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Abstract 

ARTEMIN (ARTN) is an estrogen regulated gene. The expression of ARTN promotes 

resistance to antiestrogen therapies; therefore, patients with estrogen receptor (ER) positive 

mammary carcinoma (ER+MC) treated with tamoxifen have poorer survival outcome. ARTN 

is also expressed in ER negative mammary carcinoma (ER-MC). Herein, I have demonstrated 

that ARTN promotes TWIST1 dependent epithelial to mesenchymal transition (EMT) of 

mammary carcinoma cells, which is associated with metastasis and poor survival outcome. 

ARTN modulates the expression of TWIST1 via AKT1 dependent signalling in ER-

mammary carcinoma (ER-MC) cells. siRNA mediated depletion of TWIST1 abrogated 

ARTN stimulated cellular behavior associated with metastasis, and forced expression of 

TWIST1 abrogated the functional effects of ARTN depletion. Next, I also found ARTN 

mediated acquired resistance of mammary carcinoma cells to ionizing radiation (IR) or 

paclitaxel resistance by promoting TWIST1-BCL-2 dependent cancer stem cell-like (CSC) 

behavior. Herein, I have demonstrated that ARTN modulates the expression of CSC-like cells 

by increasing mammospheres, ALDH1+ populations. Furthermore, increased ARTN 

expression was significantly correlated with ALDH1 and BCL-2 expression in an ER-MC 

patient cohort. Forced expression of ARTN also dramatically enhanced tumour initiating 

capacity of mammary carcinoma cells in xenograft models at low inoculums. In addition, I  

have reported ARTN modulations of endothelial cell behavior and resultant increase of 

angiogenesis in ER-MC. ARTN promoted endothelial cell proliferation, migration, invasion 

and 3D matrigel tube formation. Angiogenic behavior promoted by ARTN was mediated by 

AKT1 with resultant increased TWIST1 and subsequently VEGF-A expression. In a patient 

cohort, ARTN was positively correlated with VEGF-A expression. In xenograft, ARTN 

produced tumours exhibited increased VEGF-A expression and microvessel density (CD31 

and CD34) compared to tumours formed by control cells. Functional inhibition of VEGF-A 
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by siRNA or bevacizumab (a humanized monoclonal anti-VEGF-A antibody) partially 

inhibited the ARTN mediated angiogenic effects of ER-MC cells. Thus, ARTN co-ordinates 

and regulates multiple aspects of tumour growth and metastasis in mammary carcinoma. 
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Chapter 1                Introduction 

1.1     An overview of cancer 

In 2008, cancer related deaths were estimated to be 7.6 million globally, which scores cancer 

as one of the leading causes of disease related death around the world (1). According to 

WHO (World Health Organisation) reports, the cancers with the highest mortality rates are 

lung, stomach, liver, colorectal and mammary carcinomas. The disease “cancer” refers to a 

group of abnormal cells with limitless replicative potential that are capable of infiltrating 

nearby organs and migrating to various distant organs. This particular process is termed 

metastasis. The metastatic phase presents the greatest clinical challenge in the prevention of 

cancer related death. The disease cancer in general can be attributed to genetics, where a 

specific percentage of population are carriers of a genetic mutation related to cancer risks. On 

the other hand, various environmental factors including diet and obesity, tobacco and 

radiation also confer a significant percentage of cancer risk (2). Genetic mutations cause less 

than 3–10% of all cancer. For example, mutation in BRCA1 and BRCA2 genes augment 

breast and ovarian cancer risk (3); mutation of p53 gene results in Li-Fraumeni syndrome (4) 

and similarly, retinoblastoma gene mutation results in Retinoblastoma in young children (5). 

Confronted by the tremendous burden of cancer on the global health system and economy, 

our knowledge of cancer biology must further improve so we can promote more effective 

prevention strategies and develop more effective high throughput cancer diagnosis and 

treatment methodologies.  

 Under certain pathological conditions, a cell population originating from one or a few 

tumourigenic cells persist to proliferate faster than their normal counterparts even without a 

stimulus. The outgrowth forms an abnormal mass of tissue;a neoplasm (6). A neoplasm can 

be benign which will not transform into a malignancy [e.g. uterine fibroids] (7), pre-

malignant which  may transform into a malignancy if given enough time [e.g. non-invasive 
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carcinoma in situ] (8) and malignant which are highly invasive and metastatic. The term 

tumour is often interchangeable with neoplasm, but with some exceptions. For instance, 

leukemias, a group of haematopoietic malignancies, do not form tumours. In contrast to non-

invasive carcinoma in situ, cancer is additionally capable of invasion into and destruction of 

nearby tissues and may result in metastasis to the lymph nodes and to distant sites in the 

body, which may eventually result in patient death (9). As proposed by Hanahan and 

Weinberg (10), a collection of six physiological alterations at the cellular level transform a 

normal cell into a malignant one. Cancer cells often acquire independence to external growth 

signals resulting in uncontrolled cell proliferation and metastasis to the distant organ. 

Furthermore, genomic instability and mutation along with tumour-promoting inflammation 

may also alter a normal cell into a cancer cell. In another recent report by Hanahan and 

Weinberg (11), cancer cells survive the innate immune system by destroying immune 

functions and can also deregulate cellular energy pathways to utilize its own.  
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Figure 1.1 A schematic summary of the hallmarks of cancer cells  

Transformed cells acquire the indicated features during neoplastic progression as the 

consequence of perturbation in the genomic infrastructure, genetic and epigenetic profiles 

(Upper panel). Emerging hallmarks and enabling characteristics frequently involved in the 

pathogenesis of some and perhaps all cancers (lower panel). Reproduced with permission 

from Hanahan et al (11). 

 

During the course of oncogenic transformation of normal cells, various external stimuli 

within the tumour‟s microenvironment impose a selective pressure for phenotypic and 

behavioral adaption in carcinoma cells. The polarised apical-basal-specified epithelial-like 

morphology which is typical of in situ carcinoma cells is gradually lost and a more de-

differentiated and invasive phenotype resembling mesenchymal cells  established  during the 

process of epithelial-mesenchymal transition (EMT) (12, 13). Subsequently this phenotypic 

transition facilitates the invasion of cells through the basement membrane into blood and 

lymph vessels. Furthermore, to supply a growing tumour with nutrients, oxygen and waste 

removal, a disordered vasculature is formed during the process of tumour-derived 

angiogenesis. The cumulative effects of these events permit carcinoma cells to pass through 
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the extracellular matrix and migrate to a distant organ through the circulatory system. A 

fraction of those cells manage to survive by anchorage-independent growth in the circulating 

blood or lymph without any external growth signals (14). During the migration, a small 

population of carcinoma cells that metastasize from the primary site may eventually colonize 

new organs or tissues and develop into distant secondary tumours (15). Recent reports have 

correlated these migratory metastatic cells with Cancer Stem cell (CSC) –like cells. For eg, 

these cells are capable of self renewal and dedifferentiation and have been found in germ cell 

cancers (16), human acute leukemias (17), breast cancers (18), colon cancers (19), lung 

cancers (20). Tumourigenic stem cells generate a large population of non-tumourigenic cell 

clusters via hierarchical and divergent differentiation, which compose the heterogenous bulk 

of the tumour. Tumourigenic stem cells are now considered to be the more crucial target for 

the elimination of these cancers compared to their non-tumourigenic derivatives. In contrast, 

a large number of cells in high-grade B cell lymphoblastic leukemia (21) and melanoma (22) 

possess tumourigenic potential and these cancers can be histopathologically homogeneous. 

The genetic traits which provide survival advantages may be selectively retained through the 

process of clonal evolution and result in the genetic heterogeneity in these cancers (23).  

Under all circumstances, however, the functional involvement of specific genes determines 

the fate of neoplastic progression. 

1.2 Oncogenes 

An oncogene can be defined as a gene that contributes to the production of proteins which 

exhibit increased expression and/or activity and contribute to the acquisition of at least one 

hallmark of cancer cells (Figure 1.1). The altered expression of oncogenes could be due to 

either amplification, gain-of-function mutations or by genetic abnormalities including 

chromosomal translocations (24). To date, cancer researchers have characterised a list of 

oncogenes exhibiting specific potency to promote one or a few of the proposed hallmarks of 
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cancer cells (Figure 1.1). Inhibition of apoptosis and increased cell proliferation rate are the 

two important parameters that initiate oncogenesis (24). Higher expression of pro-mitotic 

oncogenes alone, such as rat sarcoma (RAS) and myelocytomatosis viral oncogene homolog 

(MYC), increase proliferation but this is often insufficient to sustain tumourigenesis because 

they induce growth arrest and apoptosis simultaneously (25). Furthermore, it has been 

implied that other molecules like NF-κB (26) and TWIST1 (27) may also be involved in 

different stages of carcinoma progression and metastasis. To result in an increased cell 

population, a synergistic effect of various anti-apoptotic molecules such as B cell lymphoma 

2 (BCL-2) which enhance cellular survival is required. BCL-2 has multiple interacting 

partners such as BAK, BAX and BAD and the relative expression ratios of BCL-2 to these 

inhibitory partners exert significant effects on BCL-2 function (28). TWIST1 is a basic helix 

loop helix transcription factor and an important mediator of embryonic morphogenesis (29). 

During oncogenic progression, TWIST1 supresses the transcription of E-CADHERIN 

(CDH1), which is a predominant epithelial marker and the building block of adherens 

junction, by directly binding with CDH1 promoter site. This causes a disruption of the cell-

cell attachment and leads to increased expression of mesenchymal markers and EMT (30). 

Consequently, TWIST1 promotes cell migration, tissue invasion and metastasis. In parallel, 

the tumour develops its own vasculature to facilitate survival and metastasis, a process 

regulated by vascular endothelial growth factor A (VEGF-A), which is a positive regulator of 

angiogenesis (31). Notably, regulation of VEGF-A by TWIST1 in metastatic mammary 

carcinoma is also well characterised (32). Hence, oncogenic progression and metastasis is the 

net effect of a co-ordinated and regulated interaction among multiple oncogenes. In addition, 

ARTEMIN (ARTN) a neurotrophic factor, widely expressed in many carcinomas including 

mammary (33) has been demonstrated to be one of the master stimulators of malignant 



  

6 

 

behavior specifically in mammary carcinoma, i.e. proliferation, survival, clonogenicity, 

migration, invasion.  

Oncogenic potential of ARTN has been characterised in many carcinomas (33-36). This 

research investigates the functional involvement of ARTN in the oncogenic progression of 

human mammary carcinoma (ER-negative). The effects of ARTN on metastasis, 

angiogenesis and cancer stem cell-like cells in ER-negative mammary carcinoma will be 

discussed in detail in following chapters. 

1.3 Mammary carcinoma - a molecular approach 

1.3.1 Epidemiology of mammary carcinoma 

Every year 1,000,000 women in the world are diagnosed with mammary carcinoma. 

Mammary carcinoma accounts for 23% of all female cancer with incidence rates being higher 

in developed countries (1). New Zealand is one of the countries with the highest age-

standardized mammary carcinoma rates (37). Cancer statistics released by The Ministry of 

Health showed that the breast cancer was the most frequently registered cancer, accounting 

for around 28.4% of total female registrations and the second most common cause of death 

from cancer after lung in females   (38). Estrogen has been linked with risk factors in 

mammary carcinoma. Furthermore, higher concentration of endogenous estrogen augments 

the risk, as evidenced by early menstruation, late menopause and in postmenopausal obese 

women cancer incidence recorded higher.  

1.3.2 Biology of mammary carcinoma 

Mammary carcinoma is a heterogeneous disease and the mechanism of its progression is still 

not fully understood (39). Incorporation of high-throughput technologies accelerate our 

understanding of complex mammary carcinoma biology. Gene expression studies have 

characterised four different mammary carcinoma intrinsic subtypes (luminal A, luminal B, 
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HER-2 enriched and basal-like) and a normal mammary-like group that exhibit considerable 

alterations in incidence, survival and response to therapy (40). The luminal subtypes are both 

estrogen receptor (ER) and progesterone receptor (PR)-positive. The HER2-positive subtype 

comprises of ER and PR-negative and HER2-positive tumours, whereas the basal-like 

subtype is comprised of a lower expression of hormone receptor and HER2-responsive genes. 

