis%20Chapters/MERGED%20Chapters/This%20article%20is%20available%20from:%20http:/www.rbej.com/content/7/1/122
http://creativecommons.org/licenses/by/2.0
http://creativecommons.org/licenses/by/2.0


      Chapter 2 

101 

 

Background 
Nodal, a member of the transforming growth factor-beta 

(TGF-β) superfamily, regulates the processes of pattern 

formation and differentiation that occur during early 

embryo development [1]. In particular, Nodal signalling 

is essential for mesoderm and endoderm induction, 

neural patterning and the specification of the primary 

body axes [1]. Nodal signals through activin type I 

(ALK4) and type II (ActRII or ActRIIB) serine-threonine 

kinase receptors [2]. However, unlike activin, Nodal 

lacks intrinsic affinity for ALK4 and ActRII/IIB, suggesting 

the requirement for a co-receptor to potentiate its 

actions [3]. Indeed, recent studies have shown that 

Nodal effects are dependent upon interactions with 

Cripto, a small cysteine-rich extracellular protein that is 

attached to the plasma membrane through a glycosyl 

phosphatidyl inositol linkage [1]. Cripto interacts with 

Nodal and ALK4, independently, and promotes the 

formation of a stable high affinity complex with activin 

type II receptors [4]. Phosphorylation of ALK4 within 

this complex initiates signaling via Smad2/ Smad3 signal 

transducers [3]. The TGF-β signaling antagonist, Lefty, 

blocks Nodal actions by competing for access to the 

ligand binding site of Cripto [5]. 

Consistent with its crucial developmental function, nodal 

is first expressed throughout the embryonic ectoderm 

shortly after implantation (5.25 days post-coitum). 

Expression continues during the initial stages of primitive 

streak formation and is then rapidly down regulated as 

the streak elongates. Subsequently, nodal expression is 

detected in a small subset of node progenitors, and 

following the formation of the morphologically distinct 

node becomes restricted to the edges of the 

notochordal plate [1,6,7]. Until recently, Nodal 

expression was widely thought to be embryonically 

restricted [8]. However, several studies have shown that 

Nodal and its signalling partners are expressed at defined 

stages in a variety of adult tissues, including the lactating 

mammary gland and regenerating islet cells in the 

pancreas [9,10]. In addition, there is increasing evidence 

that Nodal pathway activity is upregulated in many 

human cancers. Hendrix and colleagues [11,12] have 

shown that expression of Nodal in metastatic 

melanomas and breast carcinomas is correlated with 

cancer progression, whereas pathway inhibition 

decreases cell invasiveness, colony formation and 

tumourigenicity. 

Components of the Nodal signalling pathway have also 

been detected in human endometrium. Lefty A, which 

was originally designated endometrial bleeding 
associated factor (ebaf), is highly expressed in 

endometrium during the late secretory and menstrual 

phases, but is significantly reduced in proliferative, early 

and mid-secretory endometria [13,14]. Lefty A 

stimulates the production of several matrix 

metalloproteinases and may be a key local regulator of 

focal extracellular matrix breakdown in the cycling 

human endometrium [15]. Furthermore, dysregulated 

endometrial expression of Lefty is associated with 

infertility [14], and in vivo gene transfer of Lefty leads to 

implantation failure in mice [16]. Curiously, given Lefty's 

welldocumented mechanism of action during vertebrate 

embryogenesis [5,17], the presence of Nodal and Cripto 

mRNA in human endometrium has only recently been 

established [18]. 

In the current study, RT-PCR and immunohistochemistry 

were utilised to examine the site- and menstrual cycle 

stage-specific expression of Nodal and Cripto in the 

human endometrium. As recent studies have suggested 

that increased Nodal signalling has a key role in 

melanoma cell plasticity and tumourigenicity, the 

expression profiles of Nodal, Cripto and Lefty were also 

examined in endometrial carcinomas. The expression of 

Nodal and Cripto in normal and malignant endometrial 

cells that lack Lefty strongly supports an important role 

for this embryonic morphogen in the endometrial 

remodelling events that occur across the menstrual cycle 

and in tumourigenesis. 

Methods 
Tissue Collection 

Ethical approval was obtained from appropriate 

Institutional Ethics Committees for all tissue and sample 

collections. Written informed consent was obtained 

prior to tissue and sample collection from all subjects. 

Human endometrial biopsies were obtained from normal 

fertile women undergoing curettage following 

laparoscopic sterilization or assessment of tubal patency. 

Cycle stage was confirmed by histological dating, 

according to standard criteria [19]; thereafter samples 

were allocated to one of six groups: menstrual (days 1-

4, n = 4), early proliferative (days 5-8, n = 4), mid 

proliferative (days 8-10, n = 4), late proliferative (days 

11-13, n = 4), early secretory (days 1417, n = 4), mid 

secretory (days 18-24, n = 4) and late secretory (days 

25-28, n = 4). Endometrial biopsies were divided in two: 

one portion was fixed in 10% buffered formalin 

overnight, then washed three times in Tris-buffered 

saline (TBS, pH 7.6) before routine histological 

processing to paraffin blocks. The remainder was placed 

into RNA Later solution (Ambion, Austin, TX) before 

snap-freezing and stored at -80°C for subsequent RNA 

extraction. No RNA was extracted from mid 

proliferative tissue samples. The collection, grading and 

preparation for immunohistochemistry of endometrial 

cancer biopsies has been described previously [20]. In 

the current study, Grade 1 (n = 4), Grade 2 (n = 4) and 

Grade 3 (n = 4) endometrial carcinomas were examined 

for the immunolocalisation of Nodal, Lefty and Cripto. 
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RNA extraction, Reverse Transcription and 

Quantitative real-time PCR 

Total RNA was extracted from endometrial samples 

from each menstrual cycle phase (n = 4 per stage: 

menstrual, early and late proliferative, early, mid and late 

secretory) using a total RNA extraction kit (Qiagen; 

Hildens, Germany) as previously described [21]. 

Contaminating DNA was removed using a DNA free kit 

(Ambion, Austin, Texas) for 25 min at 37°C after which 

reverse transcription was performed with 500 ng total 

RNA/sample using SuperScript-III (Invitrogen, Carlsbad, 

California) following the manufacturer's instructions, 

before being snap frozen and stored at -80°C. 

Quantitative real-time PCR analysis was then performed 

using the Roche Lightcycler 380 (Roche, Basel 

Switzerland) with the FastStart DNA Master SYBR-

Green 1 system (Roche), or the Corbett Rotor-Gene 

2000 (Corbett Lifesciences, Sydney, Australia) using 

universal SYBR-Green (Invitrogen). Oligonucleotide 

primer sequences were obtained from published sources 

[22], or were designed using Primer3 software (see 

Table 1), and were ordered from Sigma Genosys (Castle 

Hill, Australia). Relative quantification of Nodal, Cripto 

and Lefty mRNA expression across the cycle was 

determined using the 2-ΔΔCT method [23] with β-actin 

as internal control. Full details of PCR amplification 

conditions are summarised in Table 1. After 38 cycles of 

PCR, a melting curve analysis was performed to monitor 

PCR product purity, and in initial experiments, the 

identity of the amplicons was confirmed by DNA 

sequencing. 

Immunohistochemistry 

Antibodies directed against Nodal (goat anti-mouse 

Nodal; R&D Systems, Minneapolis, MN), Lefty A (goat 

anti-human Lefty; Santa Cruz Biotechnology, Santa Cruz, 

CA) Cripto (produced by M. Lackmann), and the Cripto 

binding protein, glucose-regulated protein 78 (GRP78; 

goat anti-human GRP78; Santa Cruz Biotechnology) 

were used to localize the respective proteins to 5-μm 

sections of formalin-fixed paraffin-embedded 

endometrial tissue using standard immunohistochemical 

protocols. These antisera were selected because we 

showed that they were suitable for detecting human 

endometrial proteins or they had previously been used 

for Western blotting of human  

endometrial tissue [24,25]. Briefly, sections were 

dewaxed in histosol, dehydrated in ethanol, and washed 

in water. Antigen retrieval was achieved by microwaving 

the sections in 1 mM EDTA-NaOH (pH 8.0, Titriplex III; 

Merck, Darmstadt, Germany) for 10 min before allowing 

to cool and equilibrating in 0.1 M PBS, pH 7.4. The 

sections were blocked for 30 min in 10% normal serum, 

after which the primary antibody (4 μg/ml (Nodal); 1.7 

μg/ml (Cripto): 1 μg/ml (Lefty); 0.25 μg/ml (GRP78)), was 

added and the sections incubated O/N at 4°C for Nodal 

and Cripto, or 1 h at room temperature for Lefty and 

GRP78. Following extensive washing in PBS, slides were 

incubated with secondary antibodies (1:200) for 30 min 

at room temperature (goat anti-mouse HRP (Dako, 

Victoria, Australia) for Cripto; donkey anti-sheep/goat 

HRP (Chemicon, Billerica, MA) for Nodal; biotinylated 

rabbit anti-goat for Lefty and GRP78 detection (Vector 

Laboratories; Burlingame, CA, USA). For Lefty and 

GRP78 detection, an additional 30 min room 

temperature incubation with Vectastain ABC 

amplification (Vector Laboratories, Burlingame, CA) was 

required. The reaction product was developed using 3,3' 

diaminobenzidine tetrahydrochloride (Dako). Sections 

were counterstained with a 1:10 dilution of Harris' 

hematoxylin (Sigma-Aldrich, St. Louis, MO), dehydrated 

in ethanol, cleared in histosol and mounted using DPX 

(Sigma-Aldrich). The control sections received 

preimmune IgG (mouse or goat; AbD Serotec, Oxford, 

UK) diluted appropriately, in place of the primary 

antibody. 

The intensity of staining was scored for each tissue and 

each antibody on a scale of 0 (no staining) to 4 (maximal 

intense staining) in each of the cellular compartments; 

luminal epithelium (if available), glandular epithelium, 

stroma and vasculature. One whole section was 

evaluated per sample by two independent observers and 

agreed scores were recorded. Data for Nodal, Cripto 

and Lefty expression in glandular epithelium and stroma 

is shown. N = 4 tissues were assessed for each stage. 

Detection of Nodal in human uterine fluid 

The collection of human uterine lavages (uterine 

washings) has been described previously [26]. Lavage 

fluid from two normally cycling women and a woman  
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with endometrial cancer was concentrated 50-fold using 

Nanosep microconcentration devices with a 10 K cut-off 

(Pall Life Sciences, East Hills, NY). Reduced samples 

were analysed by SDS-PAGE and Western blotting. The 

mature and precursor forms of Nodal were identified 

using a rat monoclonal anti-Nodal antibody (R&D 

Systems, Minneapolis, MN). 

Statistical analysis 

To determine if there were significant differences in 

mRNA expression levels for Nodal, Lefty A and Cripto 

at the different stages of the menstrual cycle, data were 

subjected to analysis of variance with Tukey's post hoc 

test. A value of P < 0.05 was considered statistically 

significant. 

 

Results 
Changes in gene expression of Nodal, Lefty and 

Cripto in the endometrium across the menstrual 

cycle 

Nodal, Lefty and Cripto mRNAs were expressed in 

nonpregnant endometrial samples, with cyclical 

variations evident (Fig. 1). Nodal mRNA expression was 

highest during the proliferative and early secretory 

phases before declining rapidly during the mid-secretory 

phase. This supports an earlier study, which showed 

Nodal mRNA was absent in mid-late secretory 

endometrium [27]. In contrast, Lefty mRNA expression 

was barely detectable during the proliferative and early 

secretory phases, but increased markedly during the late 

secretory phase and was maintained throughout menses. 

Cripto mRNA wasexpressed across the menstrual cycle, 

peaking during the secretory phase.  

To further investigate these cyclic variations, mRNA 

expression was quantitated using real-time PCR. The 

relative concentration of each PCR product was 

determined using the 2-ΔΔCT method with β-actin 

mRNA expression as the internal control. Although this 

method does not allow for absolute quantitation of 

mRNA transcripts, the relative expression levels of 

individual genes can be compared between the different 

phases of the menstrual cycle. Nodal mRNA was 

significantly elevated (P < 0.05) during the early 

secretory phase of the menstrual cycle when compared 

with expression levels during the mid/late secretory and 

menstrual phases (Fig. 2A). Indeed, a 48fold increase in 

Nodal mRNA expression was observed between the 

menstrual and early secretory phases. Strikingly, mRNA 

expression for the Nodal antagonist, Lefty, was nearly 

undetectable during the peak of Nodal expression, but 

rose dramatically (155-fold: P < 0.05) in the late 

secretory phase (Fig. 2B). Cripto mRNA expression 

increased marginally across the cycle, such that levels 

present in the late secretory phase were significantly (Fig. 

2C; P < 0.05) higher than those observed during the 

menstrual and proliferative phases. 

Immunolocalization of Nodal, Lefty and Cripto in 

the endometrium throughout the menstrual cycle 

Immunostaining of Nodal during the early 

proliferative phase of the menstrual cycle showed 

strong staining of stromal and epithelial cells (both 

glandular and luminal) (Fig. 3B). This pattern of 

staining was maintained across the proliferative phase 

(Fig. 3C), however, Nodal immunoreactivity was 

significantly decreased within the stromal 

compartment by the early secretory phase (Fig. 3D) 

and this was maintained through the late secretory 

and menstrual phases (Fig. 3E-F). In contrast, Nodal 

staining in both surface and glandular epithelium was 

sustained at relatively steady-state levels across the 

menstrual cycle (Fig. 3I). Additional staining was 

observed for Nodal in endothelial cells of spiral 

arterioles (Fig. 3G). The precipitous decrease in the 

stromal localization of Nodal during the secretory 

phase mirrors the decrease observed in Nodal mRNA 

at this time. Therefore, it is likely that stromal cells 

account for the majority of Nodal expression within 

the endometrium, although the possibility remains 

that other endometrial cells secrete Nodal into the 

stromal compartment. 

Lefty A immunoreactivity within human endometrium 

has previously been shown to be restricted to 

glandular epithelium and surrounding stroma during 

the late secretory and menstrual phases [13] and our 

results support these findings (Fig. 3J and data not 

shown). Interestingly, within the glands Lefty 

expression was highly polarized 
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Figure 2  
Quantitation of Nodal, Lefty and Cripto mRNA 
expression patterns across the menstrual cycle 

by RT-PCR (normalized for β-actin mRNA 
expression). Histograms illustrating fluctuations in 
mRNA expression (mean values ± SEM) for Nodal, Lefty 
and Cripto across the menstrual cycle (Mens = 
menstrual phase, EP = early proliferative, LP = late 
proliferative, ES = early secretory, MS = mid secretory, 
LS = late secretory; n = 4 for each stage). Significantly 
elevated expression of Nodal mRNA was detected in the 
early secretory phase compared with the menstrual or 
mid/late secretory phases, while Lefty and Cripto 
mRNAs were significantly elevated in the late secretory 
phase only. Different letters indicate significant 
differences, P < 0.05. 

 

with prominent apical and basal staining. Localized 

staining within the stroma was also evident with highest 

levels of Lefty expression observed in cells surrounding 

spiral arterioles (data not shown). 

As expected, Cripto has a similar pattern of expression 

as its ligand, Nodal. During the proliferative phase, 

Cripto was strongly expressed in the stroma and the   

glandular and luminal epithelia (Fig. 4A &4B). Stromal 

Cripto staining decreased during the secretory phases 

(Fig. 4C &4D) and only low level staining was observed 

in the stromal compartment by the menstrual phase (Fig. 

4E &4H). In contrast, Cripto immunoreactivity within the 

glandular and luminal epithelium increased across the 

cycle (Fig. 4I). Additional immunostaining was detected 

in endothelial cells of spiral arterioles (Fig. 4F). The 

recently identified Cripto binding protein, GRP78, has a 

similar expression pattern within the endometrium. 

GRP78 is strongly expressed in glandular and luminal 

epithelial cells and weakly expressed throughout the 

stroma (Fig. 4J). Together, Cripto and GRP78 are 

thought to form a complex at the cell surface and 

collaborate to mediate TGF-β superfamily signalling 

[28,29]. 

Immunolocalization of Nodal, Cripto and Lefty in 

endometrial carcinomas 

A recent study [12] showed that Nodal expression is 

positively associated with melanoma tumour 

progression: there is more Nodal protein in metastases 

than in primary tumours and none at all in normal skin. 

This study implicated Nodal as a diagnostic marker of 

disease progression and a target for the treatment of 

aggressive cancers such as melanomas [12]. Given that 

the components of the Nodal signaling pathway are 

present within the endometrium, we next assessed their 

expression patterns during the progression of 

endometrial cancer. Using immunohistochemistry, we 

found that Nodal expression in Grade 1 endometrial 

carcinomas is similar to that observed in the normal mid-

proliferative endometrium (Fig.5A) prominent staining in 

the glandular epithelial tumour cells and moderate 

staining in the stroma. In Grade 2 and Grade 3 

endometrial carcinomas, Nodal staining increased 

dramatically and was primarily localized to the tumour 

cells, although less prominent tumour stroma staining 

was also evident (Fig. 5B &5C). 

As in the normal endometrium, Cripto co-localized with 

Nodal in the endometrial carcinomas (Fig. 5D-F). In 

Grade 1 carcinomas, moderate Cripto staining was 

observed in both the glandular epithelial tumour cells 

and the surrounding stroma (Fig. 5D). Cripto staining 

intensity increased in the transition from histologic 

Grade 1 to histologic Grades 2 and 3 carcinomas. 

Strikingly, the expression of the Nodal antagonist, Lefty 

A, was reduced in Grade 1 carcinomas (Fig. 5G) 

compared to late secretory endometrium (Fig. 3J). 

Moreover, Lefty expression was absent in Grade 2 and 

3 carcinomas (Fig. 5H-I); suggesting that Nodal signalling 

in these tumours would be unregulated.  

Nodal is secreted into the uterine lumen 

As the majority of glandular derived products are 

secreted apically, we examined uterine lavages for the 

presence of Nodal. Western blot analysis of 

concentrated lavage fluid indicated that the 50 kDa 

Nodal precursor was present in samples from both 

normal cycling women and women with endometrial 

cancer (Fig. 6). The Nodal precursor has previously 

been shown to be the major secreted form of the 

protein [30]. 
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Figure 3 

Immunohistochemical localization of Nodal in endometrium across the menstrual cycle. (A) Late 
secretory human endometrial tissue (lanes 2 and 3) was analysed by reducing SDS-PAGE and Western blot using a 
Nodal-specific antibody. A 13 kDa band representing mature Nodal monomer and a 40 kDa band representing Nodal 
precursor were detected in the absence of a blocking protein (lane 2). The inclusion of a blocking protein significantly 
reduced the intensity of the Nodal bands (lane 3). Recombinant Nodal (lane 1) was included as a positive control. The 
Nodal antibody was used to localize Nodal in early proliferative (B), late proliferative (C), early secretory (D & G), 
mid secretory (E) and menstrual phase (F) endometrium. Note the precipitous decrease in Nodal staining within the 
stromal compartment during the early/mid secretory phases. In menstrual tissue, Nodal expression coincided with 
the expression of its antagonist, Lefty (H). Negative controls for immunostaining by replacement of antisera with goat 
IgG at a matching concentration are shown in insets. Arrowheads (G) indicate specific Nodal staining in endothelial cells 

during the early secretory phase. Bar, 50 μm. Scale bar on (F) relates to panels (B-F & H), whereas scale bar on (G) 
relates to panel (G). Tissue sections were also scored according to Nodal staining intensity within endometrial stroma 
(I) and epithelial glands (J). Intensity of staining is shown as individual (filled circles) and mean scores (I & J). 

 

indicated that the 50 kDa Nodal precursor was present 

in samples from both normal cycling women and 

women with endometrial cancer (Fig. 6). The Nodal 

precursor has previously been shown to be the major 

secreted form of the protein [30]. 

 

 

 

 

Discussion 
The human endometrium is divided into two layers: the 

functionalis, which comprises the upper two-thirds, 

and the basalis, which remains during and following 

menstruation and is thought to be the origin of a new 

functionalis in the subsequent cycle [31]. The 

restructuring of the functional layer is critical to the 

development of a tissue ready for implantation or, in 

the  
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Figure 4 

Immunohistochemical localization of Cripto in endometrium across the menstrual cycle. (A) Late 
secretory human endometrial tissue (lanes 2 and 3) was analysed by SDS-PAGE and Western blot using a Cripto-
specific antibody. A 28 kDa band was detected in the absence (lane 2) but not the presence (lane 3) of a blocking 
protein. Recombinant Cripto (lane 1) was included as a positive control. The Cripto monoclonal antibody was used 
to localize Cripto in early proliferative (B), mid proliferative (C), early secretory (D), mid secretory (E & G) and 
menstrual phase (F) endometrium. Immunostaining for GRP78 in mid secretory endometrium (H) indicated that its 
expression coincided with that of its binding partner, Cripto. Negative controls for immunostaining by replacement 
of antisera with goat IgG at a matching concentration are shown in insets. Arrowhead (G) indicates specific Cripto 

staining in endothelial cells during the mid secretory phase. Bar, 50 μm. Scale bar on (B) relates to panels (B-F), 
whereas scale bar on (G) relates to panel (G & H). Tissue sections were also scored according to Cripto staining 
intensity within endometrial stroma (I) and epithelial glands (J). Intensity of staining is shown as individual (filled circles) 
and mean scores (H & I). 

 

absence of a conceptus, for menstruation [32]. 

Endometrial repair and regeneration involves re-

epithelialization (which occurs very rapidly even 

while menstruation is still in progress), angiogenesis 

and vessel remodeling, stromal and glandular 

epithelial cell proliferation, and extracellular matrix 

(ECM) deposition ([33]. Adult stem/progenitor cells 

likely underpin most aspects of this endometrial 

regeneration [31], however, the molecular and 

cellular mechanisms that mediate the regeneration 

process are still not well understood. 

 

Given their established roles in wound healing, cell 

growth, ECM production and the maintenance of 

stem cell pluripotency [34-36], members of the 

TGF-β superfamily that signal via Smad2/3 (e.g. TGF-

β1, TGF-β2, TGFβ3, activin A, activin B and Nodal) 
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Figure 5

Representative histochemical localization of Nodal (A-C), Cripto (E-G) and Lefty (I-K) in 

endometrial carcinomas of Grade 1 (A, E, I), Grade 2 (B, F, J) and Grade 3 (C, G, K). Tumour-

associated (T) Nodal and Cripto staining increased in intensity with increasing tumour grade, whereas stromal (S) 

staining remains relatively unchanged. Negative controls for immunostaining by replacement of antisera with goat 

IgG at a matching concentration are shown in insets. Bar, 50 μm. Scale bar on (A) relates to panels (A-C & E-G), 

whereas scale bar on (K) relates to panels (I-K). Tissue sections were also scored according to Nodal (D), Cripto 

(H) and Lefty (L) staining intensity within endometrial stroma and tumour epithelial cells. Intensity of staining is 

shown as mean ± SD.  

 
 

are likely to be important mediators of endometrial 

repair and regeneration. Indeed, endometrial repair is 

retarded in the absence of activin A [37]. In this study, 

we showed that Nodal, as well as its co-receptor, 

Cripto, are co-expressed in human endometrial tissue 

throughout the menstrual cycle. Immunohistochemistry 

localized Nodal and Cripto primarily to stromal and 

epithelial cells, although moderate staining was also 

observed in endothelial cells associated with spiral 

arterioles. Nodal protein levels were maintained in the 

glandular and luminal epithelium at relatively steady-

state levels across the cycle, however, stromal 

localization was primarily restricted to the proliferative 

and early secretory phases. Cripto displayed a similar 

spatiotemporal localization to Nodal within the 

endometrium, although the amount of Cripto detected 

in glandular epithelium increased significantly during the 

late secretory phase of the cycle. 
To be responsive to Nodal, a cell must express activin type I 

and type II receptors, in addition to Cripto. Jones et al. [21] 
have shown that endometrial stromal cells express each of the 

activin receptor subtypes (ALK4, ActRII and ActRIIB) with 
highest expression during the early secretory phase. Potential 

functions of the Nodal signalling pathway within the 

endometrial stromal compartment can be extrapolated from 
its roles in embryogenesis [1]. In early development, Nodal acts 

as a graded morphogen, instructing stem cells to adopt specific 

cell fates concurrent with proliferation and migration [8]. 
Similar actions during the proliferative phase of the menstrual 

cycle would ensure Nodal plays a key role in endometrial 
restoration. 

 

Interestingly, activin receptors are not present in either surface 
or glandular epithelium at any stage of the cycle [21], suggesting 

that Nodal expressed in these cells cannot 
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be functioning in a paracrine/autocrine manner. Indeed, 

as the majority of glandular derived products are 

secreted apically, it seemed likely that the endometrium 

must secrete Nodal into the uterine cavity. In support, 

we identified Nodal precursor in the uterine lavage fluid 

of both normal cycling women and women with 

endometrial carcinoma. Roles for endometrially derived 

Nodal could be similar to those proposed for activins, 

i.e. embryogenesis [38], steroidogenesis [39] and 

trophoblast differentiation [40]. In contrast to Nodal, 

Cripto within the epithelial compartment may be 

functional due to its ability to directly activate mitogen-

activated protein kinase (MAPK) and 

phosphatidylinositol 3-kinase (PI3K)/Akt pathways via c-

Src [9,41]. These actions of Cripto have led to its 

designation as a tumour growth factor and may be 

particularly relevant in endometrial carcinomas. 

During embryogenesis, members of the Lefty subclass 

of TGF-β proteins act as extracellular antagonists of the 

Nodal signalling pathway [17]. Lefty blocks the 

formation of the Nodal receptor complex by binding to 

Nodal directly [17] or by interacting with Cripto [5]. 

Lefty expression is absolutely dependent upon Nodal 

function and within the embryo and developing tissues, 

such as the pancreas [10], the juxtaposition of these two 

factors limits their respective range of influence. It is 

interesting, therefore, that Nodal and Lefty have 

spatially and temporally distinct patterns of expression 

within the endometrium. The lack of Lefty expression 

in the proliferative phase of the menstrual cycle would 

ensure that the morphogenic actions of Nodal were not 

restricted at this time. In contrast, co-localization of 

Nodal, Cripto and Lefty within glandular and luminal 

epithelial cells during the late secretory and menstrual 

phases suggests that, at these times, Nodal signalling 

requires strict control. Indeed, the recently identified 

role for Lefty as a key local regulator of focal ECM 

breakdown in the cycling human endometrium [15] may 

derive from its ability to antagonise Nodal signalling. 

Finally, recent studies have shown that expression of 

Nodal in metastatic melanomas and breast carcinomas 

is correlated with cancer progression, whereas pathway 

inhibition decreases cell invasiveness, colony formation 

and tumourigenicity [11,12]. These findings are 

consistent with the upregulation of Cripto that is 

observed in many epithelial cancers [41,42], and with 

the ability of Cripto to initiate several aspects of tumour 

progression, including increased proliferation, 

migration, invasion, angiogenesis, and epithelial-to-

mesenchymal transition [29]. In the current study, we 

showed that Nodal and Cripto are expressed in normal 

endometrium and that their expression is dramatically 

upregulated in endometrial carcinomas. 