Recently another subtype, cluadin-low tumours were identified. Claudin-low tumours are 

characterised by minimal expression of ER, PR, HER-2 and higher expression of EMT genes 

along with decreased expression of cell to cell adhesion genes (eg CDH1). Claudin-low 

subtype also exhibits increased stem cell-like cells in the tumour sub population (40). 

Claudin-low tumours predict poorer survival and disease outcome. 

Due to the diverse heterogenic nature of mammary carcinoma during the early onset stage, 

various genomic alterations including genomic instabilities and mutations are more 

frequently involved in the mammary lobular and ductal epithelial cells. The sequential events 

of mammary carcinoma progression involves a multistep transition from normal mammary 

epithelium through hyperplasia, atypical hyperplasia, carcinoma in situ to invasive 

carcinoma, and ultimately metastasis to various other organs including bone, brain, adrenal, 

lung and liver (Figure 1.2). A multi step model of carcinogenesis has been proposed in 

mammary carcinoma that can be divided into two major patterns including ductal carcinoma 

and lobular carcinoma. During oncogenic progression, mammary carcinoma follows  two 

steps: carcinoma in situ, is an earlier stage in which carcinoma cells are restrained by the 

basement membrane, and invasive carcinoma, which is the most common type of invasive 

carcinoma, recorded up to 65-85% of cases (41). 



  

8 

 

Normal Pre-malignant Malignant

 

Figure 1.2 A schematic summary of the neoplastic transition of normal mammary 

epithelium.   

Representative micrographs display the histological features of different proliferative lesions 

in mammary gland. Mammary carcinoma develops from carcinoma in situ stage starting from 

normal mammary terminal ductal-lobual units (TDLU) through hyperplasia, atypical 

hyperplasia, to invasive carcinoma, and ultimately metastasis to multiple tissues and 

organs.The last image displays the lungs containing metastases. Reproduced with permission 

from Damonte et al (42). 

 

The actual cause of mammary carcinoma is not clearly illustrated. Whereas the disease 

occurrence rate implicates the involvement of hormones, genetic factors, mutation and altered 

expression of growth factors mediate an important parameter during disease progression. As 

estrogen stimulates the mitosis of mammary epithelial cells, early menstruation or late 

menopausal women get a longer life-time exposure to higher concentration of estrogen, 

which increases cancer risk. As discussed previously, obesity in postmenopausal women also 

increases the serum concentration of estrogen and associated with increased cancer risk (43). 

To date five germ line mutations associated with breast cancer have been characterised, they 

are: mutations in the genes P53, PTEN, BRCA1, BRCA2 and ATM. Gene mutations in P53 

result in Li-Fraumeni cancer syndrome which includes childhood sarcomas and brain 

tumours and early-onset mammary carcinoma. Mutations in PTEN are liable for Cowden 

syndrome and mammary carcinoma is a major risk factor of Cowden syndrome. Mutations in 

both BRCA1 and BRCA2 are responsible for greater incidence of breast cancer and/or ovarian 
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cancers.  Furthermore acquired mutation in different mammary carcinoma predisposition 

genes including BRCA1, BRCA2, TP53, CHEK2 and ATM significantly contribute to the 

mammary carcinoma incidence (44). 

Carcinoma cells reduce the dependence on growth signals and acquire growth signal self 

sufficiency, by either over expression of growth factors to achieve autocrine growth 

stimulation, or activation of growth factor receptors by over expression or mutation to acquire 

ligand-independent signaling. For example, EGFR and HER-2 gene amplifications are 

profoundly associated with mammary carcinoma progression (45). 

The prevailing treatment for mammary carcinoma includes surgery, hormone therapy, 

chemotherapy and radiation (46). More than 70% of mammary carcinomas represent as ER 

positive, as their growth and survival depend on estrogen signalling and downstream effects. 

Therefore, hormonal therapies designed to block the functions of ER are used in ER positive 

mammary carcinomas. As a whole hormone therapy does not initiate malignant mutations by 

itself; however, ER and/or PR have been found to be involved in maintaining stem cell-like 

populations. Accordingly, post surgical adjuvant treatment with tamoxifen, an ER antagonist, 

minimizes the disease recurrence by half and also disease mortality by one third (47). In 

addition, different approaches, like downregulation of ER, using aromatase inhibitors and use 

of other non-steroidal drugs  has also been undertaken to minimize or delay  the chance of 

breast cancer recurrence (48). During the course of tumour progression, an ER+ tumour can 

also transform into an ER-tumour and become estrogen independent during tumour 

progression; this is an important issue (49). In approximately 33% of patients treated with 

tamoxifen for more than 5 years estrogen-independent tumours and/or metastatic disease 

recur within 15 years, which, represents up to a quarter of all mammary carcinoma cases (50). 

Furthermore, around 10% of all mammary carcinoma also consists of a triple negative group.  

As triple negative patients do not express any of ER, PR or HER-2 markers, therefore they 
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are unresponsive to most commonly available therapies, including hormone, ER-targeted or 

HER-2 based therapies (51). To transform an ER- carcinoma to an ER+ is the most widely 

used treatment methodology along with altering the expression of any oncogene involved in 

ER- carcinoma progression (52). In addition, a quarter of all human mammary carcinomas 

exhibit overexpression of HER2 which is associated with a higher propensity of cellular 

invasion and metastasis (53). Specifically targeting HER-2/neo gene by down regulating 

specific oncogene protein product or transcriptional down regulation of promoter can be 

alternative therapeutic approaches (54). Furthermore, anthracyclines and taxenes are 

routinely used for the treatment of HER2-negative metastatic mammary carcinomas and 

generally yield better outcomes than the alternatives (55). The major limitations of these 

drugs include damaging DNA in cancerous as well as in normal fast-growing cells, and 

although they are applied to limit the development and spread of the disease, the side effects 

can be uncomfortable or even life-threatening (46). Due to increased use of these drugs, the 

resistance of mammary carcinoma to these agents has become an increasingly important issue 

(56). These chemotherapeutic drugs are also applied to gain better response to slow an onset 

of rapid progression and spread of the disease, but, at the expense of increased toxicity. 

However, clinical evidence from the literature is still not able to correlate the superiority of 

these drugs and overall survival in the patients (55). Interestingly, a recent article 

demonstrated that combined treatment including paclitaxel and a monoclonal antibody 

against VEGF (bevacizumab) yielded improved progression-free-survival and higher 

response rate in HER2-negative metastatic disease (55). Furthermore, in HER2-positive 

metastatic disease, combined treatment methodology includes chemotherapy together with 

the monoclonal antibody against HER2 (e.g. trastuzumab) or pharmacological inhibitor (e.g. 

lapatinib) targeting EGFR family proteins have started to yield encouraging improvement in 

overall survival and progression-free survival compared to chemotherapy alone (55). 
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However, further research will illustrate an actual dosing schedule, optimal therapeutic 

exposure time and effective treatment combination. The median survival rate of patients with 

mammary carcinoma  still very low (57). Numerous trials are already underway to identify 

new biological agents in combination with chemotherapy and hormone treatment strategies. 

Therefore, more effective approaches to improve prognosis in patients with mammary 

carcinomas, particularly for those with advanced or aggressive tumours, are currently 

desperately needed. Further research will also provide great value in early diagnosis, 

prognosis prediction, molecular therapy and disease prevention for mammary carcinoma 

patients as a whole. 

1.3.3 Estrogen receptor (ER) signalling in mammary carcinoma 

Estrogen mediated ovarian function has been correlated with the development of mammary 

carcinoma since long back. The definitive observation of regression of mammary tumour 

following ovariectomy by George Beatson in 1896 was an early indication of the 

involvement of estrogen in the pathogenesis of mammary carcinoma (58). Estrogen has been 

considered as both an initiator and a promoter of tumour formation and progression in 

mammary carcinoma. During the progression of mammary carcinoma, estrogen has potent 

proliferative and pro-survival effects. Furthermore, not only mammary carcinoma cells but 

also the stromal cells produce estrogen (59, 60). Therefore, under in vivo situation, the 

autocrine and paracrine effects of estrogen may have a positive impact on tumour cell. 

1.3.3.1 Estrogen receptors 

Estrogens, more specifically 17β-estradiol (E2), are the most important factors in terms of 

development and regeneration of human mammary epithelial cells. Estrogen mediated 

cellular responses are regulated in general through binding with these two receptors, ERα and 

ERβ. Upon binding with the ligands, they initiate multiple physiological relevant signalling 

pathways, whereas inside the nucleus, these two receptors transcriptionally regulate a wide 
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range of physiologically important genes. In the nucleus, estrogens modulate the expression 

of estrogen-responsive genes through the action of both ERs at the transcriptional level (51). 

ERs contain five functionally distinct domains (Figure 1.3) (61, 62). First, A/B domain 

consists of an activation function (AF-1) that acts in a ligand-independent way; notably this 

sequence is poorly conserved between ERα and ERβ (16% sequence homology). In contrast, 

the C-domain, which is the DNA-binding domain (DBD), is highly conserved with 97% 

sequence identity between the two receptor subtypes. The DBD and the C-terminal ligand 

binding domain (LBD) are interlinked with the D domain. The LBD is located in the E/F 

domain and also contains an activation function (AF-2) domain which is ligand dependent. 

Both AF-1 and AF-2 mediate ERα transcriptional activity coordinately.  

NH2

NH2

A/B C D E F COOH

COOH

ERα

ERβ

6q25.1

14q23.2 A/B C D E F

AF1 AF2DBD Hinge LBD

AF1 AF2DBD Hinge LBD

595 aa

530 aa

Homology % 16                    97         30                      59                        18    

 

     Figure 1.3 Schematic representations of structures of estrogen receptors. 

ERα or ERβ knockout mice studies suggest that ERα is primarily responsible for mammary 

gland development while ERβ is essential for the differentiation of mammary gland 

epithelium (63, 64). ER-coregulatory proteins have been found to be involved in tumour 

progression (65). 60-85% invasive carcinoma cells are ERα-positive. Experimental studies 

have demonstrated that ERβ inhibits ERα transcriptional action and intracellular response 

upon estrogen exposure, and exerts an anti-proliferative effect in ER-positive mammary 

carcinoma cells (66, 67). Furthermore, ERα and ERβ can bind together and form a 

heterodimer, which in turn may bind even better with estrogen response elements (EREs). ER 

status is a clear predictor of hormone responsiveness in mammary carcinoma.  Research also 
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demonstrates that during disease progression a fraction of ER+ primary tumours can 

transform into ER-metastasis (68). In general ER mediated action can be broadly divided into 

three mechanisms, ligand-dependent genomic action, ligand-independent action and non-

genomic action (Figure 1.4). In ligand-dependent action, when estrogen binds, the ERs bind 

to DNA with high affinity at specific sites that are termed EREs (68). These EREs consist of 

two inverted, palindromic half-sites, and are present in the upstream regulatory region of 

estrogen-inducible genes such as the progesterone receptor (PR). In addition to signaling 

through EREs, there are alternatives, nonclassical ER transcriptional response pathways 

involving distinct ER protein: Protein interactions with a number of other DNA-bound 

transcription factors, such as the AP-1 complex or the SP-1 family of transcription factors 

(69). Furthermore, the non-genomic activities of ER, including rapid activation of kinases 

and phosphatases, change of ion fluxes and production of nitric oxide upon estrogen 

stimulation, have been also observed in many tissues (70). A recent study has identified 

PELP1 as one of the important part of ER mediated signalling in the cytoplasm (68). 

Experimental studies suggest that ligand-binding induces formation of ER-signalling 

complexes outside nuclei, which directly or indirectly activate IGF-1R, EGFR, HER2 and 

downstream kinases like MAPK and PI3K/AKT (71-73). As a whole the non-genomic 

activities of ER enhance nuclear ER transcriptional activity (74). ER signalling  is also able to 

alter the cytoskeletal structure of cells which develop special structure like filopedia (68). 

Recently, it has also been demonstrated that estogen can induce methylation of ER. The 

formation of an ER–PI3K–Src–focal adhesion kinase (FAK) complex that activates 

PI3K/AKT pathway, and/or activation of ERK1/2 by ER–Src–PELP1 complexes (c), which 

ultimately lead to TF activation and gene transcription (75). Collectively these findings 

suggest ER signalling has the potential to promote oncogenic progression and metastasis. 
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           Figure 1.4 Signalling pathways mediated by ER 

Estrogen mediated action is fulfilled by ER in three indicated pathways. First in the classical 

estrogen signalling pathway, once bound with the ligand, dimerized ER enters nucleus and 

binds exclusively with DNA response elements, EREs along with other components 

including co-activators (CoAs) and histone acetyltransferases (HATs) to induce gene 

expression. Apart from this, nuclear ER can also directly intervene with other transcription 

factors that regulate various physiological function (a). Alternatively, ER can also trigger its 

action by the specific phosphorylation (P) of either the MAPK or PI3K/AKT kinases (b). 