 

Conclusion 

The expression of Nodal in normal and malignant 

endometrial cells that lack Lefty strongly supports an 

important role for this embryonic morphogen in the 

tissue remodelling events that occur across the 

menstrual cycle and in tumourigenesis. In addition, these 

findings identify Nodal and Cripto as diagnostic markers 

of endometrial cancer progression and, potentially, as 

molecular targets for the treatment of these aggressive 

tumours. 
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Abstract   

Background: Nodal, a member of the TGF-β superfamily, plays essential roles in early 

embryonic development. In concert with its co-receptor Cripto, Nodal signals via the 

Smad 2/3 pathway. Although Nodal and Cripto are rarely expressed in most normal adult 

tissues (with the exception of reproductive tissues), previous studies implicate re-

emerge in tumourigenesis. It is thus hypothesised that dysregulated Nodal signalling is 

associated with the pathogenesis of cancer. This study aims to evaluate the effects of 

Nodal signalling blockade in cancer cells using anti-Cripto MAbs. 

 

Methods and Results:  Assessment of anti-Cripto MAbs to specifically block Nodal 

signalling was validated in a Nodal-responsive luciferase bio-functional assay. This assay 

identified 6E10 and 3D1 as potent inhibitors of Nodal signalling. The in vitro biological 

effects of 6E10 on cancer cell growth and migration were also investigated by 

performing CyQuant proliferation assays, and wound healing assays, in NTERA 2-D1 

(testicular teratocarcinoma), PC-3 and LNCaP (both prostate cancer) cancer cells. 

Interestingly, 6E10 significantly suppressed cancer cell growth and migration of 

NODAL+/CRIPTO+ expressing NTERA 2-D1, LNCaP and PC-3 cells. Finally, we monitored 

the effects of 6E10 on down-stream Nodal cascade, Smad 2/3 phosphorylation by 

Western blot of NTERA 2-D1 cells. We observed that 6E10 Mab effectively obliterated 

Smad 2/3 phosphorylation of testicular teratocarcinoma, NTERA 2-D1 cells.   

 

Conclusions:  6E10 Cripto monoclonal antibody effectively blocks Nodal signalling and 

suppresses cancer cell growth and migration. Our findings suggest that dysregulated 

Nodal signalling is implicated in the development and progression of cancer and involves 

transduction of the Smad 2/3 TGF-β axis. Subsequently Nodal may be a promising target 

for therapeutic interventions in metastatic malignancy. 
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Introduction  

It has become apparent that critical proteins known to play important roles in embryonic 

development are also associated with tumourigenesis and cancer progression. Hence it 

could be considered that oncogenic progression recapitulates embryogenesis in a 

dysregulated manner (1, 2). Embryonic morphogen Nodal belongs to the TGF-β 

(transforming growth factor-beta) superfamily. It is expressed in a highly restricted 

pattern during embryogenesis and exhibits essential functions in early embryonic 

development (3, 4). Although Nodal is rarely expressed in adult cells (except for 

regenerative tissues or embryonic stem cells) aberrant re-activation of Nodal has been 

extensively documented to accompany tumourigenesis (5-7).  

 

Essential for Nodal signalling is co-receptor Cripto, a GPI (glycosylphosphatidylinositol)- 

linked membrane protein (8). Cripto or TDGF-1 (teratoma-derived growth factor 1), is a 

member of the EGF-CFC family of growth factors and is also an essential regulator of 

embryonic development (9, 10).  Cripto expression, similarly to Nodal, is also restricted 

to embryogenic tissue, or regenerative adult tissue (9). The re-emergence of Cripto in 

normal adult cells accompanies pathological malignancy.  

 

Nodal signals via the canonical TGF-β pathway, by interaction with hetero-multimeric 

complexes formed with co-receptor Cripto (EGF-like domain), activin type I (ALK4) and 

type II (ActRIIA/ActRIIB) serine-threonine kinase receptors (11). Phosphorylation of ALK4 

within this complex, initiates signalling via Smad 2/3 signal transducers, triggering 

association with Smad4 and translocation to the nucleus (12, 13). Within the nucleus the 

active Smad complexes interact with Fox H1 (or mixer transcription factors) and the 

transcriptional co-activator complex mediator, leading to transcriptional activation of 

target genes (11, 14). Nodal signalling antagonist, Lefty blocks Nodal/TGF-β signalling by 

competing for access to the ligand binding site of Cripto (15, 16). Whereas TGF-β 
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antagonist, Cerberus binds directly to Nodal and prevents downstream signalling (17, 

18).  

  

Cripto mediated Nodal signalling is tightly regulated during embryogenesis to 

orchestrate pleotropic fundamental cellular processes including differentiation, 

proliferation, remodelling, self-renewal, plasticity, pluripotency, epithelial-to-

mesenchymal transition, wound repair, migration, invasion, angiogenesis, 

morphogenesis, and organogenesis (3, 4, 9, 10, 19-24). Although expression and 

signalling of both Nodal and Cripto ceases in non-embryonic or non-regenerative adult 

cells, a growing body of evidence suggests that aberrant re-emergence of these 

morphogens coincides with cancer development and progression. Upregulation of 

either Nodal or Cripto has been reported in a different cancer types, such as: melanoma, 

colon, brain, breast, lung, hepatic, pancreatic, prostate, testicular, oesophageal, oral 

squamous cell carcinoma (5, 25-37). 

 

We previously described the cyclical expression of Cripto and Nodal within normal 

human endometrial tissue coinciding with remodelling events of menstrual cycle, 

especially during the proliferative phase (38). More importantly, immunohistochemical 

studies of human endometrial cancer tissues revealed co-localisation of Nodal and 

Cripto in glands, stroma and to a greater extent in epithelial tumour cells. It was clearly 

observed that Nodal and Cripto staining intensities increased dramatically in the 

transition from Grade 1 to Grades 2 and 3 within the epithelial tumour, with absence or 

low expression of TGF-β antagonist Lefty, in line with former studies of melanoma 

progression (7). These results further suggest that dysregulated Nodal signalling may 

facilitate endometrial cancer pathogenesis and aggressiveness (7). 

 

Even though, dysregulated Nodal signalling has become increasingly important in 

oncogenic processes, the specific underlying molecular mechanisms have not been fully 
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investigated. To shed some light in this area a panel of anti-Cripto MAbs were utilized to 

specifically block Nodal signalling by binding to Cripto co-receptor. Functional 

characterization of the MAb panel identified 3D1 and 6E10 as neutralising antibodies, 

using a Nodal bio-functional assay. We further employed 6E10 MAb to examine the 

effects of Nodal signalling blockade on cancer cell behaviour. Strikingly, 6E10 treatment 

significantly suppressed cell proliferation and migration of highly aggressive cancer cell 

line models, dependent upon the PC-3-expression status. More importantly we report 

that in vitro blockade of Nodal signalling, by 6E10 antibody treatment obliterated Smad 

2/3 phosphorylation levels. We thus postulated that the anti-tumour properties 

exhibited by 6E10 anti-Cripto MAb, are mediated via the Smad 2/3 TGF-β axis pathway 

blockade.  

 

Methods  

Tissue Culture 

All cells in tissue culture were propagated in complete media (Gibco, Life Technologies) 

as denoted below in table 1 specific for each cell line, under a sterile environment and 

incubated at 37°C at 5% C02 (for general tissue culture procedures refer to Appendix C, 

p263-264). HEK 293 CHO-Cripto, MCF-7, C8161, MUM-2C cell lines were generously 

provided by Associate Professor Martin Lackmann, (Cancer Program, Monash 

Biomedicine Discovery Institute and Department of Biochemistry and Molecular Biology, 

Monash University, Clayton, Victoria, Australia). NTERA 2-D1 testicular teratocarcinoma 

cells were kindly provide by Mrs Janelle Ryan, (Sex Determination and Gonadal 

Development Research Group, Hudson Institute for Medical Research). LNCaP, PC-3,   

DU 145, prostate cancer cells generously supplied by Dr Birunthi Niranjan, (Prostate 

Cancer Research Group, Monash Institute of Medical Research Clayton, Victoria).         

HEK 293, LIM 1215, LIM 1863, SW 480 colon cancer cells were a kind gift from Dr 
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Francesca Walker (Professor Antony Burgess Epithelial Cancer laboratory, Ludwig 

Institute for Cancer Research, Royal Melbourne Hospital, Parkville, Victoria, Australia). 

Finally, KGN and COV 434 ovarian granulosa cells were supplied by PHI (Prince Henry’s 

Institute of Medical Research, Clayton, Vic, Australia). CHO-Cripto where generated by 

our collaborator Associate Professor Martin Lackmann by cloning of Cripto cDNA into 

expression vector pEF-BOS and incorporation of in frame IL3 signal and FLAG tag 

sequences to facilitate in subsequent secretion, and purification of recombinant Cripto. 

The mammalian expression system of CHO-K1 cells, deficient in dehydrofolate reductase 

(DHFR) gene, was utilized. The cDNA was subsequently inserted into CHO-K1 cell 

expression vector containing DHFR gene. Stable CHO-Cripto transfected cells were 

propagated in the presence of methotrexate, allowing for selection of cells containing 

high copy numbers of the transfected vector containing both Cripto and DHFR cDNA 

(Sigma Aldrich, MERK).  Mycoplasma testing of all cell lines was frequently performed 

by the Laboratory and Technical Services at PHI or Hudson Institute for Medical Research 

using MycoAlert PLUS Mycoplasma Detection Kit (Lonza).   

 

 

Table 1. Cell Line Subcultivation Properties   

 

Cell line 
name 

Cell type Complete media References 

HEK 293 
(ATCC®  
CRL-1573™) 

Human embryonic kidney 
cells; 
immortalized by adenovirus 
type 5 

MEM,  
10 % FCS, 
1 % P/S 

(39) 

CHO-Cripto The CHO-K1  
(Chinese hamster ovary); 
cell line cloned to stably 
express Cripto 

DMEM,  
10 % FCS, 
10- 8 methotrexate,  
1 % P/S 

(40, 41) 
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NTERA2-D1 
(ATCC®  
CRL-1973™) 

Human secondary testicular 
teratocarcinoma; 
(pluripotent embryonal 
carcinoma);  
derived from lung  

DMEM/F12,  
10 % FCS,       
1 % P/S 
 

(42, 43) 

KGN Human ovarian granulosa 
tumour 

DMEM/F12,  
10 % FCS,               
1 % P/S 

(44) 

COV 434 Human ovarian granulosa   
primary tumour  

DMEM/F12,  
10 % FCS,               
1 % P/S 

(45) 

MCF-7 
(ATCC®  
HTB-22™) 

Human breast 
adenocarcinoma;  
derived from pleural effusion  

DMEM/F12,  
10 % FCS,               
1 % P/S 

(46) 

LNCaP  
(ATCC® 
CRL-1740™) 

Human secondary prostate 
carcinoma;  
derived from left 
supraclavicular lymph node 

DMEM/F12,  
10 % FCS,               
1 % P/S 

(47) 

PC-3 
(ATCC®  
CRL-1435™) 

Human secondary prostate 
grade IV adenocarcinoma; 
derived from bone 

DMEM/F12,  
10 % FCS,               
1 % P/S 

(48) 

DU 145  
(ATCC®  
HTB-81™) 

Human secondary prostate 
carcinoma;  
derived from brain lesion 

DMEM/F12,  
10 % FCS,               
1 % P/S 

(49) 

C8161 Cutaneous melanoma; 
derived from abdominal wall 

RPMI 1640,  
25 mM Hepes, 
10 % FCS,  
1 % P/S 

(50) 

MUM-2C Human uveal melanoma; 
derived from liver 

RPMI 1640,  
25 mM Hepes, 
10 % FCS,  
1 % P/S 

(51) 
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LIM 1215 Secondary human colon 
carcinoma;  
derived from omentum 

RPMI 1640,  
25 mM Hepes,  
10 % FCS,  
1 mg/ml hydrocortisone, 
0.01 mg/ml thyoglycerol, 
0.025 U/ml insulin,  
1% P/S 

(52) 

LIM 1863 Human colon carcinoma; 
derived from ileocecal valve 

RPMI 1640,  
25mM Hepes,  
10% FCS, 1 mg/ml 
hydrocortisone, 
0.01 mg/ml thyoglycerol, 
0.025 U/ml insulin,  
1% P/S 

(53) 

SW 480  
(ATCC®  
CCL-227™)   

Human   primary colorectal 
adenocarcinoma   

RPMI 1640, 
25mM Hepes,  
10% FCS,  
1 mg/ml hydrocortisone, 
0.01 mg/ml thyoglycerol, 
0.025 U/ml insulin, 
1% P/S 

(54) 

 

 

 

Nodal Signalling Pathway Inhibitors, Anti-Cripto MAbs and Other Reagents 

 

To examine the in vitro effects of Nodal blockade, a panel of anti-Cripto MAbs generated 

and supplied by our collaborator Associate Professor Martin Lackmann, was employed 

in functional cell assays. Recombinant Cripto protein purified (by SE-HPLC) from CHO-

Cripto transfected cells was used for the immunization of mice. Spleen cells of Balb/C 

mice mounting an immune response against r-Cripto, were used to generate antibody 

producing hybridoma cells. Binding of anti-Cripto MAbs, 6E10, 4G4, 3D1, 1C3 was 

analysed by: ELISA, Biacore, Western Blot and Immunohistochemistry (41). In the 
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current study we used these MAbs [7.4 mg/ml 6E10, 6.9 mg/ml 4G4, 1.12 mg/ml 3D1, 

2.2 mg/ml 1C3)] to examine effects on cancer cell biology. All anti-Cripto MAbs were 

stored in PBS solution and the vehicle control used for functional assays was PBS 

equivalent to the highest MAb dosage concentration. In addition, SB-431542 (100 mM 

in DMSO) was used as pharmacological TGF-β type I receptor (ALK4, ALK5, ALK7) kinase 

activity inhibitor, (TOCRIS Bioscience) and compared to vehicle control of DMSO at 

equivalent concentration. 

 

 

Cripto Protein Detection by Western Blot Analysis 

Protein Extraction 

Protein extractions of whole cell lysates and conditioned media derived from NTERA 2-

D1, CHO-Cripto, MUM-2C, C8161 cells were subjected to Immunoprecipitation (IP) and 

Western blot analysis. Conditioned media was collected from cells cultured in reduced 

serum media, with OPTI-MEM (Gibco, Life Technologies). Cells were lysed on ice in RIPA 

buffer (50 mM Tris-HCL pH 7.4, 1% NP-40, 0.25% sodium-deoxycholate, 150 nM NaCL) 

containing 1 x protease inhibitor cocktail (Roche Applied Science). Following 

homogenisation with a 23G needle syringe the samples were centrifuged at 13,000 x g 

for 15 mins at 4°C, the pellet was discarded, and the extracted protein supernatant was 

collected.  

 

Immunoprecipitation  

6E10 (74 µg/ml) monoclonal antibody was added to extracted protein samples for 24 

hrs, with rotation at 4°C. 10 μl of protein G sepharose slurry (50%) (GE Healthcare) was 

added to the protein preparations and incubated for 24 hrs with rotation at 4°C.  

Samples were then centrifuged at 11,000 x g for 5 mins, at 4°C and the supernatant was 
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discarded. The samples were boiled in 2 x SDS-PAGE loading buffer (4% SDS, 10% β-

mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris-HCL) at 95°C 

for 5 mins and the eluted protein was collected by centrifugation at 11,000 x g, 5 mins 

at room temperature. The remaining G-Sepharose beads were further heated at at 95°C 

with deionized H20 for 5 mins followed by centrifugation (at 11,000 x g for 5 mins). The 

supernatant protein was then centrifuged and combined with the eluted protein 

sample.  

 
Western Blotting 

30 μl of protein extract was denatured at 95°C for 5 mins with 1% DTT (Sigma Aldrich, 

Merk) and electrophoresed on 12% SDS/polyacrylamide gels (refer to Appendix A, p 258-

260). Recombinant Cripto protein purified by SE-HPLC from stable CHO-Cripto 

transfected cells, was concurrently run as internal positive Cripto standard (generated 

and supplied by our collaborator Associate Professor Martin Lackmann). Protein was 

then electroblotted onto PVDF membrane (Immobilin-P, Millipore) and blocked with 5% 

BSA in TTBS (Tris-buffered saline containing 0.05% Tween-20) for 1 hr. The membranes 

were incubated overnight at 4°C with 4G4 anti-human Cripto MAb (3.45 µg/ml) in 1% 

BSA/TTBS. Following washing, the membranes were then probed with 1:2000 diluted 

anti-Mouse IgG, peroxidase-linked species-specific whole antibody (from sheep), (GE 

Healthcare Life Sciences) for 1 hr at room temperature. After three washes, the 

membranes were developed using the ECL Western blotting detection reagents and 

analysis system according to the manufacturer’s instructions (Amersham Biosciences). 

The membranes were then exposed to HyperfilmTM ECL film (GE Healthcare Life 

Sciences) and developed using AGFA CP1000 automated developer. 
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Detection of Cripto and Nodal mRNA Expression in Cancer Cell Line Panel 

mRNA Extraction 

Total RNA was extracted from cultured cells using the RNeasy Mini Kit (Qiagen) 

according to the manufacturer’s instructions. Cells were lysed in 600 µl of                                 

β-mercaptoethanol / buffer RLT and homogenized by syringing up and down through a 

25-gauge needle. 600 µl of 70% ethanol was added to the lysate, thoroughly mixed, and 

transferred to a RNeasy spin column. The sample was centrifuged for 15 secs at 8,000   

x g (Microfuge) and the flow through discarded. The column was washed with 700 µl 

buffer RW1 and centrifuged for 15 secs at 8,000 x g (Microfuge) and the flow through 

discarded. The column was washed with 500 µl of buffer RPE, centrifuged for 15 secs at 

8,000 x g (Microfuge) and the flow through was discarded. An additional 500 µl of buffer 

RPE was added, centrifuged for 2 mins at 8,000 x g (Microfuge) and the flow through 

was discarded. The column was then transferred to a fresh 2 ml collection tube and 

centrifuged for 1 min, at 8,000 x g (Microfuge). RNA was eluted by addition of 30 µl 

RNase-free water to the column and centrifugation for 1 min at 8,000 x g (Microfuge). 

The total RNA extracts were snap frozen and stored at -80oC. 

 

DNase Treatment 

Extracted RNA was subjected to DNAse treatment using Ambion DNA-free Kit, DNase 

treatment (Applied Biosystems) following to the manufacturer’s directions. 3 μl of 10 x 

DNase buffer as well as 1 μl of DNase were added to 30 μl of RNA, mixed and incubated 

for 30 mins at 37°C.  5 μl of Slurry was incorporated to the RNA sample and incubated 

at room temperature for 2 mins and centrifuged for 1 min, at 8,000 x g (Microfuge). The 

supernatant containing DNase treated RNA was collected. 
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RNA Quantification 

RNA yield and quality assessments were carried out using the ultraviolet 

spectrophotometer (BioPhotometer, Eppendorf). 100 μl of diluted RNA (1:100 dilution 

ratio in RNase-free water, Qiagen) were added into a plastic cuvette and measured the 

absorbance.  Absorbance reading of >1.82 was considered to indicate a pure sample of 

total RNA. Alternatively, the NanoDrop, ND-1000 spectrophotometer (Analytical 

Technologies) was also use for RNA quantification. The instrument was washed with 

deionised Milli-Q water and calibrated using 1μl of RNase-free water (Qiagen). 

Concentration and purity of RNA were determined by loading 1μl of sample and 

measuring absorbance of 260 nm/280 nm and 260 nm/230 nm.  Absorbance ratios close 

to 2 for 260 nm /280 nm and between 2.0-2.2 for 260 nm/230 nm, were considered as 

acceptable RNA quality for cDNA synthesis.  

 

cDNA Synthesis 

First strand DNA was generated from 500 ng RNA using SuperScript™ II Reverse 

Transcriptase (Invitrogen Life Technologies, Thermo Fisher Scientific) as per 

manufacturer’s recommendations. In brief, 500 ng mRNA were combined with 1 μl (250 

ng/μl) random primers, 1 μl (10 mM) dNTP mix and total reaction volume was adjusted 

to 13 μl with Nuclease-Free Water (Ambion). The reaction was heated to 65°C for 5 mins, 

chilled on ice and briefly centrifuged (Microfuge) prior to addition of 1 μl (5x) first strand 

buffer, 1 μl (0.1M) DTT, 1 μl (40 units/μl) RNase out, 1 μL (200 units) SuperScript™ II RT 

Superscript. The mixture was subsequently incubated at 25°C, 5 mins and 50°C, 60 mins 

followed by inactivation at 70°C, 15 mins. Finally, single stranded cDNA was chilled on 

ice for 2 mins and stored at -20°C. 
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PCR 

To monitor NODAL and CRIPTO (TDGF-1), mRNA expression in cancer cells, Platinum® 

Taq DNA Polymerase kit (Invitrogen Life Technologies, Thermo Fisher Scientific) was 

utilized in PCR amplification, and Β-ACTIN was included as a housekeeping gene. For 

each reaction, 2 μl of cDNA was combined with 5 μl (10x) PCR buffer, 1.5 μl (50 mM) 

MgCl2, 1 μl (10 mM) dNTP Mix, 1 µl of each forward and reverse 1 μl (10 mM) primer, 

0.4 μl (5 U/μl) Platinum® Taq DNA Polymerase and the final volume was adjusted to         

50 μl with Nuclease-Free Water (Ambion). PCR was then performed using MyCycler 

Thermal Cycler (Bio-Rad) according to cycle reaction parameters denoted in table 2 

below for each gene. PCR products were visualized by agarose gel electrophoresis (see 

Appendix B, p 261-262). Human Β-ACTIN primers were generously provided by Dr Mark 

McCabe, whereas NODAL and CRIPTO primers were designed using primer-BLAST/NCBI 

software (see table 3 below for primer sequences).  

 
 
qRT-PCR  

Quantitative PCR was also performed as described previously using universal SYBR-

Green (Invitrogen, Life Technologies, Thermo Fisher Scientific) and the Corbett Rotor-

Gene 2000 (Corbett Lifesciences) (38). Oligonucleotide primer sequences are denoted 

below in table 3. Relative mRNA levels of NODAL and CRIPTO expressed endogenously 

in human cancer cells were determined using the 2-∆∆CT method normalized to 

corresponding housekeeping Β-ACTIN and expressed relative to a quality control 

standard. The quality control standard was generated from NTERA 2-D1 cDNA diluted 

appropriately and used in each experiment as internal control. The identity of the 

amplicons was confirmed by DNA sequencing.  
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Table 2. PCR Cycling Parameters 

 

 
CRIPTO  
(TDGF-1) 

NODAL Β-ACTIN  

Stage 
1 x 1 
cycle 

Step 1 94°C, 2 mins   94°C, 2 mins  94°C, 2 mins   

Stage 
2 

x 38 
cycles 

Step 1 94°C, 30 secs     94°C, 30 secs     94°C, 30 secs     primer 
denaturation 

Step 2 64°C, 30 secs    59.2°C, 30 secs    64°C, 30 secs    primer 
annealing 

Step 3  72°C, 1 min      72°C, 1 min      72°C, 1 min      primer extension 

 

Stage 
3 x 2 

cycles 

Step 1 72°C, 10 mins 72°C, 10 mins 72°C, 10 mins final primer 
extension 

Step 2 20°C, hold      20°C, hold      20°C, hold       

 

 

 

 

Table 3. Primer sequences 

 

Human Gene 
Name 

Primer Primer Sequence (5’-3’) Product size (bp) 

CRIPTO 
(TDGF-1) 

F AAGATGGCCCGCTTCTCTTACAGT 
511 

R AAAGTGGTAGTACGTGCAGACGGT 

NODAL 
F AGACATCATCCGCAGCCTACA 

250 
R GTCCATCTGAAACCGCTCTAAG 

Β-ACTIN 
F CGAGCGCGGCTACAGCTT 

506 
R TCATACTCCTGCTTGCTGATCC 
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Luciferase Assay 

To assess the biological effects of anti-Cripto MAbs, we developed a Nodal bioassay. 

NTERA 2-D1 cells were seeded in a 48 well plate at a density of 1x105 cells/well in 350 μl 

of complete medium (as denoted in table 1, without antibiotics) and incubated for          

24 hr, at 37 °C and 5 % CO2. The cells were then transfected with Nodal-responsive 

luciferase constructs A3-lux and FAST2 (FoxH1) using Lipofectamine TM 2000 

(Invitrogen, LifeTechnologies, Thermo Fisher Scientific). DNA mix (A3-lux, FAST2/FoxH1, 

CMV-β-galactosidase) /Lipofectamine complex [500 ng/ 1.25 μl] was incubated with 

OPTI-MEM and added directly to the cells. A3-lux contains three tandem copies of 

Nodal/activin responsive element from the Xenopus Mix2 promoter, linked to a 

luciferase reporter gene (55, 56). At 24 hrs post-transfection the cells were stimulated 

with human recombinant Nodal (R&D Systems) or human recombinant activin A (R&D 

Systems) with or without increasing doses of anti-Cripto MAb. Cells were further 

incubated in solubilization buffer (1% Triton X-100, 25 mM glycylglycine pH 7.8, 15 mM 

MgSO4, 4 mM EGTA, 1 mM DTT) for 20 mins on ice. Luciferase reporter activity was then 

measured immediately after the addition of D-luciferin (Invitrogen, Thermo Fisher 

Scientific), by a single injectable tube luminometer (Lumat LB 9501, Bethold). Calculation 

of the luciferase response was determined as a measure of relative fold stimulation 

normalized to control.  

 

 

Proliferation Assay 

Cell proliferation was monitored using CyQUANT® Cell Proliferation Assay Kit 

(Invitrogen, Molecular Probes, Thermo Fisher Scientific). This highly sensitive assay is 

based on dye fluorescence enhancement, upon binding to nucleic acids allowing for cell 

density measurements (57).  Cells were serum starved for 16 hrs, prior to seeding in 96 
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well microplates at a cell density of 500 cells/well in 100 µl of complete media. 1 x 106 

cells were frozen at -80°C, to generate a reference standard curve for converting sample 

fluorescence values into cell numbers. After 24 hrs, cells were either treated with anti-

Cripto MAbs or left untreated with subsequent treatment doses supplemented every      

2 days and proliferation was monitored over 8 days. Fluorescence intensity at excitation 

of 480 nm and emission of 520 nm was recorded by Wallac Victor2 1420 Multilabel 

Counter Microplate Reader (Perkin Elmer, Life Sciences). A standard curve was derived 

using MultiCalc software (Perkin Elmer, Life Sciences) and relative cell numbers were 

thus deduced.  

 

 

Migration Assay 

Cell migration was assessed by performing wound healing assays (58). Cells were plated 

in a 48 well plate in complete media and allowed to reach confluency. They were then 

serum starved for 24 hrs (in media containing 1% FCS). The cell monolayer was scraped 

with a p20 pipet tip, in a straight line to create a wounded gap. Following removal of cell 

debris by consecutive gentle washes with PBS (Gibco) fresh serum starving media          

(1% FCS) was added to the cells, with or without anti-Cripto MAb. Cells were monitored 

until the wounded gap was healed over 96 hrs dependent upon the cell line as specified. 