Furthermore, upon activation by the ligand, cell membrane-localized ER or cytoplasmic ER 

in the cytoplasm can be incorporated in protein complexes and later on responsible for 

multiple sequential activation of various downstream transcription factors (TF) (c). Modified 

image from Musgrove et al (75). 

 

1.3.3.2 Importance of ER expression in mammary carcinoma for disease prognosis 

Determination of estrogen responsiveness is a critical parameter for therapy in mammary 

carcinoma (76). Treatment with antiestrogen drugs or specific down regulation of estrogen 

receptor is the most commonly adopted cancer response therapy targeting ER (52), for 

example, the therapeutic outcomes  of antiestrogen like tamoxifen and raloxifene are well 
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established clinically. ER+ tumours are histologically more differentiated and respond better 

to clinical treatment (76). Unfortunately ER-  mammary carcinoma is highly aggressive (77) 

although the mechanism for this is still unknown. ER+MC may be able to transform into ER- 

mammary carcinoma through various mechanisms (premalignant lesions or genetic alteration 

involving gene instability, loss of heterozygosity LOH, exon deletion etc). Even epigenetic 

changes such as promoter CpG methylation (78) or in non-vascularised tumours, proteasomal 

estradiol protein degradation in hypoxic condition (79) could also transform any ER+ cells 

into ER- cells. However, due to unresponsiveness towards hormone, human mammary 

carcinoma may primarily originate as ER-, as evidenced from the studies conducted on gene 

knock out in mice (80, 81). In parallel studies in humans, some highly prolific ductal lesions 

and high-grade ductal carcinoma in situ (DCIS) are ER- (82). ER- mammary carcinomas are 

more likely to be diagnosed in younger women who are also more resistant to antiestrogen 

and chemotherapeutic therapies. Triple negative mammary carcinomas (negative for ERα, PR 

and HER2 amplification) are the most clinically challenging because there is a narrow range 

of treatment options available outside of hormone therapy or standard chemotherapy. 

Therefore, the foremost challenge is to find novel therapeutic approaches to treat ER- 

mammary carcinoma (ER-MC) and its inherent poor prognosis.  

As mentioned earlier, ER+MC gives a better response to hormone treatment, like tamoxifen, 

whereas ER-MC are resistant to the common hormone treatments. Furthermore, 

approximately half of the patients who have relapsed lose ER expression  and even patients 

with metastatic disease who demonstrated early response to hormonal therapies also 

developed antiestrogen resistant like, tamoxifen resistance because during  the course of 

treatment patient often lose ER expression (83). This fact agrees with the general opinion that 

metastatic tumours lose their hormone responsiveness, at least partly through loss of ER 

expression.  The mechanism of transition of estrogen dependence to independence is not well 
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understood. The estrogen independence could evolved either independently or this transition 

would require the transcriptional regulation of gene expression by ER without the presence of 

ligand. Cumulative evidence indicates that estrogen independence and hormonal resistance 

both may be governed by a mechanism that activates ER response elements and is ligand 

independent. (49).  The experimental data shows that it is possible that the origin of both 

estrogen sensitive and independent cells come from the same parental clone, hence human 

mammary carcinoma may be given a significant amount of endocrine plasticity. This 

plasticity gives them a variety of choices to survive during presence or absence of estrogen 

by altered expression of estrogen regulated genes (49). From the gene expression evidence, 

estrogen regulated genes can be categorised into three groups: in the first group, genes 

directly controlled by ER, second group genes which are indirectly regulated by ER, and the 

third group genes vital for maintaining cellular machinery required for cell growth. Genes 

from the first two groups could be used as specific and a valid target for therapeutic purposes, 

as alterations in their function may interfere with cell survival. Whereas, genes from the third 

group will not be able to alter the cellular processes significantly, hence targeting these cells 

is non specific and often resulted in poor therapeutic intervention (49). Previous reports 

suggested that a set of genes, termed as breast cancer antiestrogen resistance (BCAR) genes 

are responsible for demonstrating antiestrogen resistant phenotype and are also observed in 

estrogen independent cell proliferation in mammary carcinoma (84). In addition, a protease 

called ADAM 12 is also involved in cells acquiring estrogen independence and tamoxifen 

resistance in mammary carcinoma by increasing EGFR expression and MAPK activation 

(85). Collective evidence suggests that ER expression is an important parameter for 

progression of mammary carcinoma and the loss of estrogen dependency and ER expression 

augments more aggressive and metastatic behavior of the mammary carcinoma cells leading 

to therapeutic resistance, disease relapse and poorer survival outcomes. 
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1.3.4 Epithelial to mesenchymal transition (EMT) and mammary carcinoma  

Numerous studies have been performed to illustrate the molecular transition of a cancer cell 

between the hormone responsive behavior to acquire more aggressive hormone independent 

behavior (86). Previous study has found ERα directly correlated with E-CADHERIN 

expression by immunohistochemistry (IHC) in mammary carcinoma (86). As described 

previously, decreased ER dependence leads to progression of primary tumours into   

aggressive and metastatic tumours, as the loss of E-CADHERIN expression in mammary 

carcinoma cells might deregulate cell growth (86). During cancer progression, the cancer 

cells become metastatic in nature, they appear to lose their epithelial features and gain more 

of the mesenchymal features, driven by a wide range of gene expression pattern changes. 

This molecular phenotypic conversion is named as epithelial-mesenchymal transition (EMT). 

EMT is an important physiologically relevant process as seen during early embryogenesis as 

well as certain pathological conditions, such as in fibrosis and cancer (87) (Figure 1.5). 

 

 

Figure 1.5 EMT in embryogenic development and disease state. 

During early developmental process cells from the neural crest or mesodermal cells from the 

primitive streak undergo EMTs (in green). But during adulthood, EMT stimulators remain 
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silent unless they are reactivated during certain disease states, like organ fibrosis and cancer 

progression. Reproduced with permission from Acloque et al (88). 

 

 

Numerous studies have established that during EMT transition, decreased E-CADHERIN 

expression is one of the main characteristics of the cells losing epithelial nature and hence E-

CADHERIN seems to be an important regulator for maintaining cellular epithelial 

morphology. In the absence of E-CADHERIN, cells lose their cell-to-cell attachment and 

further more β-catenin localizes to the nucleus instead of cytoplasm and stimulates other 

mesenchymal gene expression (89). The molecular relationship among epithelial markers, 

such as E-CADHERIN with other mesenchymal markers, such as TWIST1 have been well 

studied in both in vitro and clinical specimens (86). Mesenchymal markers, such as SNAI1, 

TWIST1, FOXC2 and SLUG have been found to interact with the E-CADHERIN promoter 

region, by selectively repressing its transcriptional activity. These mesenchymal markers 

established mesenchymal features by down regulation of E-CADHERIN expression (90). 
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Figure 1.6 The cycle of epithelial-mesenchymal transitional plasticity. 

The above diagram represents the transitional state between Epithelial-Mesenchymal-

Epithelial cycles. Various effectors modulate the different stages of transition during EMT 

(epithelial– mesenchymal transition) or MET (mesenchymal–epithelial transition). During 

this transition cell-cell attachment (tight junction/adherens formation or dissociation) plays an 

important step.  Lists of markers that represent each of these transitions are listed as epithelial 

or mesenchymal. Reproduced with permission from Thiery et al (87). 

 

 

Similar to EMT, the MET (mesenchymal-epithelial transition) event itself is commonly 

observed during early developmental stages, when the migratory cells have completed their 

migration and settle down for further organogenesis. Interestingly MET comes into play 

during metastasis, once the primary tumour cells settle down to the distant tumour sites their 

mesenchymal morphology is also then down regulated and the epithelial features upregulated. 

Reappearance of E-CADHERIN has also been observed in axillary lymph node metastasis. 

Hence, during cancer progression and metastasis,   transcriptional regulation is controlled 

reversibly in selective genes instead of gene functional loss (88) (Figure 1.6). 
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1.3.5 Metastasis and angiogenesis of mammary carcinoma 

Metastasis is a complex stepwise process, starting from dissemination of migratory metastatic 

cells from the primary tumour site, invasion of these tumour cells into the adjacent tissues, 

migration of primary tumour cells through the circulatory system and  finally resting at the 

secondary tumour site, leading to tumour growth well inside the secondary site (91). During 

early metastatic progression, the earliest event is the detachment of the cells from the 

extracellular matrix (ECM) associated with the disruption of the actin skeleton, leading to cell 

rounding. Next, those migratory invasive cells infiltrate through the endothelial cell lining of 

the nearest blood vessels and join the circulatory system. Due to the hostile micro-

environment only highly invasive and metastatic cells are able to survive passage through the 

circulation. Then surviving cells extravasate through the endothelial cell lining, and in the 

concluding step of the journey, the surviving cells start proliferating and divide to form 

micrometastases at the secondary tumour site, which later transform into malignant, 

secondary tumours (92) (Figure 1.7). 

The implicated proteins, TWIST1, SNAI1 and SNAI2 are transcription factors associated 

with EMT and cancer dissemination (93). The ability of these proteins to suppress the 

expression of E-CADHERIN, is thought to be pivotal in metastatic dissemination and cell 

migration (93). In addition, previous reports have demonstrated the involvement of TWIST1 

as a positive regulator of EMT and thus higher expression of TWIST1 leads to tumour 

metastasis (92). 
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Figure 1.7 Different models of carcinoma advancement and progression 

Human cancer development and metastasis corresponds to the final step of the tumourigenic 

cascade (Panel A, the classical model). However, recent studies support a different model, 

which predicts that the expression of proteins that mediating EMT promotes malignant 

conversion concomitantly with metastatic dissemination (Panel B). In this alternative model, 

the primary tumour cells can disseminate at any time during cancer development. 

Reproduced with permission from Sanchez-Garcia et al (93). 

 

To facilitate various nutritional and other requirements for sustaining growth and 

development of the tumour, cancer cells stimulate the nearby endothelium cell lining to form 

new circulatory vessels. Angiogenesis, the formation of new blood vessels from  existing 

ones, is a vital step not only for local tumour growth but also during cancer metastasis  (94) 



  

22 

 

(Figure 1.8). The clinical relevance of angiogenesis further highlights the importance of 

angiogenesis from early stage cancer development through to invasion and metastasis. 

Clinicopathological parameters demonstrate a positive correlation between angiogenesis and 

metastasis. For example, fibrocystic lesions with greater vasculature are more prone to future 

mammary carcinoma risk. Increased microvessel density (MVD); (CD31 and CD34 markers) 

were found to be highly expressed in DCIS lesions and also positively correlated with an 

established angiogenesis marker VEGF expression. Increased MVD in early stage of 

mammary carcinoma correlates with disease relapse. Whereas high MVD expression in later 

stage of carcinoma is an indicator of a limited disease free survival time including overall 

survival (95). Highly aggressive metastatic carcinoma expressed pro- angiogenic molecules 

to facilitate carcinoma progression, of which VEGF (95), Fibroblast growth factor (FGF) (96) 

and Transforming growth factor-β (TGF-β) (97) are important ones to mention. Overall, the 

angiogenic process is closely regulated by positive and negative regulators. At the onset of 

new blood vessel formation pro-angiogenic factors like VEGF and FGF stimulate the early 

events of angiogenesis by removing the pericytes from the nearest blood vessels lining. In the 

later stage, MMPs alongside with the angiogenic stimulators aid in the degradation of the 

endothelial lining which gives access to other soluble growth factors into action. These 

growth factors stimulate the endothelial cells to proliferate and migrate to form a new small 

blood vessel, then mesenchymal cells are recruited to form an outer lining around the 

endothelial cells. Next these mesenchymal cells transform into pericytes and a mature blood 

vessel is formed and blood flow can be established. 
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Figure 1.8 Angiogenesis during tumour progression and metastasis 

The multistep angiogenic process initiates with ECM and BM dissociation, followed by 

endothelial cells (EC) migration and then formation of mature blood vessel. Other stimulating 

factors will induce the new blood vessel to directly fed to the  tumour tissue. Reproduced 

with permission from Nussenbaum et al (98). 

 

Previous studies have found TWIST1 could potentially induce angiogenesis in mammary 

carcinoma by specifically upregulating VEGF expression. Interestingly, TWIST1 directly 

binds with the E-CADHERIN promoter sequence and transcriptionally represses its activity 

and as a result cell to cell attachment gets destabilised, which is associated with 

mislocalization of β-catenin from the cytoplasm to the nucleus. Inside the nucleus, β-catenin 

transcriptionally upregulates other pro-metastatic (VIMENTIN) and pro-angiogenic factors 

(VEGF) that drive a more aggressive and metastatic  phenotype (99). 
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1.3.6 The role cancer stem cell in metastatic dissemination of mammary 

carcinoma 

Two most important characteristics of normal stem cells are highly applicable to tumour 

metastasis, self renewal and dedifferentiation ability (100).  A fraction of primary tumour 

cells able to metastasize at a distant secondary tumour site, are referred to as metastatic CSCs 

(mCSCs) (100) (Figure 1.9). These mCSCs are the ideal candidate for surviving in the 

foreign hostile tissue site because only these mCSCs have the capability of surviving the 

metastatic process and also have the potential to recapitulate in the secondary site. Therefore,  

even if non CSC-like cells were able to survive during the metastatic process, only mCSC- 

like cells would be able to colonize at the distant tissue site. Furthermore, the cellular 

plasticity of the mCSC cells makes them more suitable for the foreign environment than any 

other non mCSC cells, as the growth signaling factors are very different from the site where 

the primary tumour originated. Increased genetic instability in CSCs is also likely to provide 

a selective advantage in adapting to foreign sites. However, there is no experimental evidence 

that would validate whether all the mCSC like cells are equally capable of an adaptive 

response to the secondary tumour site during metastasis. Conversly, for organ specific 

metastasis process any CSC-like cells will likely have the capability to adapt to the target 

tissue microenvironment. To sustain the tumourigenic potential these cells should maintain 

the tumour initiating ability, without this the immediate progeny would have not able to 

survive. Furthermore, these CSC-like cells may also able to modify themselves like normal 

stem cells that will then gain stimulation from the other stimulatory factors present in the 

same microenvironment, which may partly explain the differential nature of molecular 

characterisation between any primary and secondary tumours, although this remains to be 

determined. 
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Figure 1.9 Schematic representation of involvement of mCSCs during  metastasis 

This model begins with a pool of CSC able to transform into mCSC-like cells during early to 

late metastatic process. (a)  A group of stem cells upon transformation leads to an expansion 

of the CSC-like cells pool.  This group of cells has the potential to generate into a 

heterogenous mass of tumour. (b) This pool of CSC-like cells get stimulatory factors, that 

make them colonize and form a mass of tumour growth. (c) The same stimulatory factors 

play an important role to establish the tissue tropism in the future metastatic site. (d) During 

the migration of mCSCs through the circulatory system, a group of guiding molecules 

produced by the future tissue docking site guide them to settle down in the specific target site. 

(e). Once they settle down the guiding molecules helps to determine  (f) whether to 

proliferate to form any metastatic lesion, (g) or can go into a dormant phase where those cell 

will have (h) the potential to recapitulate the self renewal and dedifferentiation abilities. 

Indicate the probable site for therapeutic intervention. Reproduced with permission from 

Li et al (100). 
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Over the decades, previous studies provided conclusive evidences of CSC maintaining an 

increased resistance to chemo- and radio-therapeutic treatments, as in these types of cells 

where the ATP-binding cassette (ABC) transporters are highly active and are capable of 

maintaining an active DNA repair machanism (101, 102) (Figure 1.10). Incidentally, a 

fraction of the primary tumour cells  that have survived the basic chemo-radio-therapeutic 

treatment,  give rise to secondary tumour at a distant sites.  The classical mechanism of 

acquiring drug resistance includes, gain of function mutation or increased expression of the 

drug target or exclusion of the targeted drug from the cells. These tumour cells with increased 

resistance to chemotherapy provide a selective gain by surviving post-chemotherapeutic 

treatment and are responsible for disease recurrence and relapse.  

 

Figure 1.10 Mechanisms of tumour acquiring drug resistance 

(a)  In the conventional model, within the group of heterogenous tumour population a 

selective group of cells already acquired multidrug resistant (MDR) (yellow) through genetic 

mutation, upon post therapeutic treatment these MDR cells only ones able to survive and give 

rise to recurrent tumour population. (b) In the cancer-stemcell model, a small population of 

cells has the ability of self renewal and dedifferentiation, upon chemotherapy these CSC like 

cells (red) only survive and generate multilineage secondary tumour population. (c) In the 
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„acquired resistance‟ stem-cell model, the CSC like cells (red),  upon chemotherapy treatment 

only these cells survive and a fraction from these cells (red) which has undergone further 

mutation (yellow) further differentiate into multilineage cells (yellow and purple) through a 

series of molecular events (by gene mutation, gene activation or amplification), conferring a 

drug-resistant phenotype. (d) In the „intrinsic resistance‟ model, both the CSC like cells 

(yellow) and/or the non CSC cells (purple) are intrinsically chemotherapeutic resistant, so in 

this category, chemotherapy is insignificant, and result in disease relapse. Reproduced with 

permission from Dean et al(102). 

 

With increasing evidence, it is presumed that the CSC-like cells are intrinsically resistance to 

chemotherapy, though they remain quiescent but otherwise they have an active DNA repair 

and ABC-transporter expression. In another model of acquired resistance, upon 

chemotherapy a specific group of CSC-like cells transform into MDR phenotype, which is 

evidenced in many patients whom upon follow up chemotherapeutic treatment are not 

responsive to the earlier chemotherapy. In another „intrinsic resistance‟ model, the cell 

populations of a tumour include both the CSC-like cells and the non CSC-like cells that more 

or less exhibit drug resistant features and are thus non-responsive to any therapeutic 

treatments, which ultimately results in tumour recurrence (101). 

Several experimental and clinical findings provide evidences that upon post-radiotherapeutic 

treatment (Figure 1.11), a tumour recurs as a result of at least a single cell surviving during 

fractional radiation treatment. Hence to interrupt any potential recurrence events it is  

necessary to completely remove any CSC-like cells from the primary tumour site. But in 

practice the presence of so called CSC-like cells are quite high in primary tumours, hence 

lower dose radiation is insufficient to completely remove CSC-like cells, as fractional 

radiation would trigger acquisition of radio-resistance features too. Interestingly, increased 

expression of activated β-catenin, γH2AX (the phosphorylated form of histone H2AX) and 

Wnt signalling pathway demonstrated to be interlinked with mCSC upon post radiation (102). 
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Figure 1.11 Diagrammatic representation of post radiation survival of cancer stem cells 

associated with local tumour re-growth. 

Conventional radiation treatment may target mainly the bulk of the tumour rather than the 

tumour initiating cells seeded into the root of the tumour. These specific cells that remain 

after radiation therapy can differentiate and subsequently form a new tumour. Reproduced 

with permission from Nguyen et al (103). 

 

Cumulative studies have illustrated the involvement of TWIST1 in progression of mammary 

carcinoma metastasis and stemness features (30, 104). Al-Hajj and colleagues  (105) had first 

identified that the CD44+/CD24-/low expression characterise stemness features in mammary 

cancer. Interestingly, this group of cells has the ability of self-renewal and is able to regrow 

tumours in severe combined immunodeficiency (SCID) mice. In another report, Mani and 

colleagues  (106) illustrated the contribution of TWIST1 in transforming nontumourigenic, 

immortalized human mammary epithelial cells (HMLEs) into a more aggressive 

mesenchymal-like cells and further differentiate HER2/neu-infected HMLE (HMLEN) cells 

into CD44-high, CD24-low CSCs via mesenchymal transition. This specific population 

which has undergone EMT is now able to form mammosphere, display stem cell features and 

also to form tumours (90). In another recent article, Vesuna et al.  (104) demonstrated the 

functional role of TWIST1 in acquiring stemness features through downregulating CD24 

expression in mammary carcinoma cells. 

With the onset of high throughput technology, another subtype of mammary carcinoma came 

into light, namely metaplastic breast cancers (MBCs), which are characterised as highly 
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aggressive in nature, chemotherapy resistance and further associated with poor clinical 

outcome. Although MBCs are in generally triple-negative in nature and their transcriptional 

profile matches with claudin-low tumours, they express basal epithelial markers. Note that, 

claudin-low tumours are a novel subtype of receptor-negative and highly aggressive breast 

cancer. This specific subtype of cells is more mesenchymal in nature and has higher 

expression of various mesenchymal markers such as VIMENTIN. Both claudin-low subtype 

and MBCs exhibit stemness features and EMT markers (strong TWIST1 and SNAI2 

expression) (97). 

1.3.7 Growth factors in mammary carcinoma 

Growth factors play an important role during mammary carcinoma development and survival. 

Several studies have implicated the pivotal role of steroid hormones in directing tumour 

growth and development (Figure 1.12). Similarly, therapeutic disruption by means of 

endocrine treatments not only provide tumour remission but also give better survival benefits 

to the patient  (107). Development and progression of mammary carcinoma is regulated by 

hormonal factors including endocrine steroids, peptides and some other paracrine molecules 

secreted elsewhere (108). Upregulation of growth factors ( eg. EGF) in mice increased risk of 

mammary carcinoma (108). Aberrant growth factor signalling in mammary carcinoma cells 

by either activation of growth factors or higher expression of growth factor receptors triggers 

ligand-independent signalling cascades, confers growth advantage and liberates tumour cells 

from rigid homeostatic regulation (109). During oncogenic progression, a major imbalance of 

normal growth factor signaling stimulates disruption of cell cycle, cell proliferation and 

survival (110). Several families of growth factors involved in oncogenic progression of 

mammary carcinoma are listed in Table 1.1. 

The ER can activate growth factor signaling pathways through its non-genomic activity 

(independent of nuclear transcriptional activity). Consequently, the cytoplasmic kinases such 
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as extracellular signal regulated kinase 1/2 (ERK1/2), Protein Kinase B (PKB) in growth 

factor signaling pathways can in turn phosphorylate the ER, and then directly enhance ER 

nuclear transcriptional activity (111). Therefore, growth factor signaling drives tumour cell 

growth in response to estrogen. Without estrogen or with an anti-estrogen agent, tumour cells 

may take advantage of these signaling pathways as a compensatory mechanism to obtain 

survival advantage and acquire anti-estrogen drug resistance. In addition, estrogens have been 

found to down-regulate activities of certain growth factor signaling pathways, for example 

EGFR and HER2 (112) while EGFR and HER2 reduced ER expression in cultured cells 

(113). Thus, increased activity of these growth factor signaling pathways could reduce the 

sensitivity to anti-estrogen treatment and consequently generate an acquired resistance 

phenotype.  

  

 

 

 

 

 

    

 

Figure 1.12: Growth factor mediated signal transduction in a carcinoma cell. 

Several growth factors like EGFR, IGF-1, HER2 upon binding with its receptor initiate and 

amplified downstream signalling pathways like RAS, PI3K/AKT and mammalian target of 

rapamycin (mTOR), which impact on cell growth, survival, metastatic spreading etc. These 

pathways could be regulated by hypoxia inducible factor (HIF). Modified image from Herbst 

et al (114). 
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1.3.7.1 Targeting growth factor signalling in mammary carcinoma  

Great advances have been made in the development of monoclonal antibodies and protein 

kinase inhibitor-based targeted therapies for breast cancer patients (Table 1.2). These two 

types of therapeutic agents differ in several aspects including pharmacological properties, 

specificity, adverse effects and cost, but the common advantages are the high specificity, low 

toxicity, no overlap in toxicities with classical chemotherapeutic drugs which cause direct 

DNA damage. Strategies, like coupling bacterial toxins to growth factors or antibodies 

directed toward growth factor receptors or tumour antigens, seems to be a real possibility 

(108). Based upon clinical trial results, FDA has already approved the anti-HER2 monoclonal 

antibody, trastuzumab and EGFR/HER2 tyrosine kinase receptor inhibitor, lapatinib for 

treatment of HER2-positive mammary carcinoma (115). In addition, the anti-VEGF 

monoclonal antibody, bevacizumab has been approved for use in combination with taxanes 

for treatment of metastatic mammary carcinoma (116). Another important point is the 

induction of programmed cell death (apoptosis) by combining chemical agents and drugs.  