Images were taken using OLYMPUS inverted microscope (OLYMPUS CORPORATION) 

with 10 x magnification objective at various time points of wound healing. Cellular 

migration was quantified using analySIS LS professional software (OLYMPUS 

CORPORATION).  
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Smad Phosphorylation Assay 

Smad phosphorylation assays were performed to assess the effects of 6E10 MAb on 

down-stream Nodal mediated signal transduction. NTERA 2-D1 cells were seeded at a 

density of 2.5x105 cells per well in a 12 well plate and incubated for 4 hrs, at 37 °C and 

5 % CO2. The cells were then serum starved (in media containing 1% FCS), for 16 hrs prior 

to 6E10 anti-Cripto MAb treatment for 30 mins and compared to untreated control 

vehicle. Cells were lysed in 50 μl RIPA buffer (50 mM Tris-HCL pH 7.4, 1% NP-40, 0.25% 

sodium-deoxycholate, 150 nM NaCL) containing 1 mM EDTA, 1% SDS, 1 mM PMSF,              

1 x protease and phosphatase inhibitor cocktail (Roche Applied Science), on ice for 30 

mins.  Lysates were centrifuged (13,000 x g, 10 mins, 4°C) and reduced in 4 x LDS sample 

buffer (Invitrogen, LifeTechnologies, Thermo Fisher Scientific), with 5% β-

mercaptoethanol (BioRad). Proteins were separated in 10% SDS-PAGE, analysed by 

Western blotting (BIO-RAD), transferred onto ECL Hybond-C Super membrane (GE 

Healthcare) and blocked in 5% BSA TTBS. The membrane was probed with anti-Phospho-

Smad2 (Cell Signaling Technologies) antibody diluted 1:2000 in 1% BSA/TTBS at 4°C, 

overnight. Following washing, the membrane was then probed with goat anti-rabbit IgG, 

HRP-linked antibody (Cell Signaling Technologies) diluted 1:2000 in 1 % BSA/TTBS at 4°C, 

2 hrs. The membrane was washed, developed and signal was detected using ChemiDoc™ 

MP System and Image Lab™ software (BIO-RAD) for Image analysis.  Subsequently the 

membrane was stripped by incubation in boiled water for 10 mins and immunoblotted 

again to detect total Smad2 by probing with Smad2 antibodies [Cell Signaling 

Technologies (1:2000 dilution in 1% BSA/TTBS)]. 
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Statistical Analysis 

Statistical analysis was performed using GraphPad Prism (GraphPad Software 7.0). 

Assessment of statistical significance between groups was carried out using one-way 

ANOVA, with Tukey's multiple comparisons test. Alternatively, multiple groups were 

compared using uncorrected Fisher's LSD comparisons test with two-way repeated 

measures ANOVA as specified. Results with P values < 0.05 were considered statistically 

significant. 

 

 

Results 

Characterisation of Anti-Cripto Monoclonal Antibodies 

To study the effects of Nodal blockade, anti-Cripto MAbs were employed. A panel of 

Anti-Cripto MAbs generated from hybridoma spleen cells of mice (Balb/C) immunised 

with recombinant Cripto (resembling native protein), was provided by Associate 

Professor Martin Lackmann. Binding studies were conducted by L. Kravets and M. 

Lackmann, to assess recognition specificity of 4G4, 6E10, 3D1 and 1C3 antibodies to 

Cripto protein, as summarized in supplementary Figure 1 (41). Biacore analysis revealed 

that 4G4 and 3D1 antibodies were highly responsive in binding monomeric and 

denatured Cripto protein with decreased sensitivity to dimeric Cripto protein. 6E10 and 

1C3 exhibited diminished reactivity to denatured Cripto Biacore sensor, whereas for the 

corresponding native monomer, both antibodies were weakly effective. In turn binding 

to dimeric native Cripto was of low effectiveness for 6E10 and it diminished for 1C3.  As 

demonstrated by L. Kravets and M Lackmann (41), both 4G4 and 6E10 antibodies 

effectively detected purified Cripto standard by Western blotting, whereas 3D1 and 1C3 

failed to do so. In addition, detection of denatured or native Cripto protein by 4G4 in 
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Western blot analysis of NTERA 2-D1 cell total cell lysates and condition media was 

observed. 4G4 and 6E10 MAbs were also efficient in IPs of native Cripto expressed in 

NTERA 2-D1 cells. 

 

Furthermore, 4G4, 6E10 and 3D1 antibodies recognized cell-associated Cripto in FACS 

analysis studies of NTERA 2-D1 cells (refer to supplementary Figure 1). This response 

was ablated in NTERA 2-D1 cells treated with retinoic acid (for 7 days), which has been 

previously shown to induce cell differentiation and abrogation of Cripto expression (59). 

Subsequently, 4G4 and 3D1 MAbs detected Cripto expression in MEFs (mouse 

embryonic fibroblast) cells as well and HC-11 (mouse mammary epithelial) cells using 

immunofluorescence (41). In addition, 4G4 MAb also detected Cripto in 

immunohistochemical studies of pregnant and lactating mouse mammary epithelial cell 

tissues, confirming previous reports of its roles in mediating developmental and 

lactational processes within human and mouse mammary ducts (60). Finally, preliminary 

immunohistochemical analysis of human colon and breast carcinoma patient specimens 

using 4G4 MAb revealed overexpression of Cripto in tumour cells. However, staining of 

Cripto protein from homologous normal human colon and breast tissue indicated low 

expression or absence of Cripto protein (41). These findings have also been confirmed 

in subsequent studies clearly linking overexpression of Cripto in human breast and colon 

tissue compared to non-cancerous adjacent tissue, implicating Cripto in oncogenesis 

(61, 62).  

 

 

Nodal and Cripto mRNA Expression of Human Cancer Cell Lines 

RT-PCR and qRT-PCR analyses of various cancer cell lines revealed expression of both 

NODAL and CRIPTO (TDGF-1) mRNA (or NODAL+/CRIPTO+ phenotype) (Figures 1 and 2) 
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in the highly aggressive NTERA 2-D1 (testicular teratocarcinoma cells); PC-3, LNCaP,      

DU 145 (prostate cancer cells); and LIM 1215, LIM 1863, SW 480 (colon cancer cells); 

whereas KGN (ovarian cancer cells) and C8161 (melanoma cells) expressed CRIPTO but 

not NODAL mRNA (NODAL-/CRIPTO+). High expression (or overexpressing) levels of 

CRIPTO transcript were detected in CHO-Cripto (Cripto - transfected-CHO cells),      

NTERA 2-D1 and LNCaP. Moderate CRIPTO expression levels were seen in KGN, DU 145, 

LIM 1215, LIM 1863, and cells.  Whereas C8161, PC-3, and SW 480 cells expressed low 

levels of CRIPTO mRNA. In addition, NODAL mRNA was expressed at high, moderate, and 

low levels in NTERA-2D1, LNCaP, DU 145, LIM 1215, LIM 1863, SW 480; CHO-Cripto;       

PC-3; respectfully. Both NODAL and CRIPTO transcripts (NODAL-/CRIPTO-) remained 

undetected in HEK 293 (embryonic kidney cells), MCF-7 (breast cancer cells) COV 434 

(ovarian cancer cells) and MUM-2C (melanoma cells).  

 

 

Detection of Cripto Protein in NTERA 2-D1 Cells 

To confirm endogenous expression of Cripto within NTERA 2-D1 testicular 

teratocarcinoma cells as previously suggested, (59) total cell lysates and conditioned 

medial were analysed by Western blot, as seen in Figure 3. 4G4 MAb detected a 26 kDa 

Cripto protein in: in transfected CHO-Cripto cells (overexpressing Cripto), and in NTERA 

2-D1 coinciding with 3 ng recombinant standard band. Cripto protein is observed in both 

cell lysates and in conditioned media, confirming the presence of transmembrane and 

secreted Cripto. In addition, 6E10 MAb was effective in immunoprecipitating Cripto from 

CHO-Cripto and NTERA 2-D1 conditioned media, accompanied by a slight enhancement 

of protein signal detection (Figure 3), validating M Lackmann’s immunoblot studies. 

However, Cripto protein was not detected in C8161 and MUM-2C cells. Although C8161 

cells expressed CRIPTO mRNA, protein expression was not detected by Western blotting. 
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Therefore, due to reduced sensitivity of protein detection by immunoblotting, 

endogenous CRIPTO and NODAL expression levels within the cancer cell line panel were 

deduced by the highly sensitive qRT-PCR method as described above (Figures 1,2). 

 

 

Anti-Cripto MAb Inhibits Nodal Induced Luciferase Activity 

We established a Nodal dependent Smad 2/3 functional assay using the NTERA 2-D1 

cellular model. TGF-β ligand activin A, which shares receptors (ALK4 and ActRII) with 

Nodal, induced a dose dependent luciferase response curve in NTERA 2-D1 cells 

transfected with Smad 2/3 responsive A3-luciferase reporter as demonstrated in      

Figure 4. Thus, serving as a positive control for this bio-functional assay, and indicating 

that both activin type I and type II receptors (also essential for Nodal signalling) are 

active within this cellular system. Treatment of NTERA 2-D1 cells with human 

recombinant Nodal, also induced luciferase activity in a dose dependent manner, 

although less potent than activin.  

 

We then utilized this Nodal responsive functional system to assess the effects of anti-

Cripto MAbs. It is evident in Figure 5B, that activin A induced luciferase activity was not 

affected with anti-Cripto MAb antibody treatment. This is expected as activin A does not 

utilize Cripto as a co-receptor (63). In contrast 6E10 and 3D1 MAbs significantly 

decreased Nodal-induced luciferase activity, in a dose dependent manner, compared to 

both PBS vehicle and 1C3 anti-Cripto MAb (non-neutralising) control responses, as 

illustrated in Figure 5A. Therefore, both 6E10 and 3D1 anti-Cripto antibodies ablate 

Nodal signalling.   
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Anti-Cripto MAbs Suppress Cancer Cell Growth 

Next, we examined the effects of anti-Cripto MAbs on cancer cell growth by performing 

CyQuant proliferation assays over 8 days with antibody treatment every 2 days. 

Strikingly, both 6E10 and 3D1 neutralising antibodies completely suppressed             

NTERA 2-D1 cell proliferation compared to the control (vehicle containing PBS) and 1C3 

MAb non-neutralising control (Figure 6.B). Additional proliferation assays were 

extended to include cancer cells expressing different levels of Nodal and Cripto 

(according to Figure 2). Proliferation of highly aggressive cell lines with NODAL+/CRIPTO+ 

phenotype, NTERA 2-D1 (testicular teratocarcinoma) and LNCaP (prostate cancer); 

expressing high levels of Cripto and Nodal, was completely obliterated with 125 μg/ml 

(high dose) of 6E10 treatment (see Figure 7). A significant reduction in proliferation of 

57% was also observed in metastatic prostate NODAL+/CRIPTO+ Du 145 cancer cells, 

expressing moderate/high levels of Cripto and Nodal, treated with 6E10 (high dose) as 

compared to control (PBS). Interestingly cell lines with undetected Nodal expression and 

low to moderate levels of Cripto, exhibited a decrease in cellular proliferation of 58%, 

50% for C8161 (melanoma), KGN (granulosa ovarian cancer) respectively (NODAL-

/CRIPTO+), compared to homologous control cells. This could be attributed to Cripto 

mediated pro-tumourigenic effects independent of Nodal signalling (64). Whereas 

treatment of 6E10 (125 μg/ml) resulted in a 30% reduction of cell proliferation in PC-3 

(prostate cancer, expressing low levels of Nodal and Cripto) compared to control. This 

data suggests that both 6E10 and 3D1 neutralising antibodies display anti-proliferative 

actions reflecting cellular expression levels of CRIPTO and NODAL. 
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6E10 Anti-Cripto MAb Represses Cancer Cell Migration 

The effects of Nodal blockade on cancer cell migration were also examined, by 

performing in vitro wound healing assays. Figure 8 illustrates untreated (control UT) 

testicular teratocarcinoma NTERA 2-D1, cellular migration within the wounded-

scratched area at different time points, with complete wound healing of 100%, occurring 

at 48 hrs. To eliminate buffering effects of 6E10 MAb and SB-431542 treatments, PBS 

and DMSO vehicle controls were also respectfully included, which did not affect cell 

migration (as seen in Figure 9).  Whereas treatment with 6E10 (50 μg/ml) for 48 hrs 

significantly reduced NTERA 2-D1 cellular migration by 62% and followed a dose 

dependent pattern (see Figure 9). In comparison, we observed a 50% reduction of 

NTERA 2-D1 cellular migration with 10 μM SB-431542 treatment (TGF-β receptor type I, 

kinase inhibitor). We also observed that non-neutralising anti-Cripto MAb control 1C3, 

did not affect migration of NTERA 2-D1.  

 

In contrast, untreated LNCaP cells monitored over 96 hrs, did not reach complete wound 

closure (as demonstrated in Figure 10). However, LNCaP cell motility was greatly 

reduced by 47% with 6E10 (50 μg/ml) MAb treatment compared to untreated control. 

6E10 exhibited a dose dependent reduction of cell migration (as seen in Figure 11), 

whereas treatment with (10 μM) SB-431542 suppressed migration by 39%. Neither 

vehicle controls affected LNCaP cellular migration rates. 

 

Finally, we examined the motility of PC-3 cells expressing lower levels of CRIPTO and 

NODAL compared to NTERA 2-D1 and LNCaP (see Figure 12). We observed a significate 

reduction in PC-3 cell motility of 25%, 17%, upon treatment with of (50 μg/ml) 6E10 

MAb, (10 μM) SB-431542 respectively compared to untreated controls (see Figure 13). 

These results suggest that 6E10 MAb presents anti-migratory properties according to 
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expression status of CRIPTO and NODAL, complementary to the anti-proliferative 

effects. 

 

 

6E10 Anti-Cripto MAb Suppresses Smad 2/3 Phosphorylation 

Finally, we assessed the effects of neutralising 6E10 MAb on down-stream Nodal 

mediated signalling by Western blot analysis of Smad 2/3 phosphorylation levels as seen 

in Figure 14. In this in vitro study, the NTERA 2-D1 cellular model was employed as it 

expresses high endogenous levels of Nodal and co-receptor Cripto, as well as other 

essential molecular components of Nodal/Smad 2/3 signalling. Treatment of              

NTERA 2-D1 with 6E10 MAb for 30 mins abrogated Smad 2/3 phosphorylation levels 

compared to control (containing PBS vehicle). Endogenous total-Smad 2 protein levels 

were comparable among 6E10 treated and control NTERA 2-D1 samples. Hence, this 

data suggests that in vitro blockade of Nodal signalling, via 6E10 MAb treatment 

significantly suppresses Smad 2/3 phosphorylation levels. 

 

 

Discussion 

One of the countless difficulties in treating cancer is the insufficient knowledge of the 

precise molecular mechanisms acquired by oncogenic transformation to favour 

malignancy, thereby escaping cellular homeostatic controls. A key morphogenic 

pathway consistently reported to pathologically re-emerge and drive carcinogenesis is 

the Nodal /TGF-β cascade.  
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We previously observed that high grade human endometrial cancer tissues correlated 

with upregulation of both signalling ligands Nodal and Cripto accompanied by the 

absence of TGF-β antagonist, Lefty. This observation implicates un-inhibited reactivation 

of Nodal signalling transduction in the development and progression of endometrial 

cancer (38). Cumulative evidence further suggests that increased Nodal or co-receptor 

Cripto expression coincides with clinicopathological features, as well as reduced patient 

survival rates in human malignancies involving melanoma, colon, brain, breast, lung, 

hepatic, pancreatic, prostate, oesophageal, oral squamous (26, 28-30, 34, 36, 37, 62). 

These findings substantiate the use of both Nodal and Cripto as potential prognostic 

cancer biomarkers. Given the oncogenic properties associated with re-activation of 

Nodal, the current study intends to further delineate the underlying molecular TGF-β 

mechanisms involved. Specific anti-Cripto MAbs where therefore characterized and 

employed to examine the in vitro anti-tumourigenic properties, of Nodal signalling 

blockade. 

 

Anti-Cripto MAbs were developed and screened in binding studies by the late Associate 

Professor Martin Lackmann (Supplementary Figure 1). The antibodies were reactive 

within the EGF or CFC Cripto structural domain, and towards the native and denatured 

protein. Preliminary studies showed that both 4G4 and 3D1 antibodies detected native 

and denatured Cripto protein via FACS analysis of cells as well as immunohistochemistry 

of fixed or frozen tissue sections and immunoblotting of cell lysates. In addition, the late 

Associate Professor Martin Lackmann identified 6E10 as a conformational-specific anti-

Cripto MAb as it reacted only with native Cripto protein in FACS analysis and 

immunoprecipitation. 

 

The biological effects of the MAbs were ascertained utilizing cancer cell lines expressing 

various levels of NODAL and CRIPTO genes (refer to Figures 1 and 2). Expression of both 

NODAL and CRIPTO genes (NODAL+/CRIPTO+) where detected in highly aggressive cancer 
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cells: NTERA-2D1 (testicular teratocarcinoma cells); PC-3, LNCaP, DU 145 (prostate 

cancer cells); and LIM 1215, LIM 1863, SW 480 (colon cancer cells). CRIPTO only 

expressing cells (NODAL-/CRIPTO+) included: KGN (ovarian cancer cells) and C8161 

(melanoma cells), with undetected NODAL gene expression. In addition, Western blot 

analysis confirmed over-expression of Cripto protein in NTERA 2-D1 cells, (see Figure 3) 

as previously documented (59).  

 

NTERA 2-D1 (testicular teratocarcinoma) cells over-expressing both NODAL and CRIPTO 

co-receptor, (NODAL+/CRIPTO+), were used to develop a Nodal dependent Smad 2/3  

bio-functional luciferase assay to examine the effects of anti-Cripto monoclonal 

antibodies. Subsequently NTERA 2-D1 cells were responsive to Nodal dependent        

Smad 2/3 signalling [as all essential signalling components are present, including 

signalling receptors (65)]. More importantly, 3D1 and 6E10 MAbs significantly reduced 

Nodal mediated luciferase activity in a dose dependent manner, compared to both 

vehicle and 1C3 controls (figure 5A). We have thus identified 3D1 and 6E10 anti-Cripto 

MAbs as potent neutralising antibodies that exhibit specificity in blocking Nodal-

mediated Smad 2/3 signalling, without affecting activities of other TGF-β ligands 

including activin A [which shares Nodal’s receptors complex, (see figure 5B)]. 

 

Abrogated cell survival is a key feature of pathogenic cellular transformation and 

elucidating in detail the underlying molecular mechanisms is of vital importance in 

cancer biology (66).  Consequently, the effects of Nodal pathway blockade on cellular 

proliferation were further examined. MAb treatment of highly aggressive NTERA 2-D1 

(testicular teratocarcinoma) cells profoundly suppressed proliferation with both 

neutralising antibodies 3D1 and 6E10. Furthermore, 6E10 anti-proliferative effects 

observed in LNCaP, Du 145, PC-3 (metastatic prostate); cancer cells; were dependent 

upon expression status of Cripto and Nodal. These results complement previous findings 

showing growth suppression of Du 145 and PC-3 cells upon anti-Cripto antibody 
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treatment (67), whereas overexpression of Nodal in LNCaP cells enhanced cancer 

growth (35).  

 

In addition, it has been previously demonstrated that Cripto can signal independent of 

the Nodal/Smad cascade, to facilitate tumourigenic events. Cripto can antagonistically 

interact with cytostatic TGF-β ligands, such as TGF-β1 and activin A/B to attenuate 

downstream signalling and promote anti-apoptotic or pro-cell survival mechanisms, 

favouring oncogenesis (68). Cripto can alternatively facilitate lipid raft signalling via 

binding to Glypican-1, triggering c-src/ MAPK (mitogen activated protein kinase) and 

PI3K/Akt, (phosphatidylinositol 3-kinase) pathways associated with pro-proliferative, 

pro-survival and pro-migratory cellular activities (1). Alternatively, c-src/ MAPK and 

PI3K/Akt pathways can also be activated by Cripto’s interactions with GRP78 (69). Based 

on this evidence we speculate that the observed 6E10 anti-proliferative effects of 

NODAL-/CRIPTO+ C8161 (melanoma), and KGN (granulosa ovarian), cancer cells 

demonstrated in the current study, are likely to be mediated by Cripto alternative 

signalling, independent of Nodal/Smad cascade. However, this remains to be further 

validated.  

 

Another vital characteristic of cancer cell progression is the ability to migrate from the 

primary tumourigenic site and metastasize into neighbouring sites and distant tissues. 

This complex mechanism is acquired by cancer cells, rendering treatment challenging. 

We subsequently report in this study, in vitro anti-migratory effects exhibited by 6E10 

MAb treatment concurrent to its anti-proliferative properties, reflecting cellular 

expression status of NODAL/CRIPTO, TGF-β ligands. Strikingly, 6E10 MAb treatment of 

highly metastatic NTERA 2-D1 (testicular) and LNCaP, PC-3 (both prostate); cancer cell 

lines, significantly suppressed cellular migration in a dose dependent manner. 6E10 

displayed a greater efficiency in reducing migration of NODAL+/CRIPTO+ overexpressing 

NTERA 2-D1 and LNCaP, cells compared to low NODAL+/CRIPTO+ expressing PC-3 cells, 
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in accordance to the observed anti-proliferative effects. Subsequently 6E10 MAb 

treatment of NTERA 2-D1 abrogated Smad 2/3 phosphorylation levels, implicating 

involvement of Smad 2/3 activation pathway, in Nodal-mediated signalling activities. 

Due to correlations between dysregulated Nodal signalling and oncogenesis involving a 

growing list of different cancer types, this pathway has received rising interests in 

targeted therapy. Studies of Nodal-knockout using a melanoma mouse model, were 

accompanied with reduction in tumour cell growth (7). Concurrently, Nodal antagonism 

by Cerberus (TGF-β pathway inhibitor) treatment of human breast cancer cells, 

significantly reduced proliferation, and migration of Nodal-expressing cells (18). In 

addition, lentiviral knockdown of Nodal in pancreatic cells was associated with reduced 

tumourigenicity in vitro (70).   

 

Furthermore, anti-Cripto MAbs have been used to target Nodal’s actions, in both in vivo 

and in vitro cancer models with promising anti-tumour effects (67, 71-74). Kelly, et al., 

(2011), developed an immunoconjugate cytotoxic antibody consisting of anti-Cripto 

MAb linked by maytansinoid derivative, (DM4). The authors suggested that 

internalization of this compound by Cripto-expressing tumour cells, triggered release of 

DM4 upon cell division, leading to cell death (71). Unfortunately, phase I clinical trials of 

BIIB015 were withdrawn due to insufficient efficacy (75).  

 

Recently, anti-Nodal MAbs designed to block Nodal/Cripto signalling via the Smad 2/3 

pathway, reduced vascularization of melanoma and breast cancers (76, 77). However, 

this antibody cannot target alternative Nodal-independent pathways, such as soluble 

Cripto paracrine signalling. We postulate that 6E10 and 3D1 anti-Cripto MAbs presented 

in the current study, could also potentially target the alternative non-canonical Cripto-

Smad 2/3 independent signalling mechanisms, however this should be further explored 

in subsequent future studies. Therefore, we propose that 6E10 MAb treatment would 

be pharmacologically advantageous compared to the currently developed anti-Nodal 
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antibodies described by Focà A, et. al., (2015) in anti-cancer immunotherapy 

applications.  

 

 

Conclusions 

Our findings support the hypothesis, that re-activation of embryogenic Nodal is a key 

driver of cancer development and progression. The current study further confirms  the 

regulatory roles of Nodal in cancer cell growth and migration, mediated by the Smad 2/3 

signalling axis. Interestingly, 6E10 and 3D1 have been identified as neutralising anti-

Cripto monoclonal antibodies that specifically block Nodal signalling. Importantly 6E10 

MAb treatment greatly suppresses cancer cell proliferation and migration. Furthermore, 

Nodal blockade by conformational-specific 6E10 anti-Cripto MAb treatment, abolished 

down-stream TGF-β/Smad 2/3 phosphorylation levels of NTERA 2-D1 cells, mediating 

the observed regulatory cellular responses. The significance of this study complements 

previous findings, suggesting that both TGF-β ligands Nodal and co-receptor Cripto could 

serve as potential prognostic biomarkers of cancer progression. Subsequently, 6E10 

monoclonal antibody could be utilized as a potential therapeutic agent of targeted Nodal 

signalling in oncology. 
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Figure 1. Nodal and Cripto mRNA Expression of Human Cancer Cell Line Panel. 
cDNA was generated by reverse transcription of RNA (500 ng) extracted from the 
following human cell lines: CHO-Cripto (Cripto-stably transfected in CHO cells);    
NTERA 2-D1 testicular teratocarcinoma; HEK 293, embryonic kidney; MCF-7 breast 
cancer; KGN, COV 434, ovarian granulosa cancer; PC-3, LNCaP, DU 145, prostate 
cancer; C8161, MUM-2C, melanoma; LIM 1215, LIM 1863, SW 480 colon cancer. 
Expression of NODAL (250 bp), CRIPTO (511bp) and housekeeping Β-ACTIN (506 bp) 
mRNA, was monitored by PCR. A negative PCR control containing nuclease-Free H20 
(no cDNA) was also included. Data is representative of four independent biological 
experiments.  
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Figure 2. Endogenous CRIPTO/NODAL mRNA Expression in Human Cancer Cells. 
Graphical representation of endogenous CRIPTO (A) and NODAL (B) transcripts, 
quantified by qRT-PCR in the following human cancer cell lines: CHO-Cripto (Cripto 
transfected-CHO); NTERA 2-D1 (testicular teratocarcinoma); KGN, COV 434, (ovarian 
granulosa); PC-3, LNCaP, DU 145 (prostate); C8161(melanoma); LIM 1215, LIM 1863, 
SW 480 (colon). Histograms showing relative mRNA expression, are deduced using the 
2- ΔΔCT method, normalized to corresponding housekeeping Β-ACTIN and expressed 
relative to a quality control standard. The quality control standard was generated from 
NTERA 2-D1 cDNA. NODAL could not be detected in C8161 cells (UD: undetected). Data 
is presented as mean ± SEM, from three independent biological experiments, 
performed in technical triplicates. Statistical analysis was performed using one-way 
ANOVA with Tukey’s multiple comparisons, (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). UD, undetermined. 
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Figure 3. Detection of Cripto Protein in NTERA 2-D1 Testicular Teratocarcinoma Cells. 