However, the flexible growth stimulatory pathways and the plasticity of mammary carcinoma 

cells adapting to the hostile tumour microenvironment leads to rapid development of 

resistance to targeted therapeutic agents, significantly limiting their clinical efficacy (117). 

Hence, the development of an anti-cancer drug with therapeutic potential has always been 

risky, as often the drug would not reach the clinical trial level. Generally, limited 

understanding of the complexity of the disease processes including therapeutic resistance 

mechanisms undermine the potential of the drug. Targeting multiple signalling pathways in 

combination with therapeutic approaches is being evaluated in preclinical studies in an 

attempt to improve the clinical efficacy of targeted therapies in mammary carcinoma in 

future. 
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Table 1.1  Growth factors and growth factor receptors in mammary carcinoma (118, 119). 

 

Family Growth factor Receptors Features of growth factor 

EGF family 

 

EGF/TGF-a/Amphiregulin 

No ligand identified 

No ligand identified 

Epigen/Heparin-binding-EGF/ 

Betacellulin/Epiregulin 

EGFR (HER1/ErbB1) 

EGFR2 (HER2/ErbB2) 

EGFR 3(HER3/ErbB3) 

EGFR4 (HER4/ErbB4) 

 

Mature peptides derived from proteolytic cleavage of 

transmembrane presursors 

IGF family 
IGF-1 

IGF-2 

IGF-1R 

IGF-2R 

Mature peptide consist of B and A domains linked by 

a C and D domain 

FGF family FGFs (20 isoforms) FGFRs (4 isoforms) 
Small secreted polypeptides that required heparin 

sulfate for activation 

TGFβ family 
TGFβ1-5 

BMP 

Complex of one of 7 type I and one of 5 type 

II receptors with Ser/Thr kinase activity 

Biologically active as dimmer, synthesized as an 

inactive form that is cleaved and secreted 

HGF family HGF c-Met Glycosylated heterodimer 

VEGF family VEGF-A (5 isoforms) VEGFR1/VEGFR2 
N-terminal binds to receptors, C-terminal binds to 

heparin-sulfate of ECM 

PDGF family PDGF-A/B/C/D 
Homo-or heterodimers of transmembrane 

tyrosine kinase PDGFα andPDGFβ 

Secreted disulfide-linked homodimers; 

PDGFα and PDGFβ also form heterodimers 

Neurotrophins NGF TrkA, p75
NTR

 
Secreted as mature noncovalently linked 

homodimeric proteins 

Abbreviations: EGF, epidermal growth factor; IGF, insulin-like growth factor; FGF, fibroblast growth factor; TGFβ, transforming growth factor 

b; HGF, hepatocyte growth factor; NGF, nerve growth factor; VEGFR: vascular endothelial growth factor; PDGFR: platelet derived growth 

factor receptor; Ser/Thr, Serine/Threonine. 
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Table 1.2 Molecular therapy targeting growth factors /growth factor receptors in mammary carcinoma treatment (120).  

Targets Agents Properties 

EGFR2 (HER2, ErbB2) 
Trastuzumab (Herceptin) Monoclonal antibody, block EGFR2 

Pertuzumab Monoclonal antibody, block EGFR2 

EGFR 

Gefitinib (Iressa) Small molecule, TK inhibitor of EGFR 

Erlotinib (Tarceva) Small molecule, TK inhibitor of EGFR 

Canertinib Small molecule, TK inhibitor of EGFR 

Cetuximab Monoclonal antibody, block EGFR 

EGFR and EGFR2 
Lapatinib Small molecule, Reversible inhibition of GFR and EGFR2 

HKI-272 Small molecule, irreversible inhibition of GFR and EGFR2 

VEGF Bevacizumab Monoclonal antibody block VEGF 

VEGFR and PDGFR 

Sorafenib (BAY 43-9006) 
Small molecule multitargeted TK inhibitor, inhibition of VEGFR-2, VEGFR-3 and 

PDGFR-β 

Suntinib (SU 11248) Small molecule multitargeted TK inhibitor, inhibition of VEGFR and PDGFR 

Pazopanib 
Small molecule multitargeted TK inhibitor, inhibition of VEGFR-1, VEGFR-2, VEGFR-3 

and PDGFR 

Abbreviations: TK: tyrosine kinase; EGFR: epidermal growth factor receptor; VEGF: vascular endothelial growth factor; VEGFR: vascular 

endothelial growth factor; PDGFR: platelet derived growth factor receptor
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1.4 Overview of the glial cell derived neurotrophic factor (GDNF) family 

1.4.1   The GDNF family of ligands and receptors 

Glial-cell-line-derived neurotrophic factor (GDNF) belongs to the TGF-β super family and is 

an important member of the GDNF family ligands (GFL). This family consists of four 

members: GDNF, neurturin (NRTN), artemin (ARTN) and persephin (PSPN) (121). The 

GDNF was originally isolated from a supernatant derived from a rat glioma cell line, and was 

subsequently found to exert profound trophic effects on neuronal tissues (122). Neurotrophic 

activity of GDNF was further characterized in spinal motor neurons and central noradrenergic 

neurons, and that charactization expanded to subpopulations of peripheral neurons including 

sympathetic, parasympathetic, enteric and sensory neurons (123, 124). The essential role of 

GDNF in the nervous system was confirmed by gene targeting experiments.  The GDNF 

provides a survival effect of dopamine-containing neurons, which has made it an attractive 

therapeutic target for the treatment of Parkinson‟s disease (121). In animal models of 

Parkinson‟s disease, GDNF not only rescues dopamine neurons from sudden death but also 

stimulates functional recovery  (125, 126). Outside the nervous system, GDNF regulates 

uretic bud branching and renal morphogenesis during the early development of kidney. In 

addition, GDNF also participates in spermatogenesis (127). 

The second family member, NRTN was purified from the conditioned medium of Chinese 

hamster ovary (CHO) cells (128). In vitro studies suggested NRTN stimulates proliferation 

and differentiation of dopaminergic neurons, alongside subsets of peripheral neurons, mainly 

parasympathetic neurons (129, 130). Lack of parasympathetic innervations in the lacrimal 

gland accounts for ptosis phenotype in Nrtn-/- mice, suggesting NRTN influences the 

development of the parasympathetic nervous system (131). In addition, a recent report 

described the expression of NRTN in the sympathetic superior survival ganglion (SCG) 

neurons and also demonstrated NRTN promoted migration of hepatoblasts in endoderm along 



  

35 

 

the blood vessel in the early embryonic liver (132). Also, NRTN has been found to regulate 

DNA synthesis of spermatogonia (133).  

The ARTN gene was discovered by database homology searching in 1998 (134, 135). The 

neurotrophic action of ARTN is mainly observed in the sympathetic and sensory nervous 

system, which will be discussed in detail below. Mice lacking artemin exhibited a similar 

ptosis phenotype to NRTN deficient mice (136). However, the underlying reason is actually 

due to a defect in sympathetic innervation, suggesting a specific function of growth factor 

ligand (GFL) in distinct neuron subtypes. 

The PSPN gene was cloned using degenerate PCR in 1998 (137). Unlike other members of 

GFLs, the trophic action of PSPN was predominately discovered in central neurons in culture 

(138, 139). Pspn-/- mice developed hypersensitive cerebral ischemia but otherwise 

demonstrated normal growth and behaviors (140). Another study demonstrated that 

transfection of the PSPN gene into neuron stem cells effectively reduced the hypoxia-induced 

apoptosis, supporting the neuro-protective effect of PSPN. In addition, PSPN may regulate 

calcitonin production in thyroid cells (141). Recent research has also demonstrated that PSPN 

could be a potential therapeutic target for the treatment of cardiac infarction (121). 

The stimulatory effect by all four GFLs is dependent on a multi-component receptor complex 

composed of a GDNF family receptor α (GFRα) for ligand binding, and a transmembrane 

receptor tyrosine kinase Rearranged During Transfection (RET) for signal transduction 

(Figure 1.13). Although RET is widely expressed in most developing and adult mammalian 

tissues, any abnormalities in this receptor results in a disease condition specific to the enteric 

nervous system and kidneys (142). RET has an intracellular kinase domain and an 

extracellular domain, which comprises of four cadherin-like domains and a cysteine rich 

domain (143). Three RET isoforms, RET51 (1114aa), RET 43 (1108aa) and RET9 (1072aa) 

exist, which differ by 51, 43 and 9 amino acids in their unique C-terminal tails, respectively 
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(144). Unlike other receptor tyrosine kinase (RTK), RET  binds with GFRα-GFL receptor 

complex to form a  ligand-receptor complex (145).  

The co-receptor complex specifically determines the GFL signalling. In principle, GDNF 

binds preferentially to GFRα1, whereas NRTN to GFRα2, ARTN to GFRα3 and PSPN to 

GFRα4 (146-148). But these binding affinities are not restricted as  low affinity pairings 

identified in vitro include NRTN, ARTN and PSPN with GFRα1, GDNF with GFRα2 and 

GFRα3 (122, 147, 149). However, the physiological significance of these interactions 

remains unclear. The GFRα receptors are bound to the cell membrane by a glycosyl 

phosphatidylinositol (GPI) anchor and play a critical role in signal transduction (150). 
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Figure 1.13   Mechanism of GFL-GFRα-RET complex formation 

To initiate RET signalling pathway, biologically active GFLs form homodimers and bind 

with the specific GFRα and these GFRα-GFL complex binds with RET receptor kinase. 

GDNF preferentially binds to GFRα1, NRTN to GFRα2, ARTN to GFRα3 and PSPN to 

GFRα4. Alternatively GDNF can also activate RET through GFRα2 or GFRα3 or ARTN 

through GFRα1 or GFRα3. GFRα1–3 consists of three homologous cysteine-rich domains 

(D1, D2 and D3). Whereas, for GFRα4, it only contains two domains. Each of the GFRα 
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subunits are attached to the plasma membrane through a glycosylphosphatidylinositol (GPI) 

anchor. RET extracellular domain is composed of four cadherin-like domains (CLD1) and a 

cysteine-rich domain (CDR). The intracellular domain of RET is an inactive tyrosine kinase, 

which is connected to the rest of the molecule through a transmembrane domain (TK). Upon 

binding with GFL-GFRα complex with RET receptor trigger conformational changes in the 

RET receptor and intracellular kinase domain get activated to initiate and amplify the 

signalling further downstream. Reproduced with permission from Baloh et al (121). 

 

 

1.4.2   The GFL signalling  

At first, GFLs form a high affinity homodimer complex with GFRα proteins. This complex 

then recruits RET dimer to initiate transphosphorylation of their intracellular kinase domain 

and subsequent signal transduction pathways (121). However, this offers a unique 

opportunity to develop small molecule drugs that will directly bind with the GFRα receptors 

by replacing GFL-GFRα complex and thereby activating RET (142). RET promotes 

numerous intracellular signaling pathways regulating cell growth, development, chemotaxis 

and branching morphogenesis. Overall, out of twelve tyrosine phosphorylation sites 

identified, five (Y905, Y981, Y1015, Y1062 and Y1096) are critical for RET signalling (144, 

151). These phosphorylated tyrosine residues act as the docking sites for adaptor or effector 

proteins, which subsequently trigger multiple signalling pathways downstream, including 

Ras/extracellular signal-regulated kinase (ERK), PI3K/AKT, c-jun N-terminal kinase (JNK), 

and phospholipase C γ (PLCγ),  responsible for cell proliferation, survival, differentiation and 

motility (Figure 1.14). Specific tyrosine residues are phosphorylated upon GFL binding with 

RET (Tyr687, Tyr826 and Tyr 1029), but the involvement of each specific GFL during signal 

transduction is still not clear. GFRα receptors are GPI-anchored proteins and thought to be 

located in specialised lipid membrane rafts at the cell surface. These lipid rafts are 

physiologically important because they serve as an important signalling channel in the cell 

membrane. Upon GFLs binding, GFRα recruits RET into the lipid raft. Activated RET binds 

with different domain of GFRα, within and outside of the lipid raft, which suggests that 
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differential signalling through RET within or outside the lipid raft could trigger different 

cellular responses (133). Furthermore, RET signalling also depends on heparin sulphate 

glycosaminoglycans in addition to the GFLs and GFRα receptors (133). Mice lacking heparin 

sulphate 2-sulfotransferase lose GDNF and RET expression in the kidneys. After ligand 

induced activation, RET associates with ubiquitine ligase Cb1, and becomes ubiquitinated, 

internalised and degraded (142). 
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Figure 1.14 RET-mediated signalling pathways. 

Upon activation, RET receptor tyrosine kinase phosphorylates precise tyrosine residues in the 

various intracellular tyrosine kinase docking sites (yellow). These phosphorylation sites acts 

as docking sites for different adaptor proteins (pink). Binding of adaptor proteins turn on 

multiple signalling pathways downstream, including RAS/ERK, PI3K/AKT, JNK, and 

p38MAPK pathways, which affect cell proliferation to differentiation. In addition to tyrosine 

residues, serine residue S696 can be phosphorylated by PKA (blue). Abbreviations: 

DOK1/4/5/6, down-stream of kinase 1/4/5/6; ERK, extracellular signal-regulated kinase; 

FRS2, fibroblast growth factor receptor substrate 2; GAB1/2, GRB2-associated binding 

protein 1/2; GRB2/7/10, growth factor receptor-bound protein 2/7/10; IRS1/2, insulin 
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receptor substrate 1/2; JNK, c-jun N-terminal kinase; PI3K, phosphotidylinositol-3-kinase; 

PKA, protein kinase A; PKCα, protein kinase C α; PLCγ, phospholipase C γ; SHC, SRC-

homology collagen; SOS, son of sevenless; STAT3, signal transducer and activator of 

transduction 3. This figure was modified from Murakumo et al (151). 

 

Interestingly, widespread expression of GFRα protein does not always correlate with RET 

expression (133). Furthermore, in RET deficient cell lines and primary neurons GFL triggers 

downstream kinase activities like MAPK/Src kinase (133). Moreover, in RET deficient but 

GFRα1 positive cell line GDNF can trigger MET phosphorylation. Cumulative evidence 

suggests that GDNF could have a role in MET activation via heparin sulphate proteoglycans 

and mediated through neural cell adhesion molecule (NCAM) (152). Although GDNF can 

directly bind to NCAM, association of GFRα1 with GDNF increases the chance of high-

affinity binding with NCAM, which results in activation of downstream signalling pathways 

including the SRC family kinase Fyn and focal adhesion kinase (FAK) (152). Once combined 

with GFRα1-NCAM complex, GDNF could  be involved in cellular migration and neuronal 

growth in cortical neurons (152, 153) and dopamine neurons (154). Whereas, in the absence 

of GDNF, GFRα1 can also bind with NCAM and modulate NCAM mediated cell adhesion. 

This suggests an independent role for GFRα1-NCAM and GDNF-GFRα-NCAM signalling 

(155) (Figure 1.15). In addition, GDNF could mediate another RET-independent signal 

through binding with syndecan-3, a transmembrane heparan sulphate (HS) proteoglycan, 

which further activates Src kinase in the downstream signalling pathway (156). GDNF, 

NRTN, and ARTN upon binding with syndecan-3 can substitute their conventional receptors 

GFRα–RET or GFRα1–NCAM. This further opens a regulatory step as syndecan-3 could 

stimulate the RET activation by binding and/or releasing GFLs (156) (Figure 1.15).  
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                               (a) 

(b)  

  

Figures 1.15 RET independent GDNF signalling. 

 (a) RET independently activates  GDNF signalling.  In the absence of GDNF, NCAM binds 

to GFRα1 to mediate cellular interactions. NCAM can also act as an alternative receptor for 

GDNF. The GDNF-GFRα1 complex binds to NCAM, which activates Fyn-FAK and 

downstream signalling pathways. In the absence of GDNF, GFRα1 can disrupt NCAM-

mediated inter-cellular binding, which inhibits cell adhesion. GDNF can also activate MET 

tyrosine kinase via SRC. (b) Matrix bound GDNF upon binding with the syndecan-3 through 

heparin sulphate (HS) chains may directly influence the downstream signalling network. 

Also, syndecan-3 is capable of directly modulating RET (or NCAM) signaling. 

Abbreviations: FAK, focal adhesion kinase; FRS2, fibroblast growth factor receptor 
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substrate 2; NCAM, neural cell adhesion molecule; SHC, SRC-homologous and collagen-like 

protein. Modified from Wang et al(157).  
 

1.5 ARTEMIN (ARTN)-a neurotrophic factor 

1.5.1 ARTN gene and protein 

The human artemin gene is localized on chromosome 1, region p32-33, flanked by markers 

D1S190-ARTN-D1S211 (telomeric to centromeric). It comprises five exons over a span of 3.9 

kb (Figure 1.16). Two mature peptides, each containing 113 amino acids, form a bioactive 

homodimer via a disulfide linkage (157). The translation initiation site of ARTN is located 

within exon 3. Five alternatively spliced transcripts have been described (transcript variant 1-

5, GenBank Accession: NM_003976, NM_05709, NM_057160, NM_057090, and 

NM_001136215, respectively). 

 

Figure 1.16 Schematic presentations of ARTN transcript variants.  

The positions of the translation start and stop codons and also the start of mature ARTN 

coding sequencing are indicated. The yellow regions correspond to ARTN signal peptide 

coding sequence. The green regions correspond to ARTN pro-domain coding sequence. The 

blue regions correspond to ARTN mature peptide coding sequence. 

 

Alignment of mature ARTN protein with other GDNF proteins indicated that ARTN is 45% 

similar to NRTN and PSPN and 36% similarity to GDNF. ARTN is a typical secreted 

protein, but is synthesized in an inactive form. The nascent protein contains an N-terminal 

signalling peptide for secretion, a central pro-domain and C-terminal mature domain (figure 
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1.17a). Transcript variant 1 and 2 encode ARTN isoform 1, transcript variant 3 encodes 

ARTN isoform 2, while transcript variant 4 and 5 encode ARTN isoform 3. These three 

isoforms differ in the amino acid sequence of the signal peptide. All three isoforms yield a 

single mature peptide containing 113 amino acids after cleavage of the pro-domain at a furin-

like cleavage site (RAAR) (Figure 1.17b) (158).  

(a) 

 

(b) 

 Isoform 1  ME--LGLGGLSTLSHCP---------WPRQ--------QPALWPTLAALALLSSVA 37 
Isoform 2  MPGLISARGQPLLEVLPPQAHLGALFLPEAPLG--LSAQPALWPTLAALALLSSVA 54 

Isoform 3  ME--LGLGGLSTLSHCP---------WPRQQAPLGLSAQPALWPTLAALALLSSVA 45   

 

Isoform 1  EASLGSAPRSPAPREGPPPVLASPAGHLPGGRTARWCSGRARRPPPQPSRPAPPPP 93 

Isoform 2  EASLGSAPRSPAPREGPPPVLASPAGHLPGGRTARWCSGRARRPPPQPSRPAPPPP 110 

Isoform 3  EASLGSAPRSPAPREGPPPVLASPAGHLPGGRTARWCSGRARRPPPQPSRPAPPPP 101 

 

Isoform 1  APPSALPRGGRAARAGGPGSRARAAGARGCRLRSQLVPVRALGLGHRSDELVRFRF 149 

Isoform 2  APPSALPRGGRAARAGGPGSRARAAGARGCRLRSQLVPVRALGLGHRSDELVRFRF 166 

Isoform 3  APPSALPRGGRAARAGGPGSRARAAGARGCRLRSQLVPVRALGLGHRSDELVRFRF 157 

                                                                

Isoform 1  CSGSCRRARSPHDLSLASLLGAGALRPPPGSRPVSQPCCRPTRYEAVSFMDVNSTW 205 

Isoform 2  CSGSCRRARSPHDLSLASLLGAGALRPPPGSRPVSQPCCRPTRYEAVSFMDVNSTW 222 

Isoform 3  CSGSCRRARSPHDLSLASLLGAGALRPPPGSRPVSQPCCRPTRYEAVSFMDVNSTW 213 

                                                               * 

Isoform 1  RTVDRLSATACGCLG  220 

Isoform 2  RTVDRLSATACGCLG  237 

Isoform 3  RTVDRLSATACGCLG  228 

 

Figure 1.17 Human ARTN protein processing and isoforms. 
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(a) Schematic representation of ARTN protein processing. (b) Amino acid sequence 

alignments of human ARTN isoforms. The ARTN precursor contains one signal peptide 

(yellow), one pro-domain (green) and one mature domain (blue). Three ARTN isoforms 

differ in the amino acid sequence of the signal peptide. All three isoforms yield a single 

mature peptide containing 113 amino acids after pro-peptide processing (according to 

Uniprot http://www.uniprot.org/uniprot via accession number Q5T4W7). The putative RXXR 

furin-like cleavage sites are indicated in bold and underlined. The potential N-linked 

glycosylation is indicated (*). The seven conserved cysteine residues characteristic for TGFβ 

family members are indicated in bold and red. 

1.5.2 Overall Structure of the ARTN-GFRα3 Complex 

In order to begin signal transduction pathway, GFL member ARTN specifically binds to 

GFRα3. Crystal structure analysis of ARTN–GFRα3 complex reveals that ARTN homodimer 

associates with two GFRα3 D2D3 molecules (157, 159). The monomeric ARTN is composed 

of two β-sheet fingers containing two antiparallel β-strands each, and one α-helical heel 

region, linked by one cysteine-knot core motif. Two GFRα3 molecules bind to the distal end 

of each monomer of ARTN homodimer in such a way that the whole complex spans around 

~130 A°  parallel to the plasma membrane (157). The two ARTN monomers interact with 

each other in an opposite direction and link through an interchain disulfide bond. Each ARTN 

monomer is made up of two b sheet fingers, a cystine-knot core motif, and a-helical heel 

region.  The finger 1 sheet is made up of two long antiparallel b strands, whereas the finger 2 

has segments in the middle, which ultimately results in five relatively short b strands in the b 

sheet. Inside, within the dimer, one monomer of ARTN is arranged so it is perpendicular to 

the other monomer b strand. There is a minimal conformational changes between ARTN 

homodimer and ARTN homodimer bound to GFRα3, which is further evidenced by the rmsd 

of ~1 A° for Ca superimposition in both monomer and dimer levels. There are approximately 

20° structural differences in the angle between ARTN finger region and GDNF heel region, 

resulting in poor superimposition of monomer (~7 A° rmsd) and variable homodimer 

orientations. Both the protruding end of fingers 1 and 2 of ARTN get into the groove of D2 

domain of GFRα3 whereas the D3 domain stabilizes the D2 domain. The major interaction 

http://www.uniprot.org/uniprot
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points between ARTN and GFRα3 contain a hydrophobic core surrounded by a large 

hydrophilic zone to maintain the thermodynamic stability. Hence ARTN-GFRα3 binding is 

enthalpy driven. Overall, the majority of interaction points between ARTN and GFRα3 are 

complemented by an opposite charge. One of these, the salt bridges between residue Glu143 

from ARTN and residues Arg179 and Arg230 in GFRα3, are uniformly, conserved in all 

GFRα receptors. 

Binding of GFLs with the GFRα could either increase the effective concentration of GFL to 

make it more accessible to RET signalling through a noncomposite RET binding surface on 

GFL, or the GFRα-GFL complex will modulate the conformational changes of the 

noncomposite RET binding surface on GFRα. In similar fashion, GFRα1-RET interaction 

also happens to a region of GFRα1 that is analogous to GFRα3 D2D3 module. From the 

experimental evidence, we can conclude that due to the common interactions between all the 

GFRα with RET, the RET binding surface on GFRα may be specifically conserved (Figure 

1.18). 
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Figure 1.18:  Schematic representation of interaction between ARTN-GFRα3 complexes   

The interaction between ARTN and GFRα3 are thermodynamically stable, as mostly the 

interface between ARTN and GFRα3 are filled with opposite charge, which makes this 

association enthalpy driven and is also a characteristic for polar and charged interactions. 19 

residues from D2 domain of GFRα3 interact with 16 residues of ARTN, whereas the D3 

domain is just thought to help stabilize the D2 interaction. Figure A-C demonstrated views 

from different cones. Reprinted with permission from Baloh et al (157). 
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1.5.3 Expression patterns of ARTN and its GFRα3-RET receptor complex 

Expression studies of ARTN and its receptor complex GFRα3 and RET in the nervous 

system suggested that each element has a specific spatial and temporal expression pattern in 

the embryo and adult tissues. Analysis of ARTN mRNA expression across different adult and 

fetal tissues by tissue microarray demonstrated that ARTN was widely expressed at a low 

level in various peripheral adult tissues with the highest expression in the pituitary gland, 

trachea and placenta (160). Furthermore, weak ARTN mRNA expression level was also found 

in human fetal and adult brain in tissue array. In the same study, human fetal kidney and 

lungs exhibited highest mRNA expression of ARTN. Interestingly, an in-situ-hybridization 

study on day 14 rats revealed that ARTN was also expressed by immature Schwann cells and 

regulated the process of regenerating peripheral neurons (160).  