Representative immunoblot analysis of total cell lysates (left panel) or conditioned 
media (right panel) derived from CHO-Cripto (Cripto -stably transfected- CHO cells); 
MUM-2C, C8161, melanomas; and NTERA 2-D1, testicular teratocarcinoma. 3 ng of 
recombinant Cripto standard was included as a positive control. Samples were probed 
with 4G4 anti-Cripto MAb (3.45 µg/ml) and secondary anti-Mouse IgG-HRP (1:2000 
dilution). A slight improvement in Cripto detection sensitivity was obtained by using 
6E10 Cripto MAb for immunoprecipitation (bottom- left and right panels). Data is 
representative of three independent biological experiments. 
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Figure 4. Development of Nodal Dependant Functional Bioassay. 
NTERA 2-D1 cells were transfected with Nodal/Smad 2/3 responsive A3-luciferase 
reporter and stimulated with increasing doses human recombinant, Nodal (depicted 
in blue), or activin A (depicted in red). Luciferase activity was determined as fold 
induction relative to control. Data is representative of mean ± SEM, from four 
independent biological experiments, performed in technical duplicates. 
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Figure 5. Anti-Cripto MAb Inhibition of Nodal-Induced Luciferase Activity. 
NTERA 2-D1 cells transfected with Nodal induced Smad 2/3 responsive A3- luciferase 
reporter, were stimulated with recombinant human, Nodal (80 nM), or Activin A        
(200 pm) with or without increasing doses of 6E10, and 3D1. 1C3 (125 µg/ml) was 
identified as a non-neutralising anti-Cripto MAb control. Luciferase activity was 
determined as fold induction % relative to control (PBS vehicle control). Data is 
representative of mean ± SEM, from four independent biological experiments, 
performed in technical duplicates. Statistical analysis was performed using one-way 
ANOVA, with Tukey's multiple comparisons test, (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). 
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Figure 6. Anti-Proliferative Effects of Cripto MAbs in NTERA 2-D1 cells. 
A) Representative CyQUANT® cell proliferation assay standard curve deduced by 
measuring fluorescence (480/520mn) of 1x106 NTERA 2-D1 cells (serially diluted). 
Relative cell number was determined using MultiCalc software. B) Graphical 
representation of NTERA 2-D1 CyQUANT® assay monitored over 8 days in culture upon 
treatment with 100 µg/ml of: 6E10, 3D1, and 1C3 (non-neutralising control) MAbs or 
vehicle control (containing PBS). Supplementary MAb treatment every 2 days 
(indicated in blue boxed arrows). Cell number R.F.U. (relative fluorescence units) was 
derived by MultiCalc software according to the standard curve. Data is representative 
of mean ± SEM, from four independent biological experiments, performed in technical 
triplicates. Statistical analysis was performed using one-way ANOVA, with Tukey's 
multiple comparisons test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 7. Anti-Proliferative Effects of 6E10 Cripto MAb in cancer cells 

Graphical representation of CyQUANT® proliferation of the following cancer cells:     
PC-3, LNCaP, DU 145 (prostate); C8161 (melanoma); KGN (ovarian); NTERA 2-D1 
(testicular teratocarcinoma), monitored over 8 days in culture. Cells were treated with 
6E10 (25 µg/ml, 125 µg/ml) or vehicle control (containing PBS) and proliferation % is 
expressed relative to control. Non-neutralising 1C3 control did not alter cellular 
proliferation (data not shown). Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical triplicates. Statistical 
analysis was performed using one-way ANOVA, with Tukey's multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 8. The Effects of 6E10 MAb on NTERA 2-D1 Cell Migration. 
In vitro wound-healing, scratch assay of NTERA 2-D1 cells monitored until gap closure. 
NTERA 2-D1 teratocarcinoma cells, were treated with 10 μM, SB-431542 (TGF-β 
receptor type I, kinase inhibitor) or 6E10 (50 µg/ml) or untreated (UT) control. 
Photomicrographs were obtained at 0 hrs, 24 hrs, 38 hrs, 48 hrs, using an OLYMPUS 
inverted microscope with a 10x objective. Representative images from four 
independent biological experiments, performed in technical duplicates. Scale bar is 
equivalent to 25μm. 
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A                   NTERA 2-D1 Migration Curve 

 

B           NTERA 2-D1 Migration at 48 hrs        

 

 

Figure 9. 6E10 MAb Suppression of NTERA 2-D1 Cellular Motility. 

 

 

 

 



  Chapter 3 

160 

 

Figure 9. 6E10 MAb Suppression of NTERA 2-D1 Cellular Motility. 
A) Graphical representation of NTERA 2-D1 cell migration curve, as determined by 
wound healing-scratch assay, upon anti-Cripto MAb treatment over a 48-hr time 
course. % Migration is expressed relative to untreated (UT) control. Statistical analysis 
was performed using one-way ANOVA, with Tukey's multiple comparisons test.  
B) Wound healing quantification at 48 hrs. Statistical analysis was performed using 
two-way Repeated measures ANOVA, with Uncorrected Fisher's LSD comparisons test, 
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). The denoted statistical significance 
is relative to the control UT. Cells were treated with: SB-431542 [(10 μM) TGF-β 
receptor type I, kinase inhibitor], 6E10 (5-50 µg/ml) and compared to controls: 1C3 
[(50 μg/ml), non-neutralising MAb control] untreated (control UT), control PBS (Cripto 
MAb vehicle control), and control DMSO (SB-431542 vehicle control). Images were 
acquired using OLYMPUS inverted microscope, with a 10x objective, and cellular 
migration was quantified using analySIS LS professional software. Data is 
representative of mean ± SEM, from four independent biological experiments, 
performed in technical duplicates. Indicated significance relative to untreated control 
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).  
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Figure 10. Effects of 6E10 MAb on LNCaP Cancer Cell Migration. 
In vitro wound-healing, scratch assay of LNCaP (metastatic prostate cancer) cells 
monitored until partial gap closure. Cells were treated with 10 μM, SB-431542 (TGF-β 
receptor type I, kinase inhibitor) or 6E10 (50 µg/ml) or untreated control (UT). 
Photomicrographs were obtained at 0 hrs, 24 hrs, 48 hrs, 96 hrs using an OLYMPUS 
inverted microscope with a 10x objective. Representative images from three 
independent biological experiments, performed in technical duplicates. Scale bar is 
equivalent to 25 μm. 

 

  



  Chapter 3 

162 

 

A                                    LNCaP Migration Curve 

 

B                                        LNCaP Migration at 96 hrs 

 

 

Figure 11. 6E10 MAb Suppression of LNCaP Cellular Motility Quantification. 
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Figure 11. 6E10 MAb Suppression of LNCaP Cellular Motility Quantification. 
A) Graphical representation of LNCaP migration curve determined by wound healing-

scratch assay, upon anti-Cripto MAb treatment over a 96-hr time course. % Migration is 

expressed relative to untreated control (Control UT).  

B) Wound healing quantification at 96 hrs. Statistical analysis was performed two-way 

Repeated measures ANOVA, with Uncorrected Fisher's LSD comparisons test. Cells were 

treated with: SB-431542 [(10 μM) TGF-β receptor type I, kinase inhibitor], 1C3[(50 

μg/ml), non-neutralising MAb control], 6E10 (5-50 µg/ml) and compared to controls: 

untreated   (control UT), control PBS (Cripto MAb vehicle control), and control DMSO (SB-

431542 vehicle control). Images were acquired using OLYMPUS inverted microscope with 

a 10x objective and cellular migration was quantified using analySIS LS professional 

software. Data is representative of mean ± SEM, from four independent biological 

experiments, performed in technical duplicates. Indicated significance relative to 

untreated control (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).  
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Figure 12. Effects of 6E10 MAb on PC-3 Cancer Cell Migration. 
In vitro wound-healing, scratch assay of PC-3 (prostate cancer) cells monitored until 
gap closure was reached. Prostate cancer cells were treated with 10 μM, SB-431542 
(TGF-β receptor type I, kinase inhibitor) or 6E10 (50 µg/ml) or untreated control (UT). 
Photomicrographs were obtained at 0 hrs, 14 hrs, 21 hrs, 38 hrs using an OLYMPUS 
inverted microscope with a 10x objective. Representative images from three 
independent biological experiments, performed in technical duplicates. Scale bar is 
equivalent to 25μm. 
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A                                    PC-3 Migration Curve 

 

B                               PC-3 Migration at 38 hrs 

 

 

Figure 13. 6E10 MAb Suppression of PC-3 Cellular Motility Quantification. 
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Figure 13. 6E10 MAb Suppression of PC-3 Cellular Motility Quantification. 
A) Graphical representation of PC-3 cellular migration curve determined by wound 

healing-scratch assay, upon Cripto MAb treatment over a 38-hr time course.  % 

Migration is expressed relative to untreated control (Control UT). Statistical analysis was 

performed using one-way ANOVA, with Tukey's multiple comparisons test.  

B) Wound healing quantification at 38 hrs. Statistical analysis was performed using two-

way Repeated measures ANOVA, with Uncorrected Fisher's LSD comparisons test. Cells 

were treated with: SB-431542 [(10 μM) TGF-β receptor type I, kinase inhibitor], 1C3[(50 

μg/ml), non-neutralising MAb control], 6E10 (25-50 µg/ml) and compared to controls: 

untreated (control UT), control PBS (Cripto MAb vehicle control), control DMSO (SB-

431542 vehicle control). Images were acquired using OLYMPUS inverted microscope with 

a 10x objective and cellular migration was quantified by gap closure measurements 

using analySIS LS professional software. Data is representative of mean ± SEM, from four 

independent biological experiments, performed in technical duplicates. Indicated 

significance relative to untreated control (*P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001). 
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Figure 14. 6E10 Cripto MAb Supresses Smad 2/3 Phosphorylation. 
Phosphorylation of Smad 2/3 was monitored by western blotting. Cell lysates derived 
from testicular teratocarcinoma NTERA 2-D1 cells, treated with 6E10 (100 μg/ml), or 
control (containing PBS as vehicle control) for 30 mins, were subjected to 10 % SDS-
PAGE run in duplicate lanes. Immunobloting was performed with anti-Phospho        
Smad 2/3 or anti-Smad2 (1:2000 in 1% BSA/TTBS) and secondary probing with           
anti-rabbit IgG, HRP-linked antibody (1:2000 in 1% BSA/TTBS). Enhanced 
chemiluminescence was detected with ChemiDoc™ MP System and Image was 
acquired using Image Lab™ software. Data is representative of three independent 
biological experiments. 
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Supplementary Figure 1 

  

 

 Anti-Cripto MAbs 

Cripto 
Detection  
Technique 

4G4 3D1 6E10 1C3 

WB + + - - 

IP            + - + - 

Biacore 
monomer 

+ 
moderate 

+ 
very high 

+ 
moderate 

+ 
very weak 

Biacore 
denatured  

+ 
moderate 

+ 
high 

+ 
moderate 

- 

Biacore 
            dimer 

- + 
moderate 

- - 

FACS    + + + n/e 

IHC + + n/e n/e 

IF + n/e n/e n/e 

Supplementary Figure 1. Characterisation Summary of Cripto Monoclonal 
Antibodies. 
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Supplementary Figure 1. Characterisation Summary of Cripto Monoclonal Antibodies. 
Anti-Cripto MAbs generated from hybridoma spleen cells of mice (Balb/C) immunised 
with recombinant Cripto, where provided by Associate Professor Martin Lackmann. The 
ability of 4G4, 6E10, 3D1 and 1C3 antibodies to bind to Cripto protein was characterised 
by Associate Professor Martin Lackmann and results are summarised in this table               
(L. Kravets et al., unpublished work). Positive binding to Cripto protein is represented by 
the + sign, whereas negative binding is represented by the – sign. Detection of denatured 
(26kDa) or native Cripto protein was conducted by Western blot and 
immunoprecipitation of NTERA 2-D1 total cell lysates and condition media. MAbs were 
screened by Biacore for detection of monomeric, dimeric and denatured, Cripto protein 
respectfully. The effectiveness of anti-Cripto MAbs to recognise endogenous Cripto 
protein was assessed by FACS analysis of NTERA 2-D1 cells. 4G4 and 3D1 antibodies were 
utilised in immunofluorescence staining of MEFs (mouse embryonic fibroblasts) as well 
as HC-11 (mouse mammary epithelial) cells. 4G4 MAbs detected Cripto protein in 
immunohistochemical studies of pregnant and lactating mouse mammary epithelial cell 
tissues, as well as in human colon cancer tissues and breast cancer tissues. Data 
summary compiled with the permission of the late Associate Professor Martin Lackmann 
(41). WB, Western blot; IP, Immunoprecipitation; IHC, Immunohistochemistry; IF, 
Immunofluorescence; n/e, not examined.



 

 

 

 

 

Chapter 4 

 

The Anti-Tumourigenic roles of 
Interferon Epsilon in      

Endometrial  
Cancer 

 

 

 
 

 

 

“Others have seen what is and asked why. I have seen what could be and asked why not”. 

-Pablo Picasso 

 



      Chapter 4 

170 

 

Chapter 4  

4.1 Declaration 

In the case of Chapter 4, my contribution to the work involved the following: 

 
 

Student signature:                                                                                                                       Date: 23/08/2018  

 

 

The undersigned hereby certify that the above declaration correctly reflects the nature 
and extent of the student’s and co-authors’ contributions to this work. In instances where 
I am not the responsible author I have consulted with the responsible author to agree on 
the respective contributions of the authors. 
 

 

   

Main Supervisor signature:                                                                          Date: 23/08/2018                                                                                        

 

  

Thesis 
Chapter 

Publication Title Status  
Nature and % of 
student 
contribution 

Co-author name(s) Nature and % of 
Co-author’s contribution* 

Co-
author(s), 
Monash 
student  

4 

The Anti-
Tumourigenic    

roles of Interferon 
Epsilon in 

Endometrial 
Cancer 

Prepared 
for 

submission 

Involved in 
project 
conception, 
design, 
performed 
experiments, 
as well as 
data analysis 
and prepared 
the 
manuscript. 
80% 

1) Antony Y. Matthews 
(0.5%), 2) San Lim (0.5%) 
and 3) Nicole A deWeerd 
(1%): involved in the 
preparation of r-hIFNε and 
r-mIFNε 
4) Nollaig Bourke (9%) and 
5) Paul J Hertzog (9%): 
involved in the project 
design and conception, 
provided intellectual input 
and manuscript revision. 
 

No 



      Chapter 4 

171 

 

 

 

The Anti-Tumourigenic roles of Interferon Epsilon in Endometrial Cancer                              
- Manuscript 

 
Irene Papageorgiou 1,2*, Antony Y. Matthews 1,2, San Lim 1,2, Nicole A deWeerd 1,2, Nollaig 
Bourke 1,3*, Paul J Hertzog 1,2* 
1. Centre for Innate Immunity and Infectious Diseases, Hudson Institute of Medical 

Research, Clayton, Victoria, Australia;  

2. Department of Molecular and Translational Sciences, Monash University, Clayton, 

Victoria, Australia;  

3. Department of Medical Gerontology, School of Medicine, Trinity Translational 

Medicine Institute, Trinity College Dublin, Ireland; 

 

IP: irene.papageorgiou@hudson.org.au 

AYM: antony.matthews@hudson.org.au 

SL: san.lim@hudson.org.au 

NAD: Nicole.deweerd@hudson.edu 

NB: nbourke@tcd.ie 

PJH: paul.hertzog@hudson.org.au 

* These authors contributed equally to this work. To whom correspondence should be 

addressed. 

Postal: Centre for Innate Immunity and Infectious Diseases, Hudson Institute of Medical 

Research, 27-31 Wright Street, Clayton, VIC 3168, Australia 

 

  

mailto:irene.papageorgiou@hudson.org.au
mailto:nbourke@tcd.ie
mailto:paul.hertzog@hudson.org.au


      Chapter 4 

172 

 

Abstract  

Background: Type I interferons (IFNs) are a family of cytokines displaying key regulatory 

roles in immunity and cancer. The discovery of Interferon Epsilon (IFNε) revealed a 

unique type I IFN with constitutive expression within the mouse female reproductive 

tract (FRT), associated with regulation of mucosal immunity against infections with viral 

and bacterial STIs. Further evidence suggested that IFNε may have anti-proliferative 

functions within the mouse uterine epithelium, properties yet to be investigate in 

human FRT cancer. We thus hypothesised that IFNε displays intrinsic anti-tumourigenic 

properties in the human FRT. This study aimed to investigate the in vitro effects of IFNε 

on FRT epithelial cancer cells. 

Methods and Results:  Induction of interferon-regulated gene mRNA was quantified by 

qRT-PCR in FRT cancer cells (vaginal, cervical, and endometrial) stimulated with 

recombinant IFNε. IFNε down-regulated anti-apoptotic genes and up-regulated pro-

apoptotic genes in all cell types examined. Interestingly, IFNε significantly suppressed 

cellular proliferation of both lower FRT epithelium VK2 (vaginal) and Ect1 (ectocervical); 

as well as high grade endometrial cancer cells RL95-2 and AN3CA, monitored in real-

time using xCELLigence assays.  The effect of IFNε treatment on apoptosis was further 

assessed using FACS analysis with Annexin-V and PI staining, TUNEL staining and   

Caspase - 3/7 assays. Our results demonstrate that IFNε induces apoptosis upon 72 hrs 

of treatment associated with increased Caspase 3/7 activity. Furthermore, IFNε 

increases the percentage of TUNEL-positive apoptotic cells accompanied by DNA 

fragmentation by 96 hrs of stimulation.  

Conclusions: Our findings suggest that IFNε treatment dramatically suppresses 

epithelial cancer cell proliferation and induces apoptosis. This study characterises the 

anti-tumourigenic properties IFNε and supports its potential use as a novel therapeutic 

agent in vaginal, cervical and endometrial cancers. 



      Chapter 4 

173 

 

Introduction  

Gynaecological cancers of the upper and lower female reproductive tract (FRT) are an 

important cause of morbidity and mortality worldwide [1]. FRT cancers include the most 

common ovarian, cervical, uterine (endometrial); as well as the rare vulva, vaginal, 

fallopian tube, placenta; and comprise the third most common diagnosed female 

malignancy [2]. In 2017, it was estimated that 1,769 deaths occurred from 

gynaecological cancer within Australia [2]. There is currently no early detection test and 

available therapies are limited to drastic hysterectomy in combination with 

chemotherapy and radiotherapy. Although the 5-year survival rate is 69% when 

gynaecological cancer is diagnosed at an early stage, survival rate is poor with high grade 

diagnosis or recurrent disease. In addition, the Fertility ramifications of woman 

undergoing current treatments are grave [2]. Thus, highlighting the importance of new 

diagnostic techniques as well as development of fertility sparing and improved 

therapeutic options for gynaecological cancer. 

 

Endometrial cancer is the most common invasive gynaecological malignancy in the 

developed world with 320,000 new cases diagnosed in 2012 [1].  Type I endometrial 

cancer, also known as endometroid, is the most common type, occurring in 70-85% of 

cases and generally afflicts younger women (pre/peri-menopausal) [3]. Type I 

endometroid cancers of early stage or low grade (grade I), usually have a favourable 

prognosis compared to highly aggressive grade II or grade III tumours with poorer clinical 

outcomes and associated deaths [2]. There is currently no early detection test for 

endometrial cancer and diagnosis is often carried out by histopathological examination 

of endometrial biopsies [4]. Extensive surgery may be required for advanced FIGO stage 

disease and high-grade subtypes including hysterectomy and salpingo-opherectomy, in 

conjunction with radiation therapy and/or chemotherapy are to date the current 

treatment options [5-7]. Additionally, young women diagnosed with endometrial 
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cancer, will suffer grave ramifications to their fertility. It is thus evident that 

development of new diagnostic and treatment options are of vital importance. 

 

Cervical carcinogenesis has been largely attributed to persistent sexually transmitted 

infections such as human papillomavirus (HPV) and Chlamydia trachomatis [8, 9]. 

Cervical cancer treatments consist of hysterectomy in conjunction with radiation 

therapy and/or chemotherapy in accordance with disease stage [11]. Utilization of 

cervical screening by Pap smear as well as administration of the HPV vaccine have 

contributed to reduced rates of cervical malignancies [10, 11]. HPV infection has also 

been associated with the pathogenesis of vaginal cancer [12]. For this rarer lower FRT 

malignancy there are no early diagnostic tests and prognosis is also dependent on 

disease stage. Disease management is challenging as therapeutic options are limited to 

surgery and radiotherapy [13, 14]. 

 

The cycling reproductive tract, particularly the endometrium, is unique in its capacity to 

undergo cellular remodelling events of proliferation and differentiation, in a tightly 

regulated manner under the hormonal control of estrogen and progesterone [15]. 

Innate and adaptive immune cells within the FRT are crucial in establishing homeostatic 

mechanisms including prophylaxis from sexually transmitted infection, fertilization, 

embryo implantation and pregnancy [16]. Modulation of such complex processes is 

essential for maintaining a healthy and fertile endometrium, coordinated by a large 

network of cytokine signalling with in the uterine microenvironment [17]. A cytokine 

that is emerging as a key regulator of cellular response within the FRT is interferon 

epsilon (IFNε).  

 

IFNε was first discovered by our group [18] and belongs to the type I interferon (IFN) 

family of cytokines, which are well documented for their key regulatory roles in immunity 

and cancer [18, 19]. Our group found that in contrast to conventional type I IFNs, IFNε 
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is constitutively expressed at high levels by epithelial cells of the FRT in both mice and 

human and expression is uniquely regulated by hormones [20,21]. In these studies, IFNε-

deficient mice presented increased susceptibility to vaginal infection by Herpes Simplex 

Virus 2 and Chlamydia muridarum suggesting that IFNε exhibits essential prophylactic 

roles with in the FRT epithelium against sexually transmitted infections. However, unlike 

other type I IFN family members its expression is not affected by pathogen response 

[20]. IFNε has been characterized to mediate signal transduction via the canonical IFN 

type I signalling pathway [22-24]. Engagement of IFNε with IFN type I receptor, 

composed of the subunits IFNAR1 and IFNAR2, leads to activation of JAK/STAT pathway 

followed by induction of ISG (interferon stimulated gene) transcription to elicit biological 

functions [21,22,25]. 

Preliminary studies conducted in our lab suggested that loss of IFNε increased the 

proliferation propensity of primary mouse uterine epithelial cells compared to 

homologous wild type control cells [Bourke NM and Mangan NE, unpublished]. 

Subsequently, further evidence showed that IFNε was down regulated in fallopian 

tissues of HGSC (High Grade Serous Carcinoma) patients compared to healthy controls 

[Marks et al., submitted]. This suggests that IFNε has potentially important intrinsic anti-

proliferative roles within the FRT epithelium and that is suppression may favour tumour 

development. However, the direct anti-tumourigenic roles of IFNε have not yet been 

studied in FRT cells outside the ovary. Furthermore, the precise mechanisms by which 

IFNε may regulate such cellular processes have not been examined in detail.  

Current type I IFN based therapies, using the classical type I IFNs IFNα and IFNβ, have 

been successful in eliminating a broad range of malignancies including leukemia, 

melanoma and breast cancer, however due to detrimental side effects and systemic 

toxicity observed in patients, they are unfavourable long-term cancer treatments          

[19, 27-29]. In contrast, the unique properties of IFNε render it particularly pertinent to 

endometrial cancer treatments as well as other FRT cancers, as IFNε is constitutively 
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expressed within the FRT suggesting that it may be well tolerated. The potential of IFNε 

in therapeutic development of FRT cancers would require further investigation. We 

hypothesised that IFNε displays key anti-tumourigenic roles within the FRT epithelium. 

This study aimed to investigate the in vitro effects of IFNε on FRT epithelial cancer cell 

lines and to examine the role of IFNε in endometrial, vaginal and cervical cancer cell 

development.   

 

Methods 

Cell Lines  

Human epithelial cells of lower FRT origin: VK2 [vaginal (ATCC® CRL-2616™)], Ect1 

[ectocervical (ATCC® CRL-2614™)] and End1 [endocervical (ATCC® CRL-2615™)] were 

kindly provided by Professor Gilda Tachedjian (Burnet Institute Melbourne). These cell 

lines were maintained in Keratynocyte-SFM (serum free medium), supplemented with 

0.2ng/ml of human rEGF (recombinant epidermal growth factor), 20 μg/ml of rBPE 

(recombinant bovine pituitary extract), 1% Antibiotic-Antimycotic (Gibco, Life 

Technologies). Grade I- derived ECC-1 (ATCC® CRL-2923™) endometrial cancer cells were 

kindly provided by Dr Hong Nguyen (Hudson Institute of Medical Research) and 

propagated in DMEM F12 -(without phenol red) supplemented with 10% heat 

inactivated FCS (fetal calf serum) and 1% Antibiotic-Antimycotic (Gibco, Life 

Technologies). Grade II-derived endometrial carcinoma epithelial cells RL95-2 

(ATCC® CRL-1671™), were generously supplied by Yao Wang (Professor Guiying Nie, 

Implantation and Placental Development laboratory, Hudson Institute for Medical 

Research) and were cultured in DMEM F12 supplemented with 10% heat inactivated FCS 

and 1% Antibiotic-Antimycotic (Gibco, Life Technologies). Grade III-derived endometrial 

carcinoma epithelial cells AN3CA (ATCC® HTB-111™), were generously provided by Dr 

Amy Winship (Professor Eva Dimitriadis, Embryo Implantation Laboratory Hudson 

https://www.atcc.org/Products/All/CRL-2616.aspx
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Institute for Medical Research), and propagated in MEM (Minimum Essential Medium) 

supplemented with 10% heat inactivated FCS and 1% Antibiotic-Antimycotic (Gibco, Life 

Technologies). All cells were maintained in a humidified incubator at 37°C, 5% CO2 (for 

general tissue culture procedures refer to Appendix C, p263-264).  Mycoplasma testing 

of all cell lines was performed by the Laboratory and Technical Services  at Hudson 

Institute for Medical Research using MycoAlert PLUS Mycoplasma Detection Kit (Lonza).  

Authentication and identification of cell lines was performed by short tandem repeat 

profiling analysis carried out by the Medical Genomics facility at Monash Health 

Translational Precinct (see Appendix D and E, p265-278).  

 

Recombinant IFNs and stimulations 

Recombinant human and murine IFNε (r-hIFNε; r-mIFNε) utilized in interferon 

stimulations for in vitro assaying of FRT epithelial cancer cell lines, were both generated 

by our laboratory. Low endotoxin concentration was confirmed by ToxinSensor 

Endotoxin Assay (Genscript) as previously described [30]. Buffer control (B.control) 

treatments without recombinant hIFNε protein (20mM Phosphate Buffer pH 6, 150 mM 

NaCl, 0.8M L-Arginine) were also included in order to exclude buffer effects on cell 

assays. Additionally, recombinant human IFNβ (r-hIFNβ) Rebif® (Merk Serono) was also 

used as detailed in each study below.   

 

IFN stimulations for gene induction analysis 

FRT epithelial cancer cells were plated at a density of 1.5x105 cells/well in a 12 well plate 

in 500 μl of complete medium. Lower FRT cancer cells VK2 (vaginal), Ect1 (ectocervical) 

and End1 (endocervical);  as well as ECC-1 endometrial cancer cells, were stimulated 

with r-mIFNε (100 IU/ml) for 3 hrs; whereas, RL95-2 and AN3CA (endometrial cancer 

cells of upper FRT) were stimulated with r-mIFNε (1000 IU/ml) for 24 hrs, prior to mRNA 

extraction. 

https://sites.google.com/a/hudson.org.au/hudson/lats
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mRNA extraction 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s instructions. Cells were lysed in 350 µl of β-mercaptoethanol/buffer RLT 

and homogenized by syringing up and down through a 25-gauge needle (10 times). 350 

µl of 70% ethanol was added to the lysate, thoroughly mixed, and transferred to a 

RNeasy spin column. The sample was centrifuged for 15 secs at 8000 x g and the flow 

through discarded. The column was washed with 700 µl buffer RW1 and centrifuged for 

15 secs at 8000 x g and the flow through discarded. The column was washed with            

500 µl of buffer RPE, centrifuged for 15 secs at 8000 x g and the flow through was 

discarded. An additional 500 µl of buffer RPE was added, centrifuged for 2 mins at      

8000 x g and the flow through was discarded. The column was then transferred to a 

fresh 2 ml collection tube and centrifuged for 1 min, at 8000 x g. RNA was eluted by 

addition of 30 µl RNase-free water to the column and centrifugation for 1 min at           

8000 x g. Eluted RNA was added back to the column and centrifuged for the second time 

at 8000 x g, 1 min to increase yield. The RNA was stored at -80°C. RNA yield and quality 

assessments were carried out using NanoDrop, ND-1000 spectrophotometer (Analytical 

Technologies). 

 
 
DNase treatment of RNA sample 

To remove genomic DNA, the RNA sample was treated with DNase. 500 ng of purified 

RNA was diluted in 7 μl of Nuclease-Free Water (Ambion) and 2 μl of 5 x MMLV buffer 

(Promega) together with 1 μl of RQ1 DNase (Promega) were added to each reaction 

sample. The sample was then incubated at 37°C for 30 mins. The reaction was ceased 

by addition of 1 µl DNase Stop solution (Promega) and incubation at 65°C for 15 mins. 