Direct binding data and receptor activation in vitro experiments demonstrated that ARTN is 

the sole GDNF family ligand for GFRα3-RET receptor complex. GFRα3 expression was 

observed mainly in a population of neurons distinct from those of GFRα1 and GFRα2 

expressing cells in rats.  GFRα3 expression was also observed in the entire sympathetic 

system and some sensory neurons in embryonic mice (136). These data support the theory 

that ARTN may be a critical factor for neuronal early development in the sympathetic 

system. The expression level of GFRα3 in sympathetic neurons was dramatically reduced 

after birth (136). In adult mice, GFRα3 protein is mainly expressed in a subpopulation of 

dorsal root ganglia (DRG) neurons (161, 162).  

RET expression has been widely observed in various adult and early developing mammalian 

tissues but any abnormality in this receptor results in disease condition more specific to 

enteric nervous system , kidneys and  in multiple endocrine neoplasia type 2A (MEN 2A) 

(142). As a signal transducer, RET expression is inevitable for the proper growth and 

development of the enteric nervous system and also to sympathetic, parasympathetic, motor 



  

47 

 

and sensory neurons (142). In addition, high expression levels of RET was also detected in 

the developing kidney (163). This wide distribution of RET  is in agreement with a mulit-

functional role of RET as the common tyrosine kinase receptor for all GFLs. 

1.5.4 ARTN mediated signalling in the nervous system 

Several reports have illustrated the role of ARTN and its associated signalling complex 

mediated by GFRα3-RET in the growth and development of the sympathetic and sensory 

nervous systems. In vitro, ARTN stimulates the proliferation of sympathetic neurons (164), 

supports the survival of sensory and sympathetic neurons (158), and promotes neurite 

outgrowth and branching of sensory and sympathetic neurons (165-168). It induces 

sympathetic neuroblast migration and axonal projection in embryonic animal models (165). It 

also has a neuroprotective effect on peripheral nerves (158, 169, 170) and modulates thermal 

sensitivity in the skin (171).  

Accumulating evidence supports a major function for ARTN as a guidance molecule for 

developing sympathetic neurons. Expression pattern of ARTN suggests its specific 

involvement in peripheral neurons (160). Also ARTN supports the migration of neuron 

precursor cells and axon projection as evidenced by its expression in early and adult 

sympathetic nervous system (160). Mice deficient in ARTN (136, 164) or GFRα3 receptor 

(172) exhibited profound defect in the central nervous system as evidenced by the superior 

cervical ganglion (SCG) being either missing or of small size; a result of aberrant migration 

of sympathetic precursors and improper sympathetic innervation. To define the role of ARTN 

in the development of the sympathetic system, Honma et al. (136) demonstrated the pattern 

of ARTN expression and its specific receptor GFRα3 in embryonic mice. They found a 

unique expression pattern for ARTN surrounding the blood vessels along the routes of 

sympathetic neuroblast migration and sympathetic innervations. The cellular source of ARTN 

was identified as the smooth muscle cells of the blood vessels (136) . In addition, ARTN 
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receptor GFRα3 expression was also detected in the developing sympathetic system (136). In 

the same study, it was further demonstrated that an ectopic source of ARTN induced the 

migration of sympathetic neuroblasts and axon projection in mouse embryos, which strongly 

supported the assertion that ARTN acts as a guidance molecule for sympathetic neurons.  The 

smooth muscle cells of arteries have also been found to express less ARTN, GFRα3 and RET 

expression in sympathetic ganglia of both neonatal and adult rats (165). The effect of ARTN 

stimulating the SCG neurite outgrowth could be partially antagonized by an antibody 

targeting ARTN, further confirming the chemoattractive property of ARTN in the 

development of the sympathetic system. Additionally, ARTN also promotes neurite 

outgrowth of sensory neurons. Direct exposure to ARTN increased neurite length and 

branching of matured dorsal root ganglion (DRG) neurons in vitro (167). 285 genes were 

found to be differently regulated after ARTN treatment for 3 hours in cultured DRG neurons, 

some of them are cytoskeletal and adhesion-related genes (167).    

In summary, the role of ARTN is well established during the development of the sympathetic 

nervous system. ARTN increases the proliferation of the neuroblast and is actively involved 

in early neurogenesis. Upon terminal mitosis, for a brief period ARTN also provides survival 

factors for the maintenance of the newly differentiated sympathetic neurons.  Further, in later 

developmental process, ARTN activity surpasses NGF activity during neurite outgrowth.  

1.5.5 ARTN as an oncogenic factor 

Although ARTN is regarded as a neurotrophic factor, recent studies have demonstrated 

ARTN could have the potential to become an oncogene, as ARTN signals through the 

GFRα3-RET receptor complex. Interstingly, RET has been recognized as a proto-oncogene 

since 1985 (173). A previous report also correlated RET activation with clinical  properties or 

with in vitro biochemical and functional studies (174). Germline mutations of RET associated 

with human cancers have been extensively studied (144, 151, 175). The RET proto oncogene 
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has been considered as a causative link to multiple endocrine neoplasia type 2A (MEN2A) 

and 2B (MEN2B) and familial medullary thyroid carcinoma (FMTC), varying on the organs. 

Increased activation of RET has been linked with radiation exposure in papillary thyroid 

carcinoma (PTC) (174). Higher RET expression has also been correlated with increased 

metastasis in PTC (174). Besides that, increased RET activity induces other oncogenic 

signalling pathways including, RAS, PI3K, MAPK and JNK (174). Other than PTC, higher 

RET expression has also been observed in several other carcinomas including prostate (176), 

pancreas (177) and mammary (178).  

Next, Ceyhan et al  demonstrated that ARTN significantly increased the invasive properties 

of pancreatic cancer cell lines , thus indicating ARTN may have a role in cancer progression 

(35). Furthermore, they also demonstrated that ARTN, its receptor GFRα3 and RET are 

highly expressed in several pancreatic carcinoma cell lines. In another report, Meng et al 

(179) demonstrated that ARTN uses the MMP2 molecule to promote pancreatic cancer cell 

motility and invasiveness (179). These results suggested ARTN may enhance the invasive 

potential of pancreatic cancer cells, and promote the progression of pancreatic cancer in a 

potential autocrine and/or paracrine fashion. 

Another recent report demonstrated that ARTN mediates increased migration and invasion in 

human esophageal carcinoma (180). Herein, it has been shown that ARTN is a direct target of 

miR-223. Involvement of ARTN in several other cancers has also been studied.  Tang et al 

(36) have demonstrated that ARTN increased migration and invasion of non-small cell lung 

carcinoma (NSCLC). ARTN also increased the BCL-2 expression and inhibition of BCL-2 

abrogates ARTN mediated oncogenic potential in NSCLC cells. ARTN expression was found 

in lymph node metastasis in NSCLC. In another report, Pandey et al (34) demonstrated the 

oncogenic potential of ARTN in endometrial carcinoma. Higher ARTN protein expression 
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was significantly correlated with increased invasiveness in endometrial cancer. Forced 

expression of ARTN significantly increased cell proliferation and survival in endometrial 

carcinoma cells. AKT1 was demonstrated to be a direct target for ARTN mediated oncogenic 

activities in endometrial carcinoma. 

In addition to ARTN, other member of the GFL family, GDNF has been linked to cancer.  

 GDNF increases proliferation and survival of neuroblastoma and glioma cells (181, 

182),  

   mediates adhesion and invasion of extra cellular matrix (ECM) proteins (183) in 

colorectal cells.  

  upregulates NUMB, a regulator of the Notch pathway in germ-line stem cells (184).  

 binds to a multi-subunit receptor system comprised of GFRα-1 and RET subunits, 

which function as receptor and signalling components, respectively (185) and 

promotes  invasion,  metastasis and  CSC-like population in mammary carcinoma 

(186).  

ARTN, another member of the GFL family, also crossreacts with the GFRα1 and RET 

receptor pathways (185). Similar to GDNF activities  (187), ARTN activities are partially 

dependent on PI3K pathways in mammary carcinoma (34, 188). 

1.5.6 ARTN is oncogenic for mammary carcinoma 

 The information about ARTN expression and biological functions in the mammary 

gland is very limited. There is one report that described weak expression of RET and 

GFRα3 in the epithelial cells in the ductal area of breast tissue, which implies that 

ARTN has limited signalling function in the human adult mammary gland (189). 

Kang et al  (33) has shown previously the oncogenic potential of ARTN in human 

mammary carcinoma cells. High expression of ARTN was observed in a cohort of 
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mammary carcinoma patients and predicted poor disease survival. Endogenously, 

ARTN is widely expressed at detectable level in many cancer cell lines. Forced 

expression of ARTN:  

 Induces oncogenicity of MCF7, T47D and BT549 mammary carcinoma cell lines.  

  Induces cell survival in serum deprived condition.  

 Inhibits apoptosis by over expressing BCL-2 gene expression.   

 Promotes anchorage independent growth enhanced cell migration as well as invasion 

properties in vitro.  

 Promotes MCF-7 tumour xenograft growth in vivo (33).  

In addition, a recent study has found that ARTN is an estrogen-regulated gene and it has been 

demonstrated that ARTN reduces the efficacy of antiestrogens in ER+MC (190). 

Furthermore, ARTN expression is correlated with decreased survival of patients with 

ER+MC treated with tamoxifen. Importantly, depletion or inhibition of ARTN partially 

restores tamoxifen sensitivity in tamoxifen resistant mammary carcinoma cells in vitro (190). 

As an essential developmental signal, ARTN is also speculated to have a functional role 

outside the nervous system and participate in breast cancer progression. Considering the 

restricted expression of ARTN in normal human tissues, ARTN targeted therapy may have 

the advantages of high specificity and low toxicity. Increasing evidence indicates that ARTN 

has the potential to become an oncogene, but  the ARTN mediated oncogenic mechanism has 

not yet been well researched.  

1.5.7 Aims of the research 

Evidence from previous studies has shown that ARTN is an estrogen regulated gene and 

mediates oncogenic potential in both ER+ and ER- mammary carcinoma. Oncogenic 

progression often leads to a deficit in ER expression, which is a plausible reason for tumour 

cell‟s endocrine resistance and also express mesenchymal proteins which are suppressed by 
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ER expression. ER- mammary carcinoma remains a less favourable prognostic indicator. 

Therefore, the aims of this thesis are to clarify ARTN mechanism of action in ER- mammary 

carcinoma progression and metastasis, and to evaluate the therapeutic potential of targeting 

ARTN for the treatment of breast cancer. 

The specific aims of the research include: 

 To clarify ARTN mechanism of action in ER- mammary carcinoma cell progression 

and metastasis. Several key characteristics of the oncogenic process will be examined 

including cell proliferation, migration and invasion. 

 To investigate the molecular mechanism of metastasis and therapeutic resistance by 

clarifying the role of ARTN in enhancing CSC-like cells in ER- mammary carcinoma 

cells. Several key characteristics of the CSC will be examined including ALDH1 

activity, mammosphere assay and cell proliferation assay under radio- and chemo-

treatment. 

 To define the role of ARTN in tumour angiogenesis progression in ER- mammary 

carcinoma cells. Several key characteristics of the angiogenic process will be 

examined including endothelial cell tube formation, migration and invasion.  