To remove condensation the sample was placed on ice for 2 mins and centrifuged for           

1 min at 8000 x g. 
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cDNA synthesis 
 
DNase treated RNA samples were equally divided between two tubes: reverse 

transcription positive reaction (RT+) and reverse transcription negative control reaction 

(RT-). The following reagents were added to each reaction: 1 µl (500 ng) of random 

hexamers (Promega), 2 µl of 10 mM dNTP (Bioline), 4 µl M-MLV 5 X Reaction Buffer,     

7.5 µl Nuclease-Free Water (Ambion) and 0.5 µl of M-MLV Reverse Transcriptase 

(Promega) in the RT+ tube, or 0.5 µl Nuclease-Free Water (Ambion) in the RT- tube. The 

samples were incubated at 37°C for 1 hr, followed by enzyme inactivation at 70°C for   

15 mins. The cDNA was stored at -20°C. 

 

 
18s rRNA quality control PCR 

18s ribosomal RNA (rRNA) PCR was performed on cDNA samples from both RT+ and RT- 

samples to determine cDNA quality and eliminate presence of genomic contamination. 

1 µl of cDNA (both RT+ and RT-) was added to 12.5 µl of GoTaq Green Master Mix, 2 x 

(Promega), 1 µl of each forward and reverse 18s rRNA primers (10 µM) and the final 

reaction volume was adjusted to 25 µl with Nuclease-Free Water (Ambion). PCR was 

then performed using MyCycler Thermal Cycler (Bio-Rad) according to the cycle reaction 

parameters denoted in table 1. PCR products were visualized by electrophoresis on         

1.5 % w/v agarose gel, run at 100 V for 30 mins.  
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Table 1. PCR Cycle Reaction Parameters. 
 

Stage 1 
 x  

1 cycle 
Step 1 94°C, 2 mins   

 

Stage 2 
x 

35 cycles 

Step 1 94°C, 30 secs     primer denaturation 

Step 2 55°C, 30 secs     primer annealing 

Step 3  72°C, 30 secs     primer extension 

Stage 3  
x  

2 cycles 

Step 1 72°C, 7 mins final primer extension 

Step 2 20°C, hold      
 

 

 
 
Agarose gel electrophoresis 

qRT-PCR samples were loaded on a 1.5 % w/v agarose (promega) gel/ 1 x TAE buffer         

[40 mM Tris-HCl (pH 8.0), 20 mM acetic acid, 1 mM EDTA (pH 8.0) in MQ water] 

containing 1:30 dilution of SYBR Safe DNA gel stain (Life Technologies) for visualization 

of bands. The gel was electrophoresed in 1 x TAE buffer at 100 V for 30 mins. Band size 

was determined according to 100 kb DNA ladder (NEB). Bands were visualized in a Safe 

Imager Blue Light Transilluminator (Invitrogen, LifeTechnologies, Thermo Fisher 

Scientific) and images acquired using Quantum ST4-100 camera (VILBER) and saved 

electronically via QUANTUM-capt image software. 
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qRT-PCR  

Primers were designed to be intron-spanning, were possible, using primer-BLAST/NCBI 

software (refer to table 2 for primer sequences).  2 µl of cDNA [diluted 1:10 in Nuclease-

Free Water (Ambion)] was aliquoted in triplicate into a 384 well plate (Applied 

Biosystems). To each reaction 0.2 µl of 10 µM forward primer, 0.2 µl of 10 µM reverse 

primer, 5 µl of SYBR Magic Master Mix (Invitrogen, LifeTechnologies, Thermo Fisher 

Scientific) and 2.6 µl of Nuclease-Free Water (Ambion) were added to a final reaction 

volume of 10 µl. Plates were sealed with MicroAmp optical adhesive film (Applied 

Biosystems), centrifuged at 800 x g for 3 mins (Heraeus Multifuge 3RS Plus centrifuge) 

and then subjected to PCR on a 7900HT Fast Real-Time PCR machine (Applied 

Biosystems) according to the thermal cycling profile parameters described in table 3.  Ct 

(cycle threshold) values were analysed using SDS 2.4 software (Applied Biosystems) and 

expression levels of all genes were normalised against the corresponding expression of 

18s rRNA (housekeeping gene). Relative expression level was determined using 2-ΔΔct 

method to determine fold induction of IFN stimulated samples relative to the 

unstimulated samples [31].  Alternatively, mRNA expression levels were deduced using 

the 2-CT method and expressed as a ratio to 2-CT 18s. Three independent biological 

experiments were performed in technical triplicates. Statistical analysis was performed 

using one-way ANOVA with Tukey’s multiple comparisons or Dunnett's multiple 

comparisons test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Table 2. Primer Sequences. 
 

Human Gene Name Primer Primer Sequence (5’-3’) 

18s 
F GTAACCCGTTGAACCCCATT 

R CCATCCAATCGGTAGTAGCG 

MXA 
F GGTGGTGGTCCCCAGTAATG 

R ACCACGTCCACAACCTTGTCT 

CXCL10 
F TTCCTGCAAGCCATTTTGT 

R TTCTTGATGGCCTTCGATTC 

OAS2 
F GAAGCCCTACGAAGAATGTCAGA 

R TCGGAGTTGCCTCTTAAGACTGT 

ISG15 
F GCGAACTCATCTTTGCCAGT 

R AGCATCTTCACCGTCAGGTC 

IFNΕ 
F AGGACACACTCTGGCCATTC 

R CTCCCAACCATCCAGAGAAA 

IFNAR1 
F AGTGCCTCCACGCCTTTTTA 

R GCTTGTACGCGGAGAAGGTA 

IFNAR2 
F GCGAGAGCTGCAAAGATGTAA 

R GGCATTCTGGCTCAAAAGCA 

TAP1 
F CCTGTGGCACAAACTCGGG 

R ATCTCCCCAAGAGAGGAGAGGA 

BCL-2 
F AGGATAACGGAGGCTGGGATG 

R TGATGCAAGCTCCCACCAG 

CDC20 
F ATTCCCAGGTGTGCTCCATC 

R GCCATGGTTGGGTACTTCCA 

CASP1 
F GCCTGTTCCTGTGATGTGGA 

R TTCACTTCCTGCCCACAGAC 

ISG12A 
F ATCGCCTCGTCCTCCATA 

R TGGCATGGTTCTCTTCTCT 



      Chapter 4 

183 

 

 
Table 3. qRT-PCR Cycle Parameters. 
 

Stage 1 50°C, 2 mins   primer annealing 

Stage 2 95°C, 10 mins    primer denaturation 

Stage 3 
x 

40 cycles 

95°C, 15 secs     primer denaturation 

60°C, 1 min   primer annealing 

Stage 4 

95°C, 15 secs     

primer dissociation 60°C, 15 secs 

95°C, 15 secs     

 

 

 

Cell Viability MTT assay 

Cell viability was measured by colourimetric enzyme based MTT assay [32]. This 

technique relays on tetrazolium salt (MTT), which is reduced to a formazan product by 

mitochondrial enzyme succinate dehydrogenase reducing enzymes present only in 

metabolically active viable cells [32]. VK2 (vaginal) and Ect1 (ectocervical) epithelial cells 

were seeded in 96 well microplates at a cell density of 5x103 cells/well and stimulated 

with r-hIFNε (1000-125 IU/ml), r-hIFNβ (1000  IU/ml), r-mIFNε, B.control (buffer control 

volume equivalent to the highest IFN treatment) including US control (unstimulated 

control cells) for 72 hrs. Cells were then incubated with 0.5 mg/ml of MTT reagent                                            

[3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (Sigma Aldrich)] for          

3 hrs at 37°C. The supernatant was aspirated and MTT crystals were dissolved in DMSO 

(dimethyl sulfoxide). Absorbances were measured at 590 nm using a FluoStar OPTIMA 

plate reader (BMG Labtech).  
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Proliferation assay  

Cellular proliferation was monitored in real-time using the xCELLigence system (Roche 

Applied Science, and ACEA Biosciences Inc.). Background measurements were taken 

from the wells by adding 50 μl complete growth medium to 96 well E-16 plates 

(containing gold microelectrodes located in their base) (ACEA Biosciences Inc.), used to 

calibrate the plates by the RTCA Software 1.2 (Roche Applied Science). Cells were then 

seeded (at cell densities of: 5x103 cells/well for VK2 and Ect1; 2x104cells/well for RL95-

2; 1x104 cells/well for AN3CA) in complete growth medium to a final volume of 100μl. 

RL95-2 and AN3CA cells were serum starved for 24 hrs (cell cycle synchronization) prior 

to seeding. Cells were incubated for 4 hrs, at 37°C and 5 % CO2 prior to IFN treatment. 

VK2 and Ect1 cells were stimulated with r-hIFNβ, r-mIFNε, B.control (buffer control 

volume equivalent to 500 IU/ml) and r-hIFNε (125-500 IU/ml) or unstimulated; whereas 

RL95-2 and AN3CA cells were stimulated with r-hIFNβ, r-mIFNε, B.control (buffer control 

volume equivalent to 1000 IU/ml) and r-hIFNε (250-1000 IU/ml) or unstimulated. 

Impedance signals were recorded by the RTCA system every 15 mins up to the end of 

the experiment, over 90 hrs. Cell Index value at each time point is defined as well 

impedance containing cells minus background impedance (well containing medium 

only).  Growth curve profiles were generated from mean cell index, normalized post 

treatment time, +/-SD recorded at 30 min intervals according to RTCA 1.2 software 

analysis. The cellular proliferation rates were then expressed as growth curve slope       

(1/ hrs) % relative to unstimulated control and doubling time, at 48 hr and 72 hr time 

points as deduced by the RTCA 1.2 software analysis. Three independent biological 

experiments were performed in technical quadruplicates. Statistical analysis was carried 

out using one-way ANOVA with Fisher's LSD multiple comparisons test, (*P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001). 
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Apoptosis assay: Annexin V staining/ FACS analysis 

Ect1 cells were seeded in a 24 well plate at a density of 1x105 cells/well in 1 ml of 

complete medium and incubated for 4 hrs, at 37°C and 5 % CO2. Following adhesion to 

the well surface, cells were stimulated with 1000 IU/ml of r-hIFNε, r-mIFNε and r-hIFNβ 

for 72 hrs and compared to US control (unstimulated control). As a positive control of 

apoptosis, cells were also treated with 5 mM of H202 for 4 hrs. To evaluate cellular 

apoptosis, V-FITC Annexin V Apoptosis Detection Kit II (BD Biosciences) was utilized 

according to the manufacturer’s instructions. Following trypsinization, cells were 

harvested by centrifugation for 5 mins at 180  x g, 4°C and resuspended in 50 μl binding 

buffer (BD Biosciences). Cells were stained with 2.5 μl of both Annexin V-FITC and PI 

(propidium iodide) for 15 mins at room temperature in the dark. The stained cell 

suspension was subsequently supplemented with 50 μl of binding buffer                              

(BD Biosciences) prior to analysis by FACSCanto II flow cytometer (BD Biosciences). Data 

from three independent biological experiments were performed in technical triplicates 

and quantified by FlowJo_10 software. Results were expresses as staining % for each 

phase of apoptosis identified as: necrosis (annexin V- FITC -/PI+), late apoptosis (annexin 

V-FITC+/PI+), early apoptosis (annexin V-FITC+/PI -) and live cells (annexin V-FITC-/PI-) [34, 

35]. Statistical analysis was performed using one-way ANOVA, Holm-Sidak's multiple 

comparisons test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 

 

 

Apoptosis assay: TUNEL staining 

In vitro DNA fragmentation of epithelial cells was detected by TUNEL (terminal 

deoxynucleotidyl-transferase-mediated dUTP-biotin nick end-labeling) assay staining 

[36]. Ect1 cells were plated in a 96 well black-walled, clear bottom, imaging plate 

(Costar), at a density of 3x103 cells/well in 100 μl of complete medium. Following 

adhesion to the well surface, cells were treated with 1000 IU/ml of r-hIFNε, r-mIFNε and 
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r-hIFNβ or untreated for 96 hrs. Cells were then fixed with 4% paraformaldehyde for     

10 mins and permeabilized for 10 mins, at room temperature. The cells were washed 

twice with Nuclease-Free Water (Ambion), and finally stained using in situ cell apoptosis 

detection kit, Click-IT Plus TUNEL Assay (Molecular Probes, Life Technologies) according 

to the manufacturer’s instructions. The cells were washed with 3 % BSA in PBS for 5 mins 

and stained with 0.5 μg/ml DAPI (Thermo Fisher Scientific) for 5 mins, protected from 

light. Each well was washed twice with PBS and cells were mounted with ibidi Mounting 

Medium for fluorescence imaging (DKSH). Cell Imaging was carried out by Cellomics 

Arrayscan VT1 high-throughput microscope (Thermo Fisher Scientific), located at the 

Peter MacCallum Cancer Centre, (Associate Professor Kaylene J. Simpson and Karla 

Cowdley, Victorian Centre for Functional Genomics, ACRF Translational RPPA platform, 

Victorian Comprehensive Cancer Centre). TUNEL-positive cells (green fluorescence) as 

well as DAPI staining (nuclear stain, blue fluorescence), were identified by Cellomics 

Scan software v7.6.2. (Cellomics, Thermo Fisher Scientific). Cell imaging of 49 fields per 

well was generated using a 10 x objective. Image acquisition and analysis were 

conducted with the Target Activation V3 Bioapplication by identification of nuclei in the 

DAPI channel, incorporation of cell segmentation, threshold, and quantitation of                

% TUNEL-positive cells in TUNEL-channel or % responders (TUNEL positive cells that 

corresponded to nuclei expressed as a percentage of total cell nuclei). Data is 

representative of mean ± SEM, from three independent biological experiments in 

technical triplicates. Statistical analysis was performed using performed one-way 

ANOVA, with Tukey's multiple comparisons test, (*P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001). 
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Apoptosis assay: Caspase activity assay 

Ect1 cells were plated in a 96 well black-walled, clear bottom, imaging plate (Costar), at 

a density of 3x103 cells/well in 100 μl of complete medium. Following adhesion to the 

well surface, cells were treated with 1000 IU/ml of r-hIFNε, r-mIFNε and r-hIFNβ or left 

untreated for 72 hrs. Active caspase-3/7 monitoring was performed using CellEvent 

Caspase-3/7 Green Detection Reagent (Life Technologies, Thermo Fisher Scientific) 

labelling assay according to the manufacturer’s directions. Apoptotic cells encompassing 

active caspase-3/7, cleave the DEVD peptide, resulting in binding of the free dye to DNA 

accompanied by green fluorescence. Cell media was replaced with complete media 

containing 5 μM of CellEvent Caspase-3/7 Green Detection Reagent (Life Technologies, 

Thermo Fisher Scientific) and the plate was covered with foil and incubated for 30 mins, 

in the incubator at 37°C and 5 % CO2. Cells were then fixed with 4% paraformaldehyde 

for 10 mins and subsequently permeabilized for 10 mins, at room temperature, light 

protected. The cells were washed twice with Nuclease-Free Water (Ambion), and 

counterstained with 0.5 μg/ml of DAPI (Thermo Fisher Scientific) for 5 mins, protected 

from light. Each well was washed twice with PBS and cells were mounted with Ibidi 

Mounting Medium for fluorescence imaging (DKSH). Cell Imaging was carried out by 

Cellomics Arrayscan VT1 high-throughput microscope (Thermo Fisher Scientific), located 

at the Peter McCallum Center, (Kaylen Simpson Karla Cowdley). Caspase-3/7 active-

positive cells (green fluorescence) as well as DAPI staining (nuclear stain, blue 

fluorescence), were identified by Cellomics Scan software v7.6.2. (Cellomics, Thermo 

Fisher Scientific) from 49 fields per well, using a 10 x objective. Image acquisition and 

analysis were generated with the Target Activation V3 Bioapplication by identification 

of nuclei in the DAPI channel, incorporation of cell segmentation, threshold, and 

quantitation of % caspase-3/7 active positive in caspase-3/7-channel or % responders 

(caspase- 3/7 active positive cells that corresponded to nuclei expressed as a percentage 

of total cell nuclei). Set parameters exclude false positive fluorescence that does not 

correspond with nuclei objects. Data is representative of mean ± SEM, from three 
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independent biological experiments in technical triplicates. Statistical analysis was 

performed using one-way ANOVA, with Tukey's multiple comparisons test, (*P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001). 

  

 

Results 

IFNε Regulates Anti/Pro Apoptotic ISGs  

To confirm expression of type I IFN receptors essential for type I interferon signalling 

endogenous mRNA expression levels of IFNAR1, IFNAR2 and IFNΕ were measured by 

qRT-PCR (Figure 1). According to a previous study, IFNε expression was characterized 

with in the mouse FRT localized in vagina, cervix, uterus, and ovaries, whereas 

expression in human was only examined in the endometrium [20, 21]. For this reason, 

we selected a panel of human epithelial cancer cells lines of lower FRT origin: VK2 

(vaginal), Ect1 (ectocervical), End1 (endocervical); as well as upper FRT origin: ECC-1 

(grade I-derived), RL95-2 (grade II-derived), AN3CA (grade III-derived), endometrial 

cancer cells; for analysis. QRT-PCR analysis revealed that all six FRT cancer cell lines 

expressed both receptors IFNAR1 and IFNAR2, with variable mRNA levels. Endogenous 

IFNAR1 mRNA was detected in VK2, Ect1, RL95-2 and AN3CA at comparably high levels 

whereas End1 and ECC-1 had considerably lower expression levels.  IFNAR2 mRNA levels 

were strikingly high in the upper FRT endometrial cancer cells AN3CA (grade III -derived) 

and RL95 (grade II -derived) compared to cell lines originating from the lower FRT. 

Interestingly, IFNΕ transcript levels were extremely low in ECC-1 (grade I -derived),  

RL95-2 (grade II -derived), or undetectable in AN3CA (grade III -derived) endometrial 

cancer cells compared to VK2, Ect1 and End1 cells of lower FRT origin. Thus, in line with 

preliminary evidence indicative of down regulation of IFNε in fallopian tissues of HGSC 
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(High Grade Serous Carcinoma) patients, this observation may also implicate reduced 

IFNε expression to coincide with endometrial cancer progression. 

 

Given that the FRT cell line panel contained type I IFN receptor components, we sought 

to examine cellular responsiveness to interferon stimulation by monitoring ISG 

induction using qRT-PCR. In these experiments, cells were stimulated with recombinant 

murine IFN (r-mIFNε), generated by our lab, and demonstrated to effectively induce ISGs 

specialized in HIV restriction factor activity as well as eliciting prophylaxis against HIV 

infection of human peripheral blood lymphocytes [26]. Such a cross-species reactivity is 

another unique feature of IFNε not exhibited by other type I IFN ligands, such as IFNα or 

IFNβ. As demonstrated by Fung K.Y., et al., 2013 it is anticipated that 3 hrs of interferon 

stimulation would suffice for adequate ISG induction to be monitored by qRT-PCR. In 

this study, VK2, Ect1, End1, RL95-2 and AN3CA cancer cells were responsive to IFNε and 

IFNβ stimulations (Figures 2-12). Significant upregulation of classical IRG mRNAs 

including ISG15, MXA (antiviral activity), CXCL10 (chemokine) and CAPS1 was observed 

in the lower FRT, VK2, Ect1 and End1  (Figures 2, 4, 5) cells upon 3 hrs of IFN stimulation 

(100 IU/ml); as well as in corresponding upper FRT, RL95-2 and AN3CA, endometrial 

cancer cells, (see figures 9,10) at 24 hrs of IFN stimulation (1000 IU/ml), in a cell 

dependent manner. As RL95-2 and AN3CA cells did not respond to 3 hrs of interferon 

stimulation, exhibiting no changes in classical ISGs (ISG15, MXA, CXCL10, CAPS1) 

analysed (data not shown), the appropriate stimulation time point selected for these 

cells was subsequently 24 hrs. Interferon treatment of ECC-1 cells for 3 hrs had a minimal 

effect on levels of ISG15 or MXA transcripts compared to unstimulated control         

(Figure 8). Unexpectedly, both OAS2 and CXCL10 could not be detected, in either 

unstimulated control or IFN treated ECC-1 cells, and for these reasons, we did not 

perform further investigations utilizing this cellular system. Similarly, we were not able 

to detect CXCL10 mRNA in RL95-2 and AN3CA endometrial cancer unstimulated control 
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or IFN stimulated cells. These results demonstrated that our chosen FRT cells lines are 

responsive to IFNε stimulation and that responses vary dependent on cell type.  

 

Next, we investigated the regulation of IFNε on survival and apoptotic associated ISGs 

of FRT cells. Interestingly, IFNε treatment down regulated BCL-2 and CDC20 (pro-

survival/anti-apoptotic IRGs) mRNA in VK2, End1, RL95-2, and AN3CA cells relative to 

unstimulated control cells (Figures 3, 7, 10, 12). In contrast, IFNε treatment lead to a 

significant upregulation of pro-apoptotic mediators TAP1, OAS2, ISG12A in VK2, Ect1 and 

End1, RL95-2, and AN3CA cancer cells (Figures 3, 5, 7, 10, 12). This suggests that IFNε 

may play important roles in suppressing expression of cell survival genes and 

concurrently enhance the expression of genes associated with pro-apoptotic 

mechanisms. This highlights the potential anti-tumourigenic properties of IFNε in FRT 

cancer epithelial cells by inducing the canonical IFN type I signalling pathway. 

 

 

IFNε Suppresses FRT Cancer Cell Proliferation 

MTT assays were used to examine the effects of IFNε on cell viability in VK2 and Ect1 

cells. Both cell types displayed significant reductions in cell viability at 72 hrs post 

stimulation with IFNε and IFNβ (1000 IU/ml). Cell viability was reduced by 42% upon 

1000 IU/ml of hIFNε treatment compared to a reduction of 46% and 32% with same 

concentration of r-mIFNε and r-hIFNβ, relative to unstimulated control Ect1 cells (Figure 

13). More importantly, r-hIFNε stimulation reduced cell viability, in a dose dependent 

manner in both VK2 and Ect1.  

 

To further ascertain whether IFNε treatment reduces cell viability by regulating 

proliferation, VK2, Ect1, RL95-2 and AN3CA cells were monitored in real-time using an 

xCELLigence analyser. Treatment of VK2 and Ect1 cells with IFNs significantly reduced 
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cell proliferation after 48 hrs and 72 hrs compared to unstimulated control cells     

(Figures 14, 15 ,16, 17). The most prominent IFN effects on VK2 and Ect1 cells, were 

obtained at 72 hr upon r-mIFNε, r-hIFNε and hIFNβ at a concentration of 500 IU/ml 

(Figures 14A and 16A). At 72 hrs of r-hIFNε treatment (500 IU/ml), cell proliferation 

(slope %) was reduced by 56% in VK2 (Figure 15B), and 58% in Ect1 (Figure 17B). Both 

VK2 and Ect1 cell lines (Figures 14, 15 ,16, 17) presented a dose dependent reduction in 

cell proliferation upon r-hIFNε 72 hr stimulations (500-125 IU/ml). Furthermore, these 

results also demonstrate that exogenous IFN treatment significantly increased doubling 

times of both vaginal and cervical cancer cells (VK2, Ect1) in a dose dependent manner 

(Figures 15D, 17D). These results suggest that IFNε may play a catalytic role in the 

regulation of epithelial cell proliferation, in accordance with other type I family members 

such as IFNβ. 

 

Subsequently, IFN stimulation of endometrial cancer cells RL95 and AN3CA, greatly 

suppressed cell proliferation after 48 hrs and 72 hrs relative to unstimulated control 

cells. (Figures 18, 19, 20, 21). It was observed that in both RL95 and AN3CA cells at 72 hr 

treatments and at a concentration of 1000 IU/ml, r-hIFNε was the most effective in 

decreasing proliferation rates, followed by r-mIFNε and lastly hIFNβ causing less 

significant reductions (Figures 18, 19B, 20, 21B). At 72 hrs of r-hIFNε treatment           

(1000 IU/ml), cell proliferation (slope %) was decreased by 71% in RL95-2 (Figure 19B), 

and 45% in AN3CA (Figure 21B). Both RL95-2 and AN3CA cell lines displayed a dose 

dependent reduction in cell proliferation upon r-hIFNε 72 hr stimulations                       

(1000-125 IU/ml).  Whereas hIFNβ stimulation was less effective in reducing 

proliferation rates of endometrial cancer cells by 25% for RL95 (grade II-derived) and 

31% for AN3CA (grade III-derived).  In addition, these results also illustrate significant 

delays in doubling times of both RL95-2 and AN3CA cells, mediated by IFN treatment 

(Figures 19D, 21D). This data suggests, that IFNε may mediate endometrial cancer cell 

proliferation with greater efficiency than IFNβ.  
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IFNε Induces Cancer Cell Apoptosis 

To further delineate the mechanisms mediating IFNε induced inhibition in cellular 

proliferation, the in vitro IFNε effects on apoptosis were investigated. Annexin V-FITC 

and PI staining of Ect1 cells was measured by FACS analysis upon 72 hrs of IFN treatment. 

Scatter plots (Figure 22) of Ect1 cells stimulated with r-hIFNε, r-mIFNε and r-hIFNβ   

(1000 IU/ml) for 72 hrs are indicative of an apoptotic phenotype. Representative side 

scatter (SSC) and forward scatter plots (FSC) further reveal that IFN treatment of Ect1 

cells morphologically alters their size and granularity consistent with the state of 

apoptosis. Treatments of 1000 IU/ml with hIFNε, r-mIFNε and r-hIFNβ significantly 

enhanced the detection of early apoptotic (annexin V-FITC+/PI-) and late apoptotic 

(annexin V-FITC+/PI+) cell populations accompanied by reductions in unstained live cell 

populations (annexin V-FITC-/PI -) as compared to unstimulated controls (Figures 22 and 

23). Importantly, neither IFN treatments altered the proportion of necrotic cells 

(annexin V- FITC -/PI+).  Furthermore, r-hIFNε treatment lead to a 6% increase of both 

early apoptotic and late apoptotic cells as compared to unstimulated cells. These results 

suggest that IFNε significantly induces early and late apoptotic events without effecting 

necrosis, comparable to well characterized apoptotic events associated with IFNβ 

stimulation [37, 38]. 

 

To corroborate the direct pro-apoptotic effects of IFNε on epithelial cells, we utilized in 

situ TUNEL staining to examine DNA fragmentation occurring at the later stages of 

apoptosis. In these studies stimulations of Ect1 cells with 1000  IU/ml of r-hIFNε, r-mIFNε 

and r-hIFNβ for 96 hrs led to significant increase in the percentage of TUNEL positive 

cells by 4.2%, 2.2% and 2.2% respectively as quantified by cellomics system (Figures 24 

and 25), accompanied by significant reductions in nuclear counts. These results suggest 

that IFNε is associated with DNA fragmentation observed in late apoptotic stages. 
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Finally, to validate the impact of IFNε treatment in early apoptotic events, active   

Caspase-3/7 was monitored using the CellEvent Detection system.  72 hr IFN stimulation 

of Ect1 at 1000 IU/ml, greatly enhanced active Caspase-3/7 by 15.5%, 42.5%, 27.5% with 

r-hIFNε, r-mIFNε and r-hIFNβ respectively (Figures 26, 27). This suggests that IFNε leads 

to activation of Caspase-3/7 indicative of early apoptotic events. Collectively the 

application of these three different apoptotic assays confirm the pro-apoptotic 

properties of IFNε. Thus, it has been clearly shown that recombinant IFNε induces early 

and late stages of apoptosis without affecting necrosis. 

 

 

Discussion 

Type I interferons exhibit pleotropic anti-tumour actions by employing extrinsic 

(activation of anti-tumour immune cells) and intrinsic mechanisms (regulation of cell 

proliferation and apoptosis) as reviewed by Parker et al., 2016 [19]. Studies to date have 

primarily been carried out to examine effects of classical type I IFNs such as IFNα and 

IFNβ. The anti-neoplastic properties exhibited by classical type I interferons IFNα/β have 

been applied to the development of a wide range of cancer therapies, however they 

were accompanied with severe side effects [19, 27-29].  

 

Whereas IFNε is a unique type I interferon as it is constitutively expressed within the FRT 

suggesting that it may be well tolerated within this organ to direct an organ-specific type 

I IFN response. According to Hardy M.P., et al., 2004, Ifnε, is the only type I IFN member 

found to be constitutively expressed within the mouse FRT (18). Concurrently, a recent 

comprehensive study by our laboratory investigated the expression of IFN mRNA in FRT 

human tissues obtained from healthy women, including type I (ε, β, α4, α2, α1), type II 

(IFNγ) and type III (λ1, λ2, λ3) [21]. This study further validated that IFNε was the only 

highly expressed interferon member in the human FRT, eluding to its distinguished roles 
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within the FRT physiology. Furthermore, the in vitro biological activities of murine IFNε 

where significantly reduced when directly compared to IFNα1 and IFNβ [30]. Thus, IFNε 

related activation of the interferon pathway within in the FRT epithelium, may provide 

increased tissue specificity and less likely side effects. 

 

Type I IFNs also exert their anti-cancer potential via intrinsic mechanisms by regulating 

cell proliferation, differentiation, and apoptosis [37, 39, 40].  The current study focuses 

on the in vitro intrinsic anti-tumour properties of IFNε in FRT cancer epithelial cells. 

Recently, our group characterised IFNε, as “FRT-specific type I IFN” essential for 

protection against sexually transmitted infections [20]. It is novel within the type I IFN 

family for three major reasons: (i) it is constitutively expressed at high levels in the FRT, 

(ii) it is not upregulated in response to pathogens and (iii) it is hormonally regulated. Its 

expression fluctuates throughout the menstrual cycle with levels increasing prior to 

ovulation before dropping during the secretory phase. Additionally, post-menopausal 

women have very low levels of IFNε in the FRT, presumably due to a lack of hormones 

[20]. IFNε, similar to IFNα and IFNβ, signals through the type I IFN receptor (IFNARs) to 

regulate gene expression [20, 25].  

 

To establish an appropriate cellular system for assessing the in vitro effects of IFNε, we 

utilized a panel of FRT cancer cells to initially examine endogenous expression of type I 

IFN receptors, essential for type I interferon signalling, IFNAR1 and IFNAR2 as well as 

IFNΕ ligand. We confirm that all six FRT cancer cell lines (VK2, Ect1, End1, ECC-1, RL95-2 

and AN3CA) expressed both IFNAR1 and IFNAR2 signalling receptors.   

 

Following validation of IFN type I receptor components present in these cells we 

examined responsiveness to recombinant interferon stimulation by monitoring ISG 

induction. It was observed that Vk2, Ect1, End1, RL95-2 and AN3CA cancer cells were 

responsive to both IFNε and IFNβ stimulation. Significant upregulation of classical ISGs 
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with antiviral activity (MXA, ISG15 [41, 42]), chemokine function (CXCL10 [43]) and pro-

inflammatory (CASP1 [44]) was observed in the lower FRT VK2, Ect1 and End1 cells; as 

well as in corresponding upper FRT RL95-2 and AN3CA endometrial cancer cells. The 

response profile displayed cell type specificity within the FRT cell line panel. The 

examined FRT cancer cells were sensitive to both IFNε and IFNβ stimuli, by mediating 

well known ISGs. Thus, corroborating that IFNε exerts its actions via the canonical IFN 

type I signalling pathway, as demonstrated clearly in a recent study conducted by our 

group [26]. Consequently, appropriate cellular models were established to further study 

underlying mechanisms by which IFNε exerts its biological actions. However lower FRT 

cells VK2, Ect1 and End1 were more sensitive to both IFNε and IFNβ stimulations and 

required lower dosage, compared to upper FRT RL95-2 and AN3CA endometrial cancer 

cells, which required a longer incubation period and higher dosage. This differential 

interferon activation could be dependent on the anatomical epithelial cell origin. It could 

be postulated that epithelial cells derived from the lower FRT are highly susceptible to 

infections requiring immediate activation of the immune system via type I IFN signalling 

compared to the relatively sterile upper FRT endometrial epithelium anatomy [45]. 

 

In addition, IFNε stimulation of FRT epithelial cells also regulated expression of survival 

and apoptotic IFN type I ISGs. Interestingly, IFNε treatment down regulated anti-

apoptotic BCL-2 (pro-survival), and CDC20 (cell cycle check-point regulator) transcripts 

in VK2, End1, RL95-2, and AN3CA cells [46-48]. In contrast, IFNε treatment lead to a 

significant upregulation of pro-apoptotic transcript mediators TAP1, OAS2, ISG12A in 

VK2, Ect1 and End1, RL95-2, and AN3CA cancer cells [49-51]. Thus, this data highlights 

the propensity of IFNε to elicit anti-tumourigenic properties in endometrial and other 

FRT epithelial cancer cells by inducing IFN type I signalling and modulating ISGs with cell 

survival and apoptotic functions. Although we have examined a subset of ISGs regulated 

by IFNε, it is suggested that the type I IFN signalling cascade regulates the activity of 

hundreds of ISGs to collectively elicit pleotropic biological functions. 
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Aberrant proliferation is a fundamental trait associated with oncogenesis [52]. Thus, 

providing insights into molecular mechanisms that regulate such processes is important 

for cancer therapy. Having confirmed that IFNε regulates cell survival ISGs, we were also 

interested to determine if these effects were functionally translated in vitro. Therefore, 

FRT cells were further employed to examine the effects of IFNε on cellular growth. IFNε 

treatment significantly reduced both cell viability (MTT assay) and proliferation 

(xCELLigence assay) of VK2 and Ect1 epithelial cells. Analogous reductions in cellular 

growth were also observed upon treatment of these cells with IFNβ, also reported in 

previous in vitro studies using SKMel-28 (melanoma) cells [53], as well as HepG2 

(hepatocellular carcinoma) cells [54]. These results suggest that IFNε regulates 

proliferation of lower FRT epithelium, similar to IFNβ. Furthermore, IFNε may play a key 

anti-proliferative role in the lower FRT epithelium and reactivation of interferon 

signalling may be of therapeutic importance for treatment of vaginal and cervical 

cancers.  

Concomitantly, IFNε greatly reduced cellular growth of high grade endometrial cancer 

cells RL95 (grade II-derived) and AN3CA (grade III-derived). Whereas, hIFNβ was 

considerably less effective than IFNε in reducing proliferation rates of these endometrial 

cancer cell lines. According to Yi, B.R., et al., 2015, combination therapy employing stem 

cells expressing IFNβ with subsequent 5-fluorocytosine administration lead to reduced 

endometrial tumour growth (by 50-60%) of mouse model xenografts [55]. In this study 

neural stem cells genetically engineered to co-express IFNβ and cytosine deaminase 

(CD), were directly injected into the tumour followed by intraperitoneal administration 

of 5-fluorocytosine (non-toxic drug precursor) that is converted to cytotoxic 5-

fluorouracil (acting as a DNA inhibitor) by CD. Our data identifies IFNε as an essential 

regulator of proliferation within the endometrial epithelium. However, as IFNε was 

demonstrated to elicit a greater reduction in endometrial cancer cell proliferation 
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compared IFNβ in the present study, we anticipate that it may also provide increased 

therapeutic benefits to combat endometrial cancer. 

Apoptosis is a tightly regulated cellular death process, critical in embryonic development 

and maintenance of adult tissue homeostasis involving elimination of infected or 

genetically damaged cells [56, 57]. Evading apoptosis is a hallmark of cancer 

development [58]. Hence, understanding the molecular mechanisms that activate 

apoptotic processes could be beneficial in the development of potential anti-cancer 

therapies.  Classical type I interferons such as IFNα and IFNβ, exhibit pro-apoptotic 

properties and have been successfully utilized in anti-cancer therapies [37, 38]. Indeed, 

we demonstrated that IFNε significantly induces early and late apoptotic events without 

effecting necrosis of Ect1 cells by FACS analysis of Annexin V-FITC and PI stained cells 

stimulated for 72 hrs. Induction of apoptosis was comparable amongst IFNε and IFNβ 

treatments.  In addition, we demonstrated an increase in active Caspase-3/7 upon           

72 hrs of IFN stimulation of Ect1 cells. This suggests that IFNε leads to activation of 

Caspase-3/7 essential in early apoptotic events. Further validation of the pro-apoptotic 

effects of IFNε were confirmed by an increase of TUNEL positive cells upon 96 hrs of 

stimulation of Ect1 cells. This evidence indicates that IFNε also induces late apoptotic 

events accompanied by DNA fragmentation. This is the first study to delineate 

cumulative evidence from three distinct methodologies, providing important insights 

into the mechanisms employed by IFNε to elicit pro-apoptotic activities in cancerous 

epithelial cells. 

 

 

Conclusions 

In conclusion, these results characterize IFNε as a key regulator of proliferation and 

apoptosis within the FRT epithelium. Exogenous IFNε stimulation of epithelial cancer 
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cells throughout the FRT could trigger type I interferon signalling and modulate classical 

ISGs accompanied by down regulation of anti-apoptotic ISGs and upregulation of pro-

apoptotic ISGs. Functional assays of FRT cancer cells revealed significant reduction in 

proliferation and induction of apoptosis. Collectively, we have demonstrated that IFNε 

has potent intrinsic anti-tumour actions and therefore warrants further investigation 

into it potential as a novel FRT cancer therapeutic.  
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Figure 1. IFNAR1, IFNAR2, IFNε mRNA expression in human FRT cancer cells. 

Graphical representation of IFNAR1 (left side), IFNAR2 (middle) and IFNΕ (right side) 

transcripts expressed endogenously. Extracted mRNA from human cell lines: VK2 

(vaginal), Ect1 (ectocervical), End1 (endocervical) of lower FRT origin; as well as        

ECC-1, RL95-2, AN3CA (endometrial cancer) of upper FRT origin, was quantified by 

qRT-PCR. Transcript expression levels were deduced using the 2 - CT method and 

expressed as a ratio to 2- CT 18s. Data is representative of mean ± SEM, from three 

independent biological experiments, performed in technical triplicates. Statistical 

analysis was performed using one-way ANOVA with Tukey’s multiple comparisons, 

(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 2. Induction of classical IRGs in human vaginal cancer cells (VK2).   
Graphs (A-D) illustrate responsiveness of VK2 cells to type I IFN stimulation. Cells were 
subjected to 3 hrs stimulation with 100 IU/ml of recombinant mIFNε or hIFNβ (Rebif®) 
and compared to US control (unstimulated control). Induction of ISG15(A), MXA(B), 
CXCL10(C) and CASP1(D) mRNA was quantified by qRT-PCR. Histograms showing 
relative mRNA expression or fold induction, are deduced using the 2- ΔΔCT method, 
normalized to corresponding endogenous 18s and expressed relative to unstimulated 
control. Data is representative of mean ± SEM, from three independent biological 
experiments, performed in technical triplicates. Statistical analysis was performed 
using one-way ANOVA with Dunnett's multiple comparisons test, (*P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001). 
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Figure 3. Regulation of cell survival and apoptotic ISGs in human vaginal cancer cells. 

VK2 (human vaginal cancer) cells were subjected to 3 hrs stimulation with 100 IU/ml 
of recombinant mIFNε or hIFNβ (Rebif®) and compared to US control (unstimulated 
control). Expression of pro-survival: BCL-2(A), CDC20(B); and pro-apoptotic: TAP1(C), 
OAS2(D), ISG12A(E); mRNA, was quantified by qRT-PCR. Histograms showing relative 
mRNA expression or fold induction, are deduced using the 2 - ΔΔCT method, normalized 
to corresponding endogenous 18s and expressed relative to unstimulated control. 
Data is representative of mean ± SEM, from three independent biological experiments, 
performed in technical triplicates. Statistical analysis was performed using one-way 
ANOVA with Dunnett's multiple comparisons test, (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). 
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Figure 4. Induction of classical IRGs in human ectocervical cancer cells (Ect1). 

Graphs (A-D) illustrate responsiveness of Ect1 cells to type I IFN stimulation. These cells 
were subjected to 3 hrs stimulation with 100 IU/ml of recombinant mIFNε or hIFNβ 
(Rebif®) and compared to US control (unstimulated control). Expression of ISG15(A), 
MXA(B), CXCL10(C) and CASP1(D) mRNA was quantified by qRT-PCR. Histograms 
showing relative mRNA expression or fold induction, are deduced using the 2- ΔΔCT 
method, normalized to corresponding endogenous 18s and expressed relative to 
unstimulated control. Data is representative of mean ± SEM, from three independent 
biological experiments, performed in technical triplicates. Statistical analysis was 
performed using one-way ANOVA with Dunnett's multiple comparisons test, (*P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 5. Regulation of cell survival and apoptotic ISGs in Ect1 cells. 

Ect1 (human ectocervical cancer) cells were subjected to 3 hrs stimulation with           
100 IU/ml of recombinant mIFNε or hIFNβ (Rebif®) and compared to US control 
(unstimulated control). Expression of pro-survival: BCL-2(A), CDC20(B); and pro-
apoptotic: TAP1(C), OAS2(D), ISG12A(E), mRNA, was quantified by qRT-PCR. 
Histograms showing relative mRNA expression or fold induction, are deduced using 
the 2 - ΔΔCT method, normalized to corresponding endogenous 18s and expressed 
relative to unstimulated control. Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical triplicates. Statistical 
analysis was performed using one-way ANOVA with Dunnett's multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).  
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Figure 6. Induction of classical IRGs in human endocervical cancer cells (End1). 
Graphs (A-D) illustrate responsiveness of End1 cells to type I IFN stimulation. These 
cells were subjected to 3 hrs stimulation with 100 IU/ml of recombinant mIFNε or 
hIFNβ (Rebif®) and compared to US control (unstimulated control). Expression of 
ISG15(A), MXA(B), CXCL10(C) and CASP1(D) mRNA was quantified by qRT-PCR. 
Histograms showing relative mRNA expression or fold induction, are deduced using 
the 2- ΔΔCT method, normalized to corresponding endogenous 18s and expressed 
relative to unstimulated control. Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical triplicates. Statistical 
analysis was performed using one-way ANOVA with Dunnett's multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 

A                                                B                    

 

A                                                B                    

ISG15                                               MXA 

 

 

 

 

 

ISG15                                               MXA 

 

 

 

 

CXCL10                                             CASP1 

 

 

 

 

 

CXCL10                                             CASP1 

 

 

 

 

C                                                D                     

 

C                                                D                     



      Chapter 4 

211 

 

 

 

 

 

 

 

 
Figure 7. Regulation of cell survival and apoptotic ISGs in End1 cells.  
End1 (human endocervical cancer) cells were subjected to 3 hrs stimulation with          
100 IU/ml of recombinant mIFNε or hIFNβ (Rebif®) and compared to US control 
(unstimulated control). Expression of pro-survival: BCL-2(A), CDC20(B); and anti-
apoptotic: TAP1(C), OAS2(D), ISG12A(E), mRNA, was quantified by qRT-PCR. 
Histograms showing relative mRNA expression or fold induction, are deduced using 
the 2 - ΔΔCT method, normalized to corresponding endogenous 18s and expressed 
relative to the unstimulated control. Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical triplicates. Statistical 
analysis was performed using one-way ANOVA with Dunnett's multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 8. Induction of classical IRGs in human endometrial cancer cells (ECC-1). 
ECC-1 cells were subjected to 3 hrs stimulation with 100 IU/ml of recombinant mIFNε 
or hIFNβ (Rebif®) and compared to US control (unstimulated control). Expression of 
ISG15(A) and MXA(B), mRNA was quantified by qRT-PCR. CXCL10 and OAS2 transcripts 
could not be detected. Histograms showing relative mRNA expression or fold 
induction, are deduced using the 2- ΔΔCT method, normalized to corresponding 
endogenous 18s and expressed relative to unstimulated control. Data is representative 
of mean ± SEM, from three independent biological experiments, performed in technical 
triplicates. Statistical analysis was performed using one-way ANOVA with Dunnett's 
multiple comparisons test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).  
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Figure 9. Induction of classical IRGs in human endometrial cancer cells (RL95-2).    

Graphs (A-C) illustrate responsiveness of RL95-2 cells to type I IFN stimulation. These 
cells were subjected to 24 hrs stimulation with 1000 IU/ml of recombinant mIFNε or 
hIFNβ (Rebif®) and compared to US control (unstimulated control). Expression of 
ISG15(A), MXA(B) and CASP1(C) mRNA was quantified by qRT-PCR. CXCL10 could not 
be detected. Histograms showing relative mRNA expression or fold induction, deduced 
using the 2-ΔΔCT method, normalized to corresponding endogenous 18s and expressed 
relative to unstimulated control. Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical triplicates. Statistical 
analysis was performed using one-way ANOVA with Dunnett's multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 10. Regulation of cell survival and apoptotic ISGs in RL95-2 cells. 
RL95-2 (human endometrial cancer) cells were subjected to 24 hrs stimulation with 
1000 IU/ml of recombinant mIFNε or hIFNβ (Rebif®) and compared to US control 
(unstimulated control). Expression of pro-survival: BCL-2(A), CDC20(B); and pro-
apoptotic: TAP1(C), OAS2(D), ISG12A(E), mRNA, was quantified by qRT-PCR. 
Histograms showing relative mRNA expression or fold induction, are deduced using 
the 2 - ΔΔCT method, normalized to corresponding endogenous 18s and expressed 
relative to unstimulated control. Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical triplicates. Statistical 
analysis was performed using one-way ANOVA with Dunnett's multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 11. Induction of classical IRGs in human endometrial cancer cells (AN3CA). 
Graphs (A-C) illustrate responsiveness of AN3CA cells to type I IFN stimulation. These 
cells were subjected to 24 hrs stimulation with 1000 IU/ml of recombinant mIFNε or 
hIFNβ (Rebif®) and compared to US control (unstimulated control). Expression of 
ISG15(A), MXA(B) and CASP1(C) mRNA was quantified by qRT-PCR. CXCL10 could not 
be detected. Histograms showing relative mRNA expression or fold induction, are 
deduced using 2-ΔΔCT method, normalized to corresponding endogenous 18s and 
expressed relative to unstimulated control. Data is representative of mean ± SEM, from 
three independent biological experiments, performed in technical triplicates. 
Statistical analysis was performed using one-way ANOVA with Dunnett's multiple 
comparisons test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 12. Regulation of cell survival and apoptotic ISGs in AN3CA cells. 

AN3CA (human endometrial cancer) cells were subjected to 24 hrs stimulation with 
1000 IU/ml of recombinant mIFNε or hIFNβ (Rebif®) and compared to US control 
(unstimulated control). Expression of pro-survival: BCL-2(A), CDC20(B); and pro-
apoptotic: TAP1(C), OAS2(D), ISG12A(E), mRNA, was quantified by qRT-PCR. 
Histograms showing relative mRNA expression or fold induction, are deduced using 
the 2 - ΔΔCT method, normalized to corresponding endogenous 18s and expressed 
relative to unstimulated control. Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical triplicates. Statistical 
analysis was performed using one-way ANOVA with Dunnett's multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 

 

 

A                                  B   

 

 

 

 

 

A                                  B   

 

 

 

 

BCL-2                                CDC20 

 

 

 

 

 

BCL-2                                CDC20 

 

 

 

 

TAP1                                  OAS2                                  ISG12A 

 

 

 

 

TAP1                                  OAS2                                  ISG12A 

 

 

 

C                                  D                                    E 

 

 

 

 

 

C                                  D                                    E 

 

 

 

 



      Chapter 4 

217 

 

 

 

 
 
Figure 13. IFNe displays anti-proliferative properties in vitro. 
Cell viability of VK2 [vaginal (A)] and Ect1 [ectocervical (B)] lower FRT human epithelial 
cell lines was determined by MTT assay. Cells were treated for 72 hrs with recombinant 
hIFNε (125-1000 IU/ml); hIFNβ, mIFNε, B.control (buffer control) (1000 IU/ml) 
including US control (unstimulated control cells). Graphs represent % proliferation 
relative to US control absorbance (590nm, Fluorostar Optima plate reader). Data is 
representative of mean ± SEM, from three independent biological experiments, 
performed in technical quadruplicates. Statistical analysis was performed using one-
way ANOVA with Tukey’s multiple comparisons, (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). 
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Figure 14. Anti-proliferative effects of type I interferons on lower FRT VK2 epithelial 
cells. 
Graphical representation of mean cell index measurements in Real-Time by 
xCELLigence over a 90 hr time course.  A) VK2 cell proliferation was inhibited with       
500 IU/ml treatment of recombinant hIFNε, hIFNβ and mIFNε compared to B.control 
(buffer control) and  US control (unstimulated control cells). B) demonstrates a dose 
dependent reduction of VK2 cell proliferation with hIFNε treatments of 125-500 IU/ml. 
Graphs represent the mean cell index +/-SD, measured at 30 min intervals normalized 
post treatment time as deduced from RTCA software. Data is representative of three 
independent biological experiments, performed in technical quadruplicates. 



      Chapter 4 

219 

 

 

 
Figure 15. IFNε anti-proliferative effects on VK2 epithelial cells quantified. 
Graphs show data at 48 hrs (A, C) and 72 hrs (B, D) time point stimulations with 
recombinant hIFNε (125-500 IU/ml); hIFNβ, mIFNε, B.control (buffer control)              
(500 IU/ml) and US control (unstimulated control cells), by xCELLigence Real-Time 
measurements of VK2 (vaginal) cells. Data (A, B) show a dose dependent decrease in 
VK2 proliferation rates upon IFNε treatment expressed as slope (1/hrs) % relative to 
US control. Graphs (C, D) demonstrate doubling time increases in VK2 cells treated with 
type I IFNs. Data is representative of mean ± SEM, from three independent biological 
experiments, performed in technical quadruplicates. Statistical analysis was 
performed using one-way ANOVA with Fisher's LSD multiple comparisons test, 
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 16. Antiproliferative effects of type I interferons on lower FRT Ect1 epithelial 
cells. 
Graphical representation of mean cell index measurements in Real-Time by 
xCELLigence over a 90 hr time course. A) Ect1 (ectocervical) cell proliferation was 
inhibited with 500 IU/ml treatment of recombinant hIFNε, hIFNβ, mIFNε, B.control 
(buffer control) and US control (unstimulated control cells). B) demonstrates a dose 
dependent reduction of Ect1 cell proliferation with hIFNε treatments of 125-500 IU/ml. 
Graphs represent the mean cell index +/-SD, measured at 30 min intervals normalized 
post treatment time as deduced from RTCA software. Data is representative of three 
independent biological experiments, performed in technical quadruplicates. 
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Figure 17. IFNε anti-proliferative effects on Ect1 epithelial cells quantified. 
Graphs show data at 48 hrs (A, C) and 72 hrs (B, D) time point stimulations with 
recombinant hIFNε (125-500 IU/ml); hIFNβ, mIFNε, B.control (buffer control)               
(500 IU/ml); and  US control (unstimulated control cells), by xCELLigence Real-Time 
measurements of Ect1 (ectocervical) cells. Data (A, B) illustrate a dose dependent 
decrease in Ect1 proliferation rates upon IFNε treatment expressed as slope (1/hrs) % 
relative to US control. Graphs (C, D) demonstrate increases in doubling time of Ect1 
cells treated with type I IFNs. Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical quadruplicates. Statistical 
analysis was performed using one-way ANOVA with Fisher's LSD multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 



      Chapter 4 

222 

 

 

 
 