To assess ARTN mechanism of action a cell model system will be used. The in vitro data will 

be further validated in vivo using murine xenograft models. Simultaneously, analysis of 

ARTN expression characteristics in primary human breast tumours will reveal the clinical 

association of ARTN expression with disease and prognosis. 
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Chapter 2 ARTEMIN synergizes with TWIST1 to promotes 

metastasis and poor survival outcomes in patients with ER 

negative mammary carcinoma 

2.1 Introduction 

 
            Progression of mammary carcinoma is a complex process that involves aberrant 

regulation of multiple signalling pathways (191). Determination of estrogen receptor (ER) 

status on invasive carcinoma prior to therapeutic procedures has become standard practice in 

the management of mammary carcinoma. Anti-estrogen therapy has proven to be  successful 

for the treatment of ER-positive mammary carcinoma (ER+MC), which therefore generally 

has a better prognosis (192). Conversely, ER-negative mammary carcinoma (ER-MC) are 

more aggressive and consistently associated with poorer prognosis (192). Furthermore, based 

on molecular profiles, 4 different subtypes of mammary carcinoma (Luminal A, Luminal B, 

HER2-enriched and basal-like) have been identified (193). Another mammary carcinoma 

subtype which has recently been delineated, termed claudin-low, exhibits high expression of 

genes involved in EMT, such as SNAI1 and TWIST1, and cancer stem cell-like features (194, 

195). Compared to the luminal, HER-2 enriched and basal-like subtypes, claudin-low 

tumours exhibit lower expression of ER, PR, HER-2 and GATA3 and higher expression of 

mesenchymal, cell migration and angiogenesis genes (194). Clinicopathological analyses also 

revealed that claudin-low tumours have poorer prognosis and may not be managed effectively 

with existing chemotherapy regimens (194). Identification of novel and targetable molecular 

pathways responsible for propagating the poor prognosis in ER-MC is therefore warranted.  

           ARTEMIN (ARTN) is a member of the GDNF family of ligands (196). ARTN has 

been reported to promote mammary(33, 190), endometrial (34), lung (197) and pancreatic 

(35) carcinoma progression. ARTN is an estrogen-regulated gene and it has been 

demonstrated  that ARTN reduces the efficacy of antiestrogens in ER+MC (190). 
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Furthermore, ARTN expression is correlated with decreased survival of patients with 

ER+MC treated with tamoxifen. Importantly, depletion or inhibition of ARTN partially 

restores tamoxifen sensitivity in tamoxifen resistant mammary carcinoma cells (190). 

          TWIST1 belongs to the family of basic Helix-Loop-Helix (bHLH) transcription factors 

originally found to modulate the expression of various target genes through canonical E-box 

responsive elements (198, 199). Increased expression of TWIST1 is observed in various 

human cancers (195, 200, 201) including ER-negative and claudin-low mammary carcinoma 

(194). Evidence also indicates that TWIST1 contributes to cancer cell dissemination by 

promoting EMT and increasing cellular invasiveness (202, 203). Furthermore, a recent report  

suggests that TWIST1 interact with several components of the Mi2/ nucleosome remodelling 

and deacetylase (Mi2/NuRD) complex including metastasis associated (MTA) protein family 

member 2 (MTA2). MTA2 is a corepressor of ERα and increased MTA2 expression leads to 

estrogen-independent growth of mammary carcinoma cells during mammary carcinoma 

progression and metastasis (204).  

        Progression from estrogen dependence to estrogen independence (anti-estrogen 

resistance) in mammary carcinoma involves the altered expression of one or more estrogen 

regulated gene networks (205, 206). In addition to ARTN stimulation of ER transcriptional 

activity and the expression of estrogen responsive genes, we have previously demonstrated 

that ARTN also promotes estrogen-independent growth of ER+MC cells (190). ARTN may 

therefore possess a functional role in ER-MC. Indeed, in a cohort of patients (207), not only 

was ARTN expression  correlated with worse survival outcome in ER+MC patients (190), it 

also predicted worse survival outcome in ER-MC patients. Such observations prompted us to 

examine the role of ARTN in ER-MC. 
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            We report herein that ARTN stimulates oncogenicity and metastasis of ER-MC cells 

via expression of TWIST1 and that functional interaction between ARTN and TWIST1 

promote a worse survival outcome in ER-MC. 

2.2 Materials and Methods 

2.2.1 Cell culture 

         Cell lines used in this study were obtained from the ATCC (American Type Culture 

Collection) and cultured as recommended. BT549-ARTN and BT549-VEC cells have been 

previously  described (190). MDA-MB-231 cells were stably transfected with pIRESneo3-

ARTN or the empty pIRESneo3 vector plasmids (190) to generate MDA-MB-231–ARTN 

and the control MDA-MB-231-VEC cells respectively. Similarly, MDA-MB-231 and BT549 

cells were stably transfected with pSilencer-siARTN B and pSilencer-CK plasmids (190) to 

obtain MDA-MB-231-siARTN, BT549-siARTN and MDA-MB-231-siCONT, BT549-

siCONT cells, respectively. BT549 and MDA-MB-231 cell pairs were transiently transfected 

with 20nM stealth siRNA TWIST1 or universal negative control (Invitrogen, Carlsbad, CA) 

using Lipofectamine 2000
™

 for 24h and functional assays performed as described below. 

2.2.2 Reagents 

          Tetramethylrhodamine isothiocyanate Phalloidin was purchased from Sigma (St. Louis, 

MO). AKT Inhibitor IV was purchased from Calbiochem (San Diego, CA). 

2.2.3 Quantitative PCR 

          qPCR was performed as described earlier (208-210). In addition SNAI2 primers used 

for qPCR were; forward 5′- TGTTTGCAAGATCTGCGGCAAG-3′ and reverse 5′- 

TGACCTGTCTGCAAATGCTC-3′. SPARC primers used for qPCR were forward 5′- 

AGCACCCCATTGACGGGTA-3′ and reverse: 5′- GGTCACAGGTCTCGAAAAAGC-3′. 

For the in vivo xenograft, the following primers were used: hHPRT forward 5′- 
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TTCCTTGGTCAGGCAGTATAATCC -3′ and reverse 5′- 

AGTCTGGCTTATATCCAACACTTCG-3′ mgapdh forward 5′- 

CTCACTCAAGATTGTCAGCAATG -3′ and reverse 5′- CACATTGGGGGTAGGAACAC 

-3′. 

2.2.4 Immunoblotting and immunofluorescence 

         Western blot analysis was performed as described earlier (Liu and Lobie, 2007) using 

the following antibodies: goat ARTN polyclonal antibody (R&D Systems, Minneapolis, 

MN), mouse β-ACTIN monoclonal antibody (Sigma, St Louis, MO), rabbit TWIST1 

polyclonal antibody (SantaCruz, CA), mouse Akt polyclonal antibody and rabbit p-Akt 

polyclonal antibody (Cell Signaling Technology, Beverly, MA). Immunofluorescent imaging 

was performed as previously described (34) using goat TWIST1 antibody. F-actin was 

visualised and immunofluorescent localisation was performed as previously described (34) 

using goat anti-TWIST1 antibody (SantaCruz, CA). 

2.2.5 Cell function assays 

          Soft agar colony formation assay, 3D cell growth, cell migration and invasion assays 

were performed as previously described (211). For monolayer cell proliferation, 3000 cells 

were seeded into 100 µl media (2% FBS) and every 24h viability was quantified by 

AlamarBlue (Invitrogen, CA) as described previously (190). Colony scattering assays were 

performed as previously described (210). Endothelial cell adhesion assay was performed as 

described previously (212), with minor modifications, as 5µM CFMDA cell tracker green 

(Invitrogen, CA) was used to label cells. Adherent cells were observed and photographed 

under a fluorescence microscope (Olympus, Tokyo, Japan). Fluorescence was measured with 

excitation wavelength at 492nm and emission wavelength at 517nm. The trans-migration 

assay was performed as described previously (213). 
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2.2.6 Metastatic seeding assay 

         All animal work was done in accordance with a protocol approved by the institutional 

animal care and ethics committee. Tumour growth and metastasis assays were performed as 

mentioned earlier (211, 214, 215). For direct tail vein injection, Balb/c nude mice (Shanghai 

Slaccas Co., Shanghai, China) (4-6 weeks old) were used. 1.5 x 10
6 

viable BT549-VEC and 

BT549-ARTN cells (n=7 for each group) were washed and harvested in PBS and 

subsequently injected into the lateral tail vein in a volume of 0.1 ml. 3 x 10
6 

viable MDA-

MB-231-VEC and MDA-MB-231-ARTN cells were injected subcutaneously into the 

mammary fat pad of immunodeficient nude mice (n=6 for each group). After four weeks, 

mice were euthanized and lungs and livers were surgically resected for histology. Tissue 

samples were either fixed in 4% paraformaldehyde-PBS (pH=7.4), embedded in paraffin and 

6 μm-thick sections cut (for histological studies with hematoxylin and eosin) or were frozen 

at -80ºC in RNALater (Ambion, TX, US) for RNA extraction and qPCR analysis. 

2.2.7 Histopathological analysis 

            Tissue samples were collected from 94 ER- negative female mammary carcinoma 

patients attending the First Affiliated Hospital of Anhui Medical University (Hefei, P. R. 

China) presenting between 2001 and 2002. Institutional ethics committee approval for the 

project was obtained before commencement of the study and was in compliance with the 

Helsinki Declaration. Written informed consent was obtained from all patients. 33 out of 94 

patients were HER-2 positive and remaining 61 were HER-2 negative as described previously 

(188) . All 94 patients underwent radical mastectomy.  All patients had no previous diagnosis 

of carcinoma, no distant metastasis at the time of diagnosis, and no evidence of disease 

within one month after primary surgery. All patients received adjuvant chemotherapy (CMF 

regimen: cyclophosphamide, 600 mg/m
2 

iv bolus, d1,8; methotrexate, 40 mg/m
2
 iv bolus, 

d1,8; 5-fluorouracil, 600 mg/m
2
 iv infusion, d1,8; every 4 weeks × 6 cycles). Patients who 
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had undergone chemotherapy or radiation therapy before surgery were excluded from this 

study. 76 out of 94 patients possessed full follow up data ranging from 5 months to 64 

months, with a median time of 60.0 months and a mean time of 44.7 months. 

Immunohistochemical analysis of paraffin-embedded specimens was performed as described 

previously (211). In brief, 3 µm thick TMA (tissue microarray) sections were deparaffinised 

in xylene, rehydrated in a graded series of ethanol solutions, and heated in a microwave oven 

in 0.01 M sodium citrate buffer (pH 6.0) for 10 min for antigen retrieval. Anti-ARTN 

antibody (rabbit) (Abcam,UK) was used at 1:100 dilution. The scoring procedure is outlined  

previously (188). 

2.2.8 Statistics 

           All numerical data are expressed as mean±S.E.M. from a representative experiment 

performed in triplicate, and statistical significance was assessed by Student‟s t-test (P<0.05 

was considered as significant) using Microsoft Excel XP unless otherwise indicated (χ2
 
test). 

Cox regression analysis was performed to determine the association of ARTN and TWIST1 

expression to the risk of relapse and death. 

2.3 Results 

2.3.1 Forced expression of ARTN altered the morphology of ER-MC cells in 

vitro 

            To determine the functional consequences of ARTN expression in ER-MC, we 

generated stable cell clones with forced expression of ARTN in BT549 and in MDA-MB-231 

cells (mesenchymal/claudin low cell lines) as previously described (211). Forced expression 

of ARTN in both BT549 and MDA-MB-231 cells resulted in a more scattered, elongated and 

mesenchymal cellular morphology in monolayer adherent culture as compared to the 

respective control VEC cells (Figure 2.1).  
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Fig 2.1: Generation of forced expression of ARTEMIN (ARTN) in BT549 and MDA-

MB-231 cells stably transfected with ARTN expression plasmid.  

A. Western blot analyses for ARTN in BT549 and MDA-MB-231 cells with forced 

expression of ARTN. β-ACTIN was used as loading control for cell lysates. The sizes of 

detected protein bands in kiloDalton (kDa) are shown on the right. B. Monolayer adherent 

morphology of BT549 and MDA-MB-231 cells with forced expression of ARTN. Cultures 

were imaged at approximately 40% confluence and under 400 X magnification (Bar 

represents 20µm). 

 

In colony-scattering assays, we observed a significantly larger proportion of scattered cells 

(45% and 50% more than VEC cells) with forced expression of ARTN in both BT549 and 

MDA-MB-231 cells respectively (Figure 2.2A). Visualisation of the filamentous actin (f-

actin) cytoskeleton by fluorescence microscopy demonstrated that BT549-ARTN cells 

exhibited fewer, and more diffuse stress fibres