Figure 18. Antiproliferative effects of type I interferons on RL95-2 endometrial cancer 
cells. 
Graphical representation of mean cell index measurements in Real-Time by 
xCELLigence over a 90 hr time course. A) RL95-2 cell proliferation was inhibited with 
1000 IU/ml treatment of recombinant hIFNε, hIFNβ, mIFNε, B.control (buffer control) 
and US control (unstimulated control cells). Graph B demonstrates RL95-2 dose 
dependent reduction of cell proliferation with hIFNε treatments of 250-1000 IU/ml. 
Graphs represent the mean cell index +/-SD, measured at 30 min intervals normalized 
post treatment time as deduced from RTCA software. Data is representative of three 
independent biological experiments, performed in technical quadruplicates. 
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Figure 19. Quantification of IFNε’s anti-proliferative effects on grade II derived 
endometrial cancer, RL95-2 cells. 
Graphs show data quantified at 48 hrs (A, C) and 72 hrs (B, D) time point stimulations 
with recombinant hIFNε (250-1000 IU/ml); hIFNβ, mIFNε, B.control (buffer control) 
(1000IU/ml); and  US control (unstimulated control cells), by xCELLigence Real-Time 
measurements of RL95-2 endometrial cancer cells. Data (A, B) show a dose dependent 
decrease in RL95-2 cell proliferation upon IFNε treatment expressed as slope (1/hrs) % 
relative to US control. Graphs (C, D) demonstrate an increase in doubling time of      
RL95-2 cells treated with type I IFNs. Data is representative of mean ± SEM, from three 
independent biological experiments, performed in technical quadruplicates. Statistical 
analysis was performed using one-way ANOVA with Fisher's LSD multiple comparisons 
test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 20. Anti-proliferative effects of type I interferons on AN3CA endometrial 
cancer cells. 
Graphical representation of mean cell index measurements in Real-Time by 
xCELLigence over a 90 hr time course. A) AN3CA cell proliferation was inhibited with 
1000IU/ml treatment of recombinant hIFNε, hIFNβ, mIFNε, B.control (buffer control) 
and US control (unstimulated control cells). Graph B demonstrates a dose dependent 
reduction of AN3CA cell proliferation with hIFNε treatments of 250-1000 IU/ml. 
Graphs represent the mean cell index +/-SD, measured at 30 min intervals normalized 
post treatment time as deduced from RTCA software. Data is representative of three 
independent biological experiments, performed in technical quadruplicates. 
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Figure 21. IFNε anti-proliferative effects on  grade III derived endometrial cancer 
cells AN3CA quantified. 
Graphs show data quantified at 48 hrs (A, C) and 72 hrs(B,D) time point stimulations 
with recombinant hIFNε (250-1000 IU/ml); hIFNβ, mIFNε B.control (buffer control), 
(1000 IU/ml); and  US control (unstimulated control), by xCELLigence Real-Time 
measurements of AN3CA endometrial cells. Data (A, B) show dose dependent 
decreases in AN3CA proliferation rates upon IFNε treatment expressed as slope      
(1/hrs) % relative to US control. Graphs (C, D) demonstrate increases in doubling time 
of AN3CA cells treated with type I IFNs. Data is representative of mean ± SEM, from 
three independent biological experiments, performed in technical quadruplicates. 
Statistical analysis was performed using one-way ANOVA with Fisher's LSD multiple 
comparisons test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 22. Apoptotic effects of type I IFN on FRT epithelial cells.   
Scatter plots are representative of annexin V-FITC and PI stain as measured by FACS 
analysis of Ect1 (ectocervical cells) treated with 1000 IU/ml of hIFNε (C), mIFNε(D) and 
hIFNβ [(Rebif®), E] for 72 hrs and compared to US control [(unstimulated control), A] 
as well as 5mM H202, [(positive control of apoptosis), B]. Plots demonstrate shift 
towards an apoptotic morphology Ect1 cells stimulated with type I IFNs. 
Representative side scatter (SSC) and forward scatter plots (FSC) indicate that type I 
IFN treatment of Ect1 cells alters their size and granularity consistent with the state of 
cellular apoptosis. Data is representative of mean ± SEM, from three independent 
biological experiments in technical triplicates. 
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Figure 23. Induction of apoptosis by IFNε in FRT epithelial cancer cells.  
Graphs show quantitative data of cell staining % as measured by FACS analysis in the 
necrotic phase [annexin V- FITC -/PI +, (A)], late apoptosis [annexin V-FITC +/PI +, (B)], 
early apoptotic phase [annexin V-FITC +/PI -, (C)] and live cells [annexin V-FITC -/PI -, 
(D)]. Data is representative of mean ± SEM, from three independent biological 
experiments, in technical triplicates. Statistical analysis was performed using one-way 
ANOVA, Holm-Sidak's multiple comparisons test, (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). 
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Figure 24. Type I IFNs induce DNA fragmentation of epithelial cancer cells. 
Ect1 cells treated for 96 hrs with r-hIFNε, r-mIFNε and r-hIFNβ (1000 IU/ml) and 
compared to US control (unstimulated control), were subjected to TUNEL staining. 
Representative images showing TUNEL-positive cells (green fluorescence), DAPI 
staining (nuclear stain, blue fluorescence), as well as merged Images (composite of 
TUNEL-positive cells and DAPI stained cells) using a 10 x objective. Red circle specifies 
TUNEL-positive cells. Imaging was generated by Cellomics Arrayscan, high-throughput 
imaging system (Cellomics Scan software v7.6.2.1). Data is representative of mean ± 
SEM, from three independent biological experiments in technical triplicates. Scale bar 
is equivalent to 51 μm. 
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Figure 25. Quantification of IFNε induced DNA fragmentation in epithelial cancer 
cells.  
Ect1 cells treated for 96 hrs with hIFNε, mIFNε and h IFNβ (1000 IU/ml) and compared 
to US control (unstimulated control), were subjected to TUNEL staining. Quantification 
of TUNEL-positive cells was deduced by Cellomics Arrayscan, high-throughput imaging 
system. Graphs denote data % TUNEL-positive cells (A) and nuclei count (B) as acquired 
by Cellomics Scan software v7.6.2.1, with a 10 x objective of 49 fields. Data is 
representative of mean ± SEM, from three independent biological experiments in 
technical triplicates. Statistical analysis was performed using one-way ANOVA, with 
Tukey's multiple comparisons test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 26. Type I IFN increase of Caspase-3/7 activity in epithelial cancer cells.  
Ect1 cells treated for 72 hrs with hIFNε, mIFNε and hIFNβ (1000 IU/ml) and compared 
to US control (unstimulated control), were stained with CellEvent Caspase-3/7 Green 
Detection Reagent. Representative images showing active Caspase-3/7 positive cells 
(green fluorescence), DAPI staining (nuclear stain, blue fluorescence), as well as 
merged Images using a 10 x objective. Apoptotic cells with active Caspase-3/7 are 
circled in red. Imaging was generated by Cellomics Arrayscan, high-throughput 
imaging system (Cellomics Scan software v7.6.2.1). Data is representative of mean ± 
SEM, from three independent biological experiments in technical triplicates. Scale bar 
is equivalent to 51μm. 
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Figure 27. IFNε activation of Caspase-3/7 in epithelial cancer cells quantified. 
Ect1 cells treated for 72 hrs with hIFNε, mIFNε and h IFNβ (1000 IU/ml) and compared 
to US control (unstimulated control), were stained with CellEvent Caspase-3/7 Green 
Detection Reagent. Quantification of active Caspase- 3/7 positive cells was deduced 
by Cellomics Arrayscan, high-throughput imaging system. Graphs denote data                
% Caspase- 3/7 active positive cells (A) and nuclei count (B) as acquired by Cellomics 
Scan software v7.6.2.1, with a 10 x objective of 49 fields. Data is representative of 
mean        ± SEM, from three independent biological experiments in technical triplicates. 
Statistical analysis was performed using one-way ANOVA, with Tukey's multiple 
comparisons test, (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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“Science is beautiful when it makes simple explanations of phenomena or connections                         
between different observations. Examples include the double helix in biology                                   

and the fundamental equation of physics”.                                                                                                                                                 
-Stephen Hawking 
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Chapter 5: Integrated Discussion and Conclusions 

Tumourigenesis involves the acquisition of multiple processes associated with cellular 

transformation, uncontrolled proliferation, invasion and metastasis (Chapter 1, p2). 

These processes under normal physiological conditions are tightly regulated by 

cytokines and are essential for maintaining homeostasis. However dysregulated 

cytokine signalling can lead to the pathogenesis of cancer. When aberrantly expressed, 

the TGF-β family member of growth factors Nodal can display pro-tumourigenic 

properties (Chapter 1, p41). In contrast cytokines exhibiting anti-tumourigenic 

properties can also be dysregulated as a mechanism to promote malignancy and this 

includes the type I IFN family protein, IFNε. This thesis intends to shed some light as to 

how these two cytokines are utilized to favour tumourigenesis, or alternatively to 

protect against cancer development. 

 

5.1 The expression profile of Nodal signalling components in 
Normal vs Cancerous Human Endometrium 

This thesis aimed to identify the expression patterns of Nodal signalling cohorts in 

human cycling endometrium and in endometrial cancer tissues (Chapter 2, p100). 

 

5.1.1 Cyclical expression of nodal signalling components in human 
endometrium  

Prior to elucidating the involvement of Nodal pathway in endometrial cancer, this thesis 

sought to examine expression of Nodal and Cripto in normal human endometrial tissue. 

This is the first study to detect Nodal, and co-receptor Cripto, co-localized within the 
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normal endometrium across the menstrual cycle of healthy non-pregnant women 

(Chapter 2, p 100).  

 

In particularly, we found that Nodal and Cripto proteins are co-expressed at high levels 

in both stromal and epithelial (glandular and luminal) cells during the proliferative phase 

of the menstrual cycle. Expression of both Nodal and Cripto in glandular epithelium was 

maintained at steady-state levels across the cycle, and significantly decreased within the 

stromal compartment of the mid secretory phase. Whereas Lefty expression was 

primarily restricted to glandular epithelium and surrounding stroma during the late 

secretory and menstrual phases, confirming previous studies (1). These results suggest 

that Nodal signalling is tightly regulated throughout the menstrual cycle. With Lefty 

confining signals during the menstrual and late secretory phases, whereas in the 

absence of Lefty’s antagonism Nodal is unrestricted to interact with Cripto and mediate 

Smad signalling during the proliferative phase. These results suggest that Nodal 

signalling could play important roles in remodelling events that occur within the 

proliferative phase of the menstrual cycle. 

 

A limitation of this study is that due to time constraints we did not examine expression 

of activin receptors, essential in mediating the Smad signalling pathway. However, a 

previous study carried out by Jones et al., (2002), detected activin receptors within the 

human endometrium (2). Furthermore, activin shares these receptors and functionality 

has been previously validated within the endometrium (2, 3). Considering these 

observations, we postulated that Nodal’s cognate receptors might also be present in this 

tissue. 

 

According to Jones et al., (2002), expression of activin receptors (ALK4, ActRII/B) was 

demonstrated with in endometrial stromal cells across the cycle, with the highest levels 

detected in the early secretory phase (2). Whilst neither luminal or glandular epithelium 
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where found to express activin receptors at any stage of the cycle (2). These 

observations in addition to our findings collectively suggest that Nodal is secreted from 

the luminal and glandular epithelium cells and that Nodal does not function in an 

autocrine manner within the epithelial compartment. It is also likely that Nodal acts in a 

paracrine manner with signalling occurring within the stroma as well as within the 

endometrial lumen.  

 

We subsequently observed co-localization of Nodal and Cripto in blood vessels and in 

endometrial spiral arterioles. Whereas Lefty was expressed within the stroma 

surrounding spiral arterioles, in line with previous reports that detected Lefty in 

endothelial cells lining the uterine spiral arterioles. Due to the pro-angiogenic properties 

attributed to Nodal, these results may indicate that Nodal signalling could be involved 

in angiogenic processes occurring in the cycling endometrium and are controlled by the 

inhibition of Lefty (4).   

 

Nodal functionality within the endometrial stoma can be deduced from the well 

characterized morphogenic properties exhibited during embryonic development (5-7). 

Given that the endometrium is a highly regenerative tissue, we postulated that Nodal 

may mediate cellular proliferation, migration and wound healing, as these activities 

have been clearly validated during embryogenesis (8, 9). Furthermore, as Nodal has 

recently been identified as a key regulator of adult stem cell maintenance, it could be 

speculated that it mediates plasticity and pluripotency of the specialized progenitor 

stem cell niche identified by Gargett et al., (2008) to drive endometrial regeneration      

(9-11). However additional studies are required to further illuminate activities mediated 

by Nodal within the endometrium. 

 

Furthermore, we also detected, Nodal pro-protein in human uterine fluid, indicating 

that it is secreted into the lumen of the uterus implicating that it may also be important 
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in fertilization and pregnancy. Previous studies, according to Ma et al., (2001) suggest 

that Nodal facilitates placentation as well as regulating trophoblast differentiation (12). 

Recent studies have since confirmed that Nodal plays important roles in murine 

placentation and in maintenance of full-term pregnancy (13). In this study conditional 

knockout mice lacking Nodal specifically in the reproductive tract, showed defective 

maternal-foetal interface and disturbed placentation accompanied by preterm birth and 

foetal loss (13). 

 

5.1.2 Nodal is positively corelated with human endometrial cancer 
aggressiveness 

Following elucidation of Nodal signalling components within the cycling endometrium, 

we next examined their expression patterns during the progression of endometrial 

cancer. This is the first study to detect the overexpression of both Nodal and Cripto in 

human endometrial cancer (Chapter 2, p100). 

 

We observed that Nodal and Cripto are both localized primarily within the glandular 

epithelial tumour cells, and to a lesser extent in stromal cells.  We also found that Nodal 

and Cripto staining intensities increased dramatically in the histological transition from 

Grade 1 to Grades 2 and 3 within the epithelial tumour compartment of the 

endometrium. Strikingly, Lefty expression was low in Grade 1 endometrial carcinoma, 

whilst absent in Grades 2 and 3. These results suggest that both Nodal and Cripto are 

aberrantly overexpressed during the progression of endometrial cancer and that Nodal 

signalling is unrestricted by Lefty antagonism. This correlates with previous as well as 

recent observations detecting high levels of Nodal or Cripto expression in patients from 

various different types of malignancies including melanoma, breast, colon, non-small 

cell-lung, testicular, gastric, pancreatic, cervical squamous, ovarian, oesophageal 
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squamous, and hepatocellular (14-26). Our study further suggests that expression of 

Nodal and Cripto positively correlates with human endometrial carcinoma 

aggressiveness an observation that is supported by a significant body of evidence to 

concur in multiple cancer types (as mentioned above) (25-34). More importantly, 

expression of Nodal or Cripto has also been shown to be associated with poor patient 

survival rates and this may also apply to endometrial cancer (17, 18, 24, 26, 32-38). 

However, the vast majority of studies examine the pro-tumourigenic properties of either 

Nodal or Cripto independently. Our findings provide an advantage over other studies by 

identifying both Nodal and Cripto as diagnostic markers of endometrial cancer 

progression and, potentially, as molecular targets for the treatment of these aggressive 

carcinomas. It is crucial to concurrently examine co-receptor Cripto and Nodal as they 

are both tumourigenic factors.  

 

Our findings implicate that re-emergence of both Nodal and Cripto as well as 

deregulated Nodal signalling may contribute to the progression of endometrial cancer. 

Subsequent studies have shown that oncogenic transformation processes also recruit 

the embryogenic properties of Nodal by promoting proliferation, EMT (epithelial-

mesenchymal transition), migration, invasion, angiogenesis, plasticity and stem cell 

maintenance, to aid malignant transformation and progression (4, 20, 31, 36, 39-43). 

Based on the expression patterns of Nodal, Cripto and Lefty (inhibitor) across the cycling 

endometrium, our study may implicate involvement of Nodal signalling to facilitate 

cellular proliferation necessary for remodelling process occurring within the 

proliferative phase of the menstrual cycle. Whilst high levels of Lefty expressed during 

the late secretory and menses phases, would be consistent with reduced Nodal 

signalling and cellular growth suppression. In contrast it appears that this tight 

regulation of Nodal signalling is lost in the carcinogenic endometrial epithelium, as 
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reported in our study, associated with increased expression of both oncogenic Nodal 

and Cripto proteins as well as loss of Lefty antagonism.  

 

Consistent with previous studies demonstrating that Nodal is crucial in promoting 

cellular growth in melanoma and breast cancer cells, we postulated that our findings 

may also be in support of Nodal’s pro-proliferative roles in endometrial cancer (27, 39, 

40, 44). In addition, we speculate that Nodal signalling may also be facilitating 

angiogenic processes during endometrial cancer progression, as reported to occur in 

breast cancer development (4, 45).  Nodal signalling is an important regulator of stem 

cell switching and plasticity, to promote cancer stem cell (CSC) in driving invasive breast 

and pancreatic cancer phenotypes (32, 43, 46, 47). As a stem cell niche exists within the 

endometrium, it could be speculated that unrestricted Nodal signalling could regulate 

these populations by giving rise to CSCs to further sustain aggressive endometrial 

malignancies (11). 

 

5.2 Targeted Nodal signalling in Cancer cells 

Following observations of Nodal and Cripto re-activation in endometrial cancer as well 

as positive correlations with tumour aggressiveness, we hypothesized that dysregulated 

Nodal signalling is associated with cancer pathogenesis and progression. Thus, we 

examined the effects of Nodal signalling blockade on cancer cell phenotypes          

(Chapter 3, p112). 

 

5.2.1 Cripto MAbs block Nodal signalling 

We established a Nodal dependent Smad 2/3 functional assay using the NTERA 2-D1 

(testicular teratocarcinoma) cellular model as these cells express essential signalling 
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components, including receptors, and are responsive to Nodal dependent Smad 2/3 

signalling. In this assay 6E10 and 3D1 Cripto MAbs significantly suppressed Nodal 

induced luciferase activity in a dose dependent manner. Essential for canonical Nodal 

signalling is the co-receptor Cripto which binds to Nodal and facilitates association of 

Nodal with its signalling receptors type II (ActRII/B) and type I (ALK4) to mediate the 

Smad signalling cascade (refer to Chapter 1, p26) (48-51). We have thus identified 3D1 

and 6E10 anti-Cripto MAbs as potent neutralising antibodies that exhibit specificity in 

blocking Nodal-mediated Smad 2/3 signalling, without affecting activities of other       

TGF-β ligands. 

 

5.2.2 Reversal of tumourigenic phenotypes by Cripto MAb 
treatment 

Utilizing anti-Cripto MAb treatment we sought to block Nodal signalling in cancer cells 

and examine the in vitro anti-cancer effects (Chapter 3, p112).  

 

5.2.2.1 6E10 antibody suppresses cancer cell growth  

Uncontrolled cellular growth is a key hallmark of tumourigenesis (Chapter 1, p2). 

Therefore, pinpointing the specific molecular mechanisms that contribute to this 

oncogenic characteristic is essential to further the understanding of cancer biology (52). 

Subsequently, our study examined the effects of Nodal signalling blockade on cancer cell 

proliferation. MAb treatment of highly aggressive NTERA 2-D1 (testicular 

teratocarcinoma) cells profoundly suppressed proliferation with both neutralising 

antibodies 3D1 and 6E10. Additionally, anti-proliferative effects were observed using 

the conformational specific 6E10 antibody in LNCaP, Du 145, PC-3 (metastatic prostate); 

C8161 (melanoma); KGN (granulosa ovarian); cancer cells. The observed growth 
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suppression was relative to Cripto/Nodal expression levels of these cells. A previous 

finding has also similarly detected that anti-Cripto antibody treatment mediated growth 

suppression of Du 145 and PC-3 cells (53). Subsequently, it has been recently shown that 

overexpression of Nodal in LNCaP cells enhanced cancer cell growth (54). These data 

suggest that Nodal signalling may facilitate cancer cell proliferation. 

 

5.2.2.2 6E10 antibody suppresses cancer cell migration 

Our previous findings positively corelated expression of Nodal and Cripto with 

endometrial cancer aggressiveness (Chapter 2, p100). Cancer progresses and increases 

in aggressiveness, with the acquisition of migratory properties to disseminate into 

neighbouring sites and distant tissues (Chapter 1, p2). We subsequently examined the 

effects of Nodal blockade on the metastatic potential of cancer cells (Chapter 3, p112). 

In this study, in vitro anti-migratory effects exhibited by 6E10 MAb treatment paralleled 

the anti-proliferative properties, reflecting cellular expression status of Nodal/Cripto. 

Strikingly, 6E10 MAb treatment of highly metastatic NTERA 2-D1 (testicular) and LNCaP, 

PC-3 (prostate); cancer cell lines, significantly suppressed cellular migration in a dose 

dependent manner. These results correlate with additional in vivo and in vitro studies 

confirming Nodal signalling as an important mediator of cancer cell metastasis and 

invasion (20, 25, 28, 39, 40, 54, 55). 

 

5.2.2.3 6E10 antibody suppresses Nodal mediated Smad signalling 

Furthermore, our study showed that 6E10 MAb treatment of NTERA 2-D1 abrogated 

Smad 2/3 phosphorylation levels, implicating involvement of Smad activation pathway, 

in Nodal-mediated signalling activities. Therefore, we postulate the anti-proliferative 

and anti-migratory cellular effects of 6E10 antibody treatment are mediated by reduced 
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Smad signalling. However non-canonical as well as alternative Cripto signalling pathways 

may also be important in cancer cell development.  

 

Other studies have also utilized anti-Cripto MAbs to target Nodal activities, in both in 

vivo and in vitro cancer models with promising anti-tumour effects (53, 56-59). 

Unfortunately, the BIIB015 MAb developed by Kelly, et al., (2011), has been withdrawn 

from phase I clinical trials due to insufficient efficacy (59). Recently, Focà A, et. al., (2015) 

observed reduced vascular formation of melanoma and breast cancer cells using anti-

Nodal MAbs to block Nodal signalling (72, 73). However, this antibody cannot target 

Nodal-independent pathways including soluble Cripto alternative signalling. 

 

It is important to further consider alternative Cripto signals independent of Nodal/Smad 

signalling, which can also drive oncogenic events. As such, Cripto can independently 

interact with cytostatic TGF-β ligands (TGF-β1, activin A/B) and inhibit their activities, to 

further amplify anti-apoptotic or pro-cell survival mechanisms (60). Additionally, Cripto 

can activate c-src/MAPK/PI3K/Akt, pathways associated with pro-proliferative, pro-

survival and pro-migratory cellular activities by interacting with either Glypican-1 and 

associated lipid raft signalling; or by GRP78 (15, 61). The anti-tumourigenic 6E10 and 

3D1 anti-Cripto MAbs presented in the current study were demonstrated to specifically 

block the Nodal/Smad cascade. We further postulate that, 6E10 and 3D1 could 

potentially target the alternative non-canonical Nodal/Smad-independent signalling 

mechanisms mediated by Cripto, however this should be further validated. Therefore, 

we propose that 6E10 MAb treatment would be advantageous compared to the anti-

Nodal antibodies suggested in other studies for anti-cancer immunotherapy 

applications.  
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Apart from the time constraints that restricted further validation of the aforementioned 

MAbs effects on alternative Cripto signalling, additional study limitations include 

reagent constraints. As such the 3D1 MAb clearly demonstrated positive in vitro anti-

tumour properties however due to restricted supply we could not further include this 

antibody in our experimentation. Furthermore, at the time of conducting this study we 

did not have access to endometrial cancer cell lines to incorporate in our studies. Finally, 

we experience some technical difficulties in the detection of Cripto and Nodal protein in 

cancer cell lines by Western Blotting. As such, Nodal was particularly difficult to detect 

as this protein is highly unstable and this may be due to it trafficking cellular kinetics. 

Whereas Cripto was detected but only in cell lines which overexpressed it. These 

difficulties were overcome by using qRT-PCR as measures of Nodal and Cripto transcript 

expression levels. Alternatively, an ELISA method could have been developed for the 

detection of Nodal/Cripto protein levels in cells, if there was more time available.  

 

 

5.3 The anti-tumourigenic roles of Interferon Epsilon in FRT 
Cancer 

Apart from the tumour promoting Nodal/TGF-β signalling, another family of cytokines 

the interferons, may also contribute to the pathogenesis of female reproductive 

malignancy when their signalling is dysregulated (Chapter 1, p47). Our lab has 

demonstrated that in contrast to conventional type I IFNs, IFNε is constitutively 

expressed by both murine and human epithelial cells within the FRT and is hormonally 

regulated, exclusively within the endometrium (Chapter 1, p62) (62, 63). In addition, 

IFNε exhibits prophylactic roles within the FRT against sexually transmitted infections 

(63).  
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5.3.1 IFNε regulates Apoptotic and Cell survival ISGs 

In a previous study, our group identified IFNε to be expressed within the vagina, cervix, 

uterus, and ovaries of the mouse, whilst expression in human was only examined in the 

endometrium (63). For this reasoning, we selected human epithelial cancer cells lines 

from the lower FRT VK2 (vaginal), Ect1 (ectocervical), End1 (endocervical); as well as the 

upper FRT RL95-2 (grade II-derived), AN3CA (grade III-derived), endometrial cancer cells; 

for analysis (Chapter 4, p 171 ) . Following validation of IFN type I receptor mRNA present 

in all cells, we examined responsiveness to recombinant interferon stimulation by 

monitoring ISG induction. In this study we observed that interferon responsiveness was 

depended upon cell type specificity, and that all FRT cell lines were sensitive to both 

IFNε and IFNβ stimuli. Thus, corroborating that IFNε exerts its actions via the canonical 

IFN type I signalling pathway, as previously demonstrated by our group (63, 64). 

However, in this study we also observed that lower FRT cells VK2, Ect1 and End1 were 

more sensitive to both IFNε and IFNβ stimulations and required lower dosage, compared 

to upper FRT RL95-2 and AN3CA endometrial cancer cells, which required a longer 

incubation period and higher dosage. This differential IFN activation maybe reflecting 

the anatomical cell origins. It could be postulated that epithelial cells derived from the 

lower FRT are highly susceptible to infections requiring immediate activation of the 

immune system via type I IFN signalling compared to the relatively sterile upper FRT 

endometrial epithelium (65). This could suggest an inherent regulatory mechanism to 

avoid excessive inflammatory signals with in the FRT epithelium. 

 

Given that our cellular models are responsive to interferon stimulation we next sought 

to investigate regulation of IFNε on survival and apoptotic associated ISGs. Interestingly, 

IFNε downregulated anti-apoptotic and pro-survival (BCL-2, CDC20) ISGs in Vk2, End1, 

RL95-2, and AN3CA cells. In contrast, IFNε significant upregulated pro-apoptotic ISGs 

(TAP1, OAS2, ISG12A) in VK2, Ect1, End1, RL95-2, and AN3CA cancer cells (66-68). More 
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importantly, this data emphasizes the ability of IFNε to elicit anti-tumourigenic effects 

in endometrial as well as lower FRT carcinoma cells to modulate transcription of cell 

survival and apoptotic ISGs via IFN type I signalling.  

 

Additionally, in this study we also observed that IFNε transcript levels were extremely 

low in ECC-1 (grade I -derived), RL95-2 (grade II -derived), or undetected in AN3CA (grade 

III -derived) endometrial cancer cells compared to VK2, Ect1 and End1 cells of lower FRT 

origin exhibiting relatively lower tumourigenic properties. Subsequent evidence 

indicates that IFNε is down regulated in fallopian tissues of ovarian cancer patients 

compared to healthy controls (Marks et al., unpublished).  According to this preliminary 

observation, we speculate that down regulation of IFNε may be associated with the 

pathogenesis of endometrial cancer. However, this is yet to be further investigated.  

 

5.3.2 IFNε Suppresses FRT Cancer Cell Proliferation 

Having confirmed that IFNε regulates apoptotic and cell survival ISGs we also examined 

the effects of IFNε on cellular growth. In this study we observed that IFNε treatment 

significantly reduced both cell viability and proliferation of VK2 and Ect1 epithelial cells 

in parallel to IFNβ treatment. These results are comparable with previous studies 

demonstrating that in vitro IFNβ treatment supressed melanoma and hepatocellular 

carcinoma cellular growth (69, 70). Our findings suggest that IFNε may play key anti-

proliferative roles within the lower FRT epithelium and reactivation of IFN signalling 

may be of therapeutic importance for the treatment of vaginal and cervical cancers.  

 

Concurrently, we also observed that IFNε greatly reduced cellular growth of high grade 

endometrial cancer cells RL95 (grade II-derived) and AN3CA (grade III-derived). 

Whereas IFNβ was considerably less effective than IFNε in suppressing proliferation 
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rates of these endometrial cancer cell lines. A previous study utilizing combination 

therapy of IFNβ expressing stem cells with subsequent 5-fluorocytosine administration 

demonstrated a 50-60% tumour growth suppression of endometrial xenografts (71). Our 

data identifies IFNε as an essential regulator of proliferation within the endometrial 

epithelium. However, as IFNε is confirmed in the present study to elicit a greater 

reduction in endometrial cancer cell proliferation compared IFNβ, we anticipate that it 

may also provide increased therapeutic benefits for endometrial cancer.  

 

5.3.3 IFNε Induces Cancer Cell Apoptosis 

Classical type I interferons such as IFNα and IFNβ, exhibit pro-apoptotic properties and 

have been successfully utilized in anti-cancer therapies (72, 73). We therefore examined 

the effects of IFNε on cancer cell apoptosis.  We demonstrated by FACS analysis of Ect1 

(ectocervical) cells, that IFNε induces early and late apoptotic events without affecting 

necrosis. Induction of apoptosis was comparable amongst IFNε and IFNβ treatments.  In 

addition, we confirmed significant increase in active Caspase-3/7 upon IFN stimulation 

of Ect1 cells. This suggests that IFNε leads to activation of Caspase-3/7 essential in early 

apoptotic events. Furthermore, the pro-apoptotic effects of IFNε were also confirmed 

by an increase of TUNEL positive cells upon stimulation of Ect1 cells. This evidence 

further indicates that IFNε also induces late apoptotic events accompanied by DNA 

fragmentation. This is the first study providing important insights into the mechanisms 

employed by IFNε to elicit pro-apoptotic activities in cancerous epithelial cells. 

 

This study was performed initially using r-mIFNε, prepared by our group, to examine 

gene induction and establish cell responsiveness to interferon stimulations, as this was 

the only currently available recombinant IFNε preparation in our laboratory, at that 

time. The biological effects of IFNε were assessed using a newly developed r-hIFNε 
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preparation that generated by our group. As this preparation was initially in limited 

supply (due to technical purification difficulties), ISG gene expression with r-hIFNε was 

only validated for one cell line (preliminary data not shown) as there were no noticeable 

differences in ISG induction between the human and the murine preparations.  Even 

though type I IFNs do not normally display cross-species activities, r-hIFNε has been 

shown by our group to induce antiviral activity of human lymphocyte cells (64). We thus 

anticipate that this does not constitute a significant limitation of this study as it would 

be expected to see similar ISG induction profiles amongst r-mIFNε and r-hIFNε stimuli in 

our FRT cancer cell line models. Due to time constraints, we analysed a small cohort of 

ISGs (out of 3000 known to be regulated by interferons). Nevertheless, our results 

demonstrate regulation of classical ISGs and more importantly modulation of genes that 

may promote apoptosis or halter survival mechanisms. Hence this is also not regarded 

as an important study limitation. 

 

We examined endogenous expression of mRNA levels of IFNAR1 and IFNAR2 signalling 

receptors as well as IFNε in our cellular models (Chapter 4, Figure 1). These results could 

have been complemented with analysis of protein levels, however due to time 

restrictions this was not carried out. As this project aimed to examine the anti-

tumourigenic effects of IFNε on FRT epithelial cells (see Chapter 1, p 71) the omission of 

protein expression levels was not a significant oversight of the study. All cell lines (VK2, 

Ect1, RL95-2, AN3CA) responsive to IFNε stimulation as monitored by qRT-PCR 

modulation of ISGs (see Figures 2, 3, 4, 5, 9, 10, 11, 12, Chapter 4), also exhibited anti-

proliferative responses to IFNε treatment (see Chapter 4, Figures 14 - 21). 

 

Subsequently we studied responsiveness to recombinant interferon stimulation by 

monitoring ISG induction in FRT cells. In these experiments the ECC-1 cells showed 

moderate responsiveness to interferon stimulation for 3 hrs (Chapter 4, Figure 8). As 

these cells are of endometrial origin, we could postulate that a more appropriate 



  Chapter 5: Discussion 

246 

 

interferon stimulation time frame of 24 hrs, would allow for increased ISG regulation, as 

observed for the other endometrial cancer cell lines RL95-2 and AN3CA utilised in this 

study. However due to time constraints the aforementioned experiment as well as anti-

proliferative and anti-apoptotic assays on ECC-1 endometrial cancer cells were omitted 

from this thesis. 
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5.4 Future Directions  

To further unravel important aspects linking deregulated Nodal signalling with cancer 

progression we propose several future studies emanating from this PhD thesis. To 

additionally contribute to the Nodal /Cripto diagnostic and prognostic values associated 

with endometrial cancer, as suggested by evidence presented in Chapter 2 (p100) of this 

thesis, clinical analysis of serum/plasma samples from human endometrial cancer 

patients would be required. Plasma/serum samples from this cohort would be analysed 

to determine Nodal and Cripto expression levels compared to healthy controls.  

 

In addition, it was clearly illustrated in this thesis that both Nodal and Cripto are 

expressed in a tightly regulated pattern across the cycling endometrium (Chapter 2, 

p100). As expression levels of both Nodal and Cripto are high during the proliferative 

phase and lower during the secretory phase of the menstrual cycle this suggests that 

oestrogen may be promoting their expression within the endometrial epithelium. Thus, 

it would be important to investigate hormonal induction of both Cripto and Nodal by 

examining the effects of oestrogen, progesterone or androgens on their expression 

status.      

 

As the monoclonal antibody 3D1, was demonstrated to suppress in-vitro cancer cell 

growth, similar to 6E10, it should be generated from hybridoma cells, purified and 

further analysed in functional assays (Chapter 3, 112). It would also be very interesting 

to perform biochemical studies on both neutralising 6E10 and 3D1 anti-Cripto MAbs 

discussed in Chapter 3 (p112) of this thesis, to decipher the exact Cripto binding sites 

that these antibodies recognize. MAb epitope mapping ELISA experiments may be 

carried out using overlapping peptides generated across the Cripto molecule. Such 

peptides could be manufactured on a solid-phase support, cleaved and biotinylated for 
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capture onto streptavidin plates, and screened for their ability to bind to the Cripto 

monoclonal antibodies.  

 

In addition, our findings clearly illustrated suppression of cancer cell proliferation upon 

6E10 and 3D1 MAb treatment. However, is this associated with cellular apoptosis or 

cytostatic processes? To answer these questions, 6E10 and 3D1 MAb treatments should 

be assessed in apoptotic experiments including TUNEL and Caspase-3/7 assays to 

determine in vitro induction of apoptotic events. Moreover, the in vitro effects of 6E10 

and 3D1 MAbs on alternative Cripto signalling independent to the Nodal Smad cascade 

would also add value to the characterization of these antibodies.  

 

Subsequent in vivo experiments utilizing endometrial cancer mouse model xenografts 

may further evaluate the potential of 6E10 and 3D1 MAbs in cancer immunotherapy. In 

these experiments appropriate human endometrial cancers should be selected to 

express both Cripto and Nodal oncoproteins, as well as being responsive to 6E10/3D1 

MAb growth inhibition. These endometrial cancer xenografts would be employed to 

assess the effects of Cripto monoclonal antibodies on tumourigenesis, metastasis and 

angiogenesis, which would greatly complement the results obtained in this PhD. 

Furthermore, these xenografts   could also be used to examine combination therapy of 

6E10/3D1 MAb with other anti-cancer compounds, even potentially IFNε, as a novel 

endometrial cancer treatment.  

 

In Chapter 4 (p171) of this thesis, we demonstrated the in vitro anti-tumourigenic roles 

of IFNε. This warrants further investigation to examine protein expression levels of IFNε 

within human endometrial cancer tissue using immunohistochemical techniques. It 

would be also useful to examine the protein expression of type I IFN receptors (IFNAR1/ 

IFNAR2) in order to draw conclusions regarding IFNε signalling within these endometrial 

cancer specimens in comparison to healthy controls. Furthermore, endometrial cancer 
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cell lines described in this thesis (Chapter 4, p171) could be further employed in mouse 

model xenografts to examine the in vivo anti-cancer effects of administered IFNε.  

 

5.5 Conclusions and Significance 

Evidence presented in this thesis assigns to the embryonic morphogen Nodal novel 

regulatory roles within the cycling human endometrium consistent with remodelling 

events that occur during the proliferative phase of the menstrual cycle. This PhD thesis 

also elucidated for the first time that expression of both Nodal and Cripto cytokines 

positively correlated with the degree of endometrial cancer aggressiveness, in the 

absence of antagonist Lefty. Our findings strongly support the hypothesis that 

dysregulated Nodal signalling may facilitate pathogenesis and progression of 

endometrial cancer, concurrent with previous evidence involving other types of highly 

invasive human malignancies among melanoma, breast and pancreatic.  

 

Additionally, this thesis characterized 6E10 anti-Cripto MAb, as a neutralising antibody 

that specifically blocks Nodal signalling. More importantly 6E10 MAb treatment 

dramatically suppressed proliferation and migration of Nodal/Cripto expressing cancer 

cells in a Smad signalling dependent manner in-vitro. The translational significance of 

these findings collectively would implicate Nodal and Cripto oncoproteins as potential 

diagnostic and prognostic biomarkers of endometrial malignancy, which in line with 

subsequent studies, could also be extended to a wide variety of different cancer types. 

Moreover, this thesis also highlights Nodal signalling as an attractive target for 

endometrial cancer therapeutic interventions. More importantly, 6E10 monoclonal 

antibody could be utilized as a potential immunotherapeutic anti-cancer agent. 

 



  Chapter 5: Discussion 

250 

 

Subsequent findings of this thesis also indicate that IFNε transcript is undetected or of 

low level in endometrial cancer cells, compared to epithelial cells of lower FRT origin. In 

addition, IFNε stimulation of cancer cells lead to down-regulation of anti-apoptotic and 

up-regulation of pro-apoptotic ISGs. Interestingly, IFNε treatment significantly 

suppressed cancer cell proliferation and induced in vitro epithelial cell apoptosis. 

Collectively these results support our hypothesis that IFNε exhibits anti-tumour actions, 

similar to other type I IFN family members.  

 

In fact, the unique properties of IFNε render it particularly pertinent to endometrial 

cancer treatments as well as other FRT cancers. Although current IFN type I exhibited 

potent anti-cancer properties they are regarded as unfavourable long-term treatments 

due to detrimental side effects [9,10]. Whilst IFNε is constitutively expressed within the 

FRT, it is speculated that it may be well tolerated in this region. This thesis characterized 

important in vitro anti-cancer properties of IFNε in highly aggressive endometrial cancer 

cells. This data further supports the potential use of IFNε as a possible therapeutic agent 

in endometrial cancer. However, the potential of IFNε in therapeutic development of 

endometrial cancer would require further investigation.  

 

Collectively the results of this thesis have illustrated the detrimental effects of 

deregulated signalling of Nodal and IFNε cytokine pathways. We speculate that 

integration of Nodal blockade via 6E10 MAb, with concomitant stimulation of anti-

cancer, type I IFN signalling by IFNε treatment may provide increased therapeutic 

benefits as an adjuvant endometrial cancer treatment. As both Nodal and IFNε display 

essential roles in the healthy cycling endometrium, it would be anticipated that the 

suggested novel combination therapy would have limited side effects for the treatment 

of endometrial cancer.   
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Appendices  

Appendix A (Chapter 3) 

Electrophoresis and Western Blotting Solutions 

 

RIPA buffer  

790 mg of Tris base (50 mM), (Sigma Aldrich, Merk) 
75 ml MQ water 
900 mg NaCL (150 nM), (Sigma Aldrich, Merk) dissolve by stirring and adjust pH to 7.4 
10 ml nonyl-phenoxypolyethoxylethanol (NP-40, 10%), (Sigma Aldrich, Merk) 
2.5 ml sodium deoxycholate (0.25%), (Sigma Aldrich, Merk) 
Add MQ water to a final volume of 100 ml. 
 

2x SDS-PAGE loading buffer  

4 % SDS (MP Biomedicals) 
10 % β-mercaptoethanol (BioRad) 
20 % glycerol, (Sigma Aldrich, Merk) 
0.004 % bromophenol blue, (Sigma Aldrich, Merk) 
0.125 M Tris-HCL (Sigma Aldrich, Merk) 
 

SDS polyacrylamide gels 

 4 % Stacking gel 12 % Running gel 

Milli-Q water 1.6 ml 1.2 ml 

30% Acrylamide (Biorad) 0.5 ml 3 ml 

Gel buffer 1.25 ml 2.5 ml 

20% Glycerol  
(Sigma Aldrich, Merk) 

0.5 ml 1 ml 

10% APS 15 μl 30 μl 

TEMED (Biorad) 5 μl 10 μl 
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Gel buffer 

36.33 g Tris base (Sigma Aldrich, Merk) 
0.3 g SDS (MP Biomedicals) 
Dissolve in 100 ml of MQ water and adjust pH to 4.5 
 

APS 10%  

1 g APS (Sigma Aldrich, Merk) 

Dissolve in 10 ml of dH2O 

 

Top Running buffer 

24.2 g Tris-HCL (Sigma Aldrich, Merk) 

35.59 g Tricine (Sigma Aldrich, Merk) 

2 g SDS (MP Biomedicals) 

Dissolve in 2 L of MQ water 

 

Bottom Running buffer 

48.44 g (MP Biomedicals) 

Dissolve in 2 L of MQ water 

 

Transfer buffer 

25 mM Tris-HCL 

192 mM glycine 

10% methanol 

 

TBS (10×) 

146.1 g NaCL 

30.3 g Tris base 

Dissolve in 1L of MQ water and adjust pH to 7.5 
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TBS (1×) 

900 ml MQ water 

100 ml TBS (10×) 

 

TTBS (Tris-buffered saline containing 0.05% Tween-20) 

500 ml TBS (1×) 

250 µl Tween-20 (Sigma Aldrich, Merk) 

 

5% BSA/TTBS (Western Blotting Blocking Buffer)  

5 g BSA (Sigma Aldrich, Merk) 

100 ml TTBT 

Filter mixture through 0.22 micron filter 

 

1% BSA/TTBS (Western Blotting Antibody Buffer) 

1 g BSA (Sigma Aldrich, Merk) 

100 ml TTBT 

Filter mixture through 0.22 micron filter 
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Appendix B (Chapter 3) 

Agarose Gel Electrophoresis Methodology and Solutions 

RT-PCR products were visualised by electrophoresis on a 1.5% agarose gel. 5 μl of sample 

product was combined with 3 μl of loading dye and loaded onto the gel. Band sizes were 

directly compared with the 1Kb Plus DNA Ladder (Invitrogen, LifeTechnologies, Thermo 

Fisher Scientific). Electrophoresis was carried out in TBE buffer, for 40 mins at 100 V 

using the BioRad Laboratories apparatus. The gel was then imaged on a GelDoc 

(Ultraviolet Transilluminator; Bioimaging Systems). 

 

1.5% Agarose gel 

To 3.0 g agarose (Invitrogen, LifeTechnologies, Thermo Fisher Scientific) 200 ml of buffer 

TBE were added and heated for 2 mins, in a microwave (800W).  The mixture was 

allowed to cool for 5 mins, before adding SYBR Safe DNA gel stain (Invitrogen, 

LifeTechnologies, Thermo Fisher Scientific) to a final dilution of 1:30 upon gentle mixing. 

The gel was then poured into a sealed cassette, fitted with 10/20 lane comb and allowed 

gel to set at room temperature, for 30 mins.  

 

 

TBE buffer 

1 g APS (Sigma Aldrich, Merk) 

54 g Tris-base (Sigma Aldrich, Merk)  

27.5 g Boric Acid (BHT) 

3.74 g EDTA disodium salt (Sigma Aldrich, Merk),  

Dissolve in 1L MQ water 

 

 

 



  Appendix 

262 

 

Loading buffer  

4 M urea 

50% sucrose 

50 mM EDTA pH 8.0 

some bromophenol blue 
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Appendix C (Chapters 3, 4) 

General Tissue Culture Methods 

All cell lines were propagated in 25 cm2 or 75 cm2 polystyrene tissue culture flasks          

(BD Falcon) in a 5% CO2
 humidified incubator at 37°C. All tissue culture procedures were 

performed in specialised laminar flow hoods designated for tissue culturing, under 

sterile conditions. Cells were cultured in complete media as specified in Chapter 3             

(p116-119) and Chapter 4 (p176), for each cell line.  Mycoplasma testing of all cell lines 

was performed by the Laboratory and Technical Services  at Hudson Institute for Medical 

Research using MycoAlert PLUS Mycoplasma Detection Kit (Lonza).  Authentication and 

identification of cell lines as indicated in Chapter 4 (p176) was performed by short 

tandem repeat profiling analysis carried out by the Medical Genomics facility at Monash 

Health Translational Precinct (refer to Appendix D and E, p265-278).  

 

Thawing of frozen cells 

Cryotubes containing frozen cells were removed from liquid nitrogen storage and 

thawed immediately in a water bath at 37°C. The cell suspension was transferred 

immediately to a sterile centrifuge tube containing 9 ml of the appropriate prewarmed 

complete media and centrifuged at 180 x g for 5 mins. The supernatant was discarded, 

and the cell pellet was gently resuspended in 1 ml of complete media and transferred to 

a 25 cm2 (BD Falcon) tissue culture flask supplemented with prewarmed complete 

medium. The cells were established in culture by incubation in a 5% CO2 humidified, 

37°C incubator. The media was replenished after 24 hrs and the cells returned to the 

incubator. The cells were further maintained in culture depending on the experimental 

requirements and cell confluency, with complete media replenishing or subcultivation 

performed every 2-3 days. 

https://sites.google.com/a/hudson.org.au/hudson/lats
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Passaging of Monolayer Cell Culture  

Adherent cell lines were passaged every 2-4 days upon reaching 70-80% confluency. 

Media was then aspirated, and the cells were washed with 10 ml sterile PBS (Gibco, Life 

Technologies). The cells were incubated at 37°C, 5% CO2 for 2-4 mins as required to 

detach from the culture substratum, by addition of 1-2 ml of TrypLE (Invitrogen, 

LifeTechnologies, Thermo Fisher Scientific Life Technologies, Thermo Fisher Scientific). 

This was confirmed by microscopic examination followed by gentle tapping of the flask 

to facilitate cell dislodgment. Trypsinization was then inactivated by addition of 5-8 ml 

of complete media (containing 10% FCS) followed by centrifugation at 180 x g for 5 mins, 

and removal of the supernatant. The cell pellet was resuspended in prewarmed 

complete media and transferred to a new 75 cm2 flask (BD Falcon) at the appropriate 

subcultivation ratio which was specifically determined for each cell line. 

Freezing of cells  

Cells were cultured to 70-80 % confluency, trypsinised and then pelleted at 180 x g for 

5 mins. The cell pellet was gently dislodged by tapping, and the cells were resuspended 

in freezing media [90 % v/v FCS (Gibco, Life Technologies), 10 % v/v DMSO (Sigma 

Aldrich, MERK). The cells were then aliquoted into cryovials (Greiner Biosciences), 

transferred to a Mr. Frosty™ Freezing Container (Invitrogen, LifeTechnologies, Thermo 

Fisher Scientific Life Technologies, Thermo Fisher Scientific) and placed at 80°C for 24 

hrs. Cells were subsequently transferred to liquid nitrogen for permanent storage.   
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Appendix D (Chapter 4) 

 

The Gandel Charitable Trust  

Sequencing Centre  

  

Cell Line Identification and Authentication Results  
  

Client Name:       Irene Papageorgiou  

Date samples processed:   8th August 2016  

Database search date:     

  

9th August 2016  

STR Profiling:   PowerPlex HS16 System kit - Promega is used to amplify 15 

loci and Amelogenin in a single tube and provides loci 

consistent with major worldwide STR databasing standards.  

  

Database used for cell line identification: ATCC, DSMZ  

  

 STR profiles of select human cell lines are offered through cell banks from 

Germany (DSMZ), ECACC (UK), Japan (JCRB and RIKEN) and USA/Europe 

(ATCC/LGC) offer public data. We provide the top three search results from 

the ATCC database  

  

 The STR profile of a cell line sample being investigated should match with 

the reference STR profile for the same cell line at ≥80 % of alleles from the 

8 core STR loci, provided that optimized validated kits and protocols are 

used.  
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Cell Line can be 

authenticated  
  

A cell line can be considered to be authenticated when 

≥80 % of the alleles in its STR profile match profiles from 

tissue or other cell line  

Cell line is misidentified  
  

A cell line is considered misidentified when ≥80 % of the 

alleles in its STR profile match a cell line in the database 

from a different donor. Similarly, a cell line is considered 

misidentified if it fails to match tissue or other cell line 

samples known to be come from the same donor.  

Cell line nomenclature  A cell line knowledge base that can be accessed at 

http://clkb.ncibi.org has been created to determine if a 

given cell line name exists, and if it does, the number of 

different cell lines which have the same name.  

  

References  

1. ATCC SDO, Authentication of Human Cell Lines: Standardization of STR Profiling ATCC 

SDO document ASN-0002.  Manassas, VA: ATCC Standards Development Organization, 

2011.  

   
  

  

  

Issue Date: 26.06.12      QS3-Cell line report-1     

     

Sample Name  Unique 

Laboratory  

Number  

Search results using ATCC database  

IP-1  16-09485  Search returned 1 record from DSMZ dataset 

 

   

IP-2  16-09486  
Search returned 1 record from ATCC dataset 
as detailed below  
  

IP-3  16-09487  
Search returned 1 record from ATCC dataset 
as detailed below  
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Cell Line identified  IP-1  

16-09485  

DSMZ Number  

CRL-2923  

ECC-1 (EnCA1)  
    

% match    100%      
PowerPlex®  Loci          
D3S1358  16, 17        

TH01  9, 10  9, 10      

D21S11  28        

D18S51  12, 19        

Penta_E  11        

D5S818  10, 11  10, 11      

D13S317  9, 12  9, 12      

D7S820  9, 10  9, 10      

D16S539  9  9      

CSF1PO  11, 12  11, 12      

Penta_D  10, 11        

Amelogenin  X  X      

VWA  14, 17  14, 17      

D8S1179  13, 16        

TPOX  8  8      

FGA  21        
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Cell Line identified  
IP-2  

16-09486  

ATCC Number  

CRL-2616   

 VK2/E6E7  

    

% match    100%      

PowerPlex®  Loci          

D3S1358  17        

TH01  7, 9.3  7, 9.3      

D21S11  29, 31.2        

D18S51  17, 19        

Penta_E  7, 8        

D5S818  9, 10  9, 10      

D13S317  9, 12  9, 12      

D7S820  10, 11  10, 11      

D16S539  9  9      

CSF1PO  10, 11  10, 11      

Penta_D  9, 12        

Amelogenin  X  X      

VWA  16  16      

D8S1179  12, 13        

TPOX  11  11      

FGA  19, 25        
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Cell Line identified  IP-3  

16-09487  

ATCC Number  

HTB-111  

 AN3CA  

    

% match    100%      
PowerPlex®  Loci          
D3S1358  17        

TH01  9.3, 10  9.3, 10      

D21S11  29, 30        

D18S51  15, 18        

Penta_E  9, 16        

D5S818  11, 14  11, 14      

D13S317  12, 14  12, 14      

D7S820  7, 10,7.1  7, 10, 7.1      

D16S539  10, 14  10, 14      

CSF1PO  12, 14, 15  12, 14,15      

Penta_D  9, 11        

Amelogenin  X  X      

VWA  14, 20  14, 20      

D8S1179  12, 14        

TPOX  8, 10  8, 10      

FGA  22, 23        
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Office use only (Tick indicates checked and passes quality control)  

  

□ Positive control -pass    □ Negative control - pass   □ 

Ladder - pass     

  

□ PCR set up 08.08.2016 SR  

  

□ Fragment Analysis 08.08.2016 SR  

  

□ Database Search 09.08.2016 SR  

  

□ Analysis to be checked by 09.08.2016  AG  
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Appendix E (Chapter 4) 

 

 

The Gandel Charitable Trust  

Sequencing Centre  
  
Cell Line Identification and Authentication Results  
 

  
Client Name:       Irene Papageorgiou  

Date samples processed:   03.02.2016  

Database search date:     

  

08.02.2016  

STR Profiling:   PowerPlex HS16 System kit - Promega is used to amplify 15 loci 

and Amelogenin in a single tube and provides loci consistent with 

major worldwide STR databasing standards.  

  

 

Database used for cell line identification: ATCC  

  

 STR profiles of select human cell lines are offered through cell banks from Germany 

(DSMZ), ECACC (UK), Japan (JCRB and RIKEN) and USA/Europe (ATCC/LGC) offer public data. 

We provide the top three search results from the ATCC database  

  

 The STR profile of a cell line sample being investigated should match with the reference STR 

profile for the same cell line at ≥80 % of alleles from the 8 core STR loci, provided that optimized 

validated kits and protocols are used.  
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Cell Line can be authenticated  

  

A cell line can be considered to be authenticated when ≥80 % of the 

alleles in its STR profile match profiles from tissue or other cell line  

Cell line is misidentified  

  

A cell line is considered misidentified when ≥80 % of the alleles in its 

STR profile match a cell line in the database from a different donor. 

Similarly, a cell line is considered misidentified if it fails to match 

tissue or other cell line samples known to be come from the same 

donor.  

Cell line nomenclature  A cell line knowledge base that can be accessed at 

http://clkb.ncibi.org has been created to determine if a given cell line 

name exists, and if it does, the number of different cell lines which 

have the same name.  

  

References  

1. ATCC SDO, Authentication of Human Cell Lines: Standardization of STR Profiling ATCC SDO 

document ASN-0002.  Manassas, VA: ATCC Standards Development Organization, 2011.  

   
  

 

 

 

 

 

Issue Date: 26.06.12      QS3-Cell line report-1          

Sample Name  Unique Laboratory  

Number  

Search results using ATCC database  

Irene1_HEC-1A  16-01022  Cell line is cross-contaminated*  
 

 

Irene2_HEC-1A  16-01023  Cell line is cross-contaminated*  

 

 

Irene3_AN3-CA  16-01024  Cell line is cross-contaminated*  

 

 

Irene4_RL95  16-01025  Search returned 1 records from ATCC dataset as 

detailed below  

 

 

Irene3_Ishikawa  16-01026  Cell line is cross-contaminated*  
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Cell Line identified  

Irene1_HEC-1A  

16-01022        

% match          

PowerPlex®  Loci          

D3S1358  15        

TH01  6,7        

D21IS11  30,31        

D18S51  16,21        

Penta_E  11,12,13        

D5S818  11,15        

D13S317  11        

D7S820  9,11        

D16S539  12        

CSF1PO  10,12        

Penta_D  9,12,13        

Amelogenin  X        

VWA  18,19        

D8S1179  13,14        

TPOX  8,11        

FGA  21,22        
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Cell Line identified  
Irene2_HEC-1A  

16-01023        

% match          

PowerPlex®  Loci          

D3S1358  15,16,17        

TH01  6,7        

D21IS11  29,30,31        

D18S51  15,16,21        

Penta_E  9,11,16        

D5S818  11,14,15        

D13S317  11,12        

D7S820  9,10,11        

D16S539  10,12,14        

CSF1PO  10,12        

Penta_D  9,11,12,13        

Amelogenin  X        

VWA  14,18,19,20        

D8S1179  12,13,14        

TPOX  8,10,11        

FGA  21,22,23        

          

 

  



  Appendix 

275 

 

Cell Line identified  
Irene3_AN3-CA  

16-01024        

% match          

PowerPlex®  Loci          

D3S1358  17        

TH01  9.3,10        

D21IS11  29,30        

D18S51  15,18        

Penta_E  9,16        

D5S818  11,14        

D13S317  12,14        

D7S820  7,7.1,10        

D16S539  10,14        

CSF1PO  12,13,14,15        

Penta_D  9,11        

Amelogenin  X        

VWA  14,20        

D8S1179  12,14        

TPOX  8,10        

FGA  22,23        
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Cell Line identified  
Irene4_RL95 16-

01025  

ATCC Number  
CRL-1671,   
RL95-2  

    

% match    100%      

PowerPlex®  Loci          

D3S1358  14,16        

TH01  9,9.3  9,9.3      

D21IS11  28,29        

D18S51  10,14        

Penta_E  5,11        

D5S818  10,11  10,11      

D13S317  8,12  8,12      

D7S820  10  10      

D16S539  11,13  11,13      

CSF1PO  10,11  10,11      

Penta_D  9        

Amelogenin  X  X      

VWA  16,20  16,20      

D8S1179  10,14        

TPOX  8  8      

FGA  20,22        
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Cell Line identified  
Irene5_Ishikawa 16-01026  

      

% match          

PowerPlex®  Loci          

D3S1358  16,17        

TH01  9,10        

D21IS11  27,28,29        

D18S51  12,19,20        

Penta_E  11,19        

D5S818  10,11        

D13S317  9,13        

D7S820  9,10        

D16S539  9        

CSF1PO  11,12        

Penta_D  10,11        

Amelogenin  X        

VWA  14,17        

D8S1179  12,16        

TPOX  8        

FGA  21        

          

 

  



  Appendix 

278 

 

  

* <<>> Cell line is cross-contaminated   

Cross-contamination involves the contamination of one human cell line with another during the expansion 

of a culture.  

In its early stages, cellular cross-contamination results in a mixture; in its later stages, rapid growth of the  

contaminating cell line usually leads to an STR profile more consistent with misidentification.   

Mixtures are unusual because the micro-environment of the culture usually favors the contaminating cell 

line.   

However, in some cases the contaminated cell line is observed as distinct STR profiles along with the 

expected cell.  The STR profile of a mixed cross-contaminated culture usually involves more than two 

alleles at three or more loci.  

  

Ref: ATCC SDO, Authentication of Human Cell Lines: Standardization of STR Profiling ATCC SDO 

document ASN0002.   

Manassas, VA: ATCC Standards Development Organization, 2011.  

  

  

  

  

  

  

  

  

  

  

  

  

  

   

  

Office use only (Tick indicates checked and passes quality control)  

  

□ Positive control -pass    □ Negative control - pass   □ Ladder - pass     

  

□ PCR set up AG 03.02.16  

  

□ Fragment Analysis AG 03.02.16  

  

□ Database Search AG 08.02.16  

  

□ Analysis to be checked by AG 10.02.1 
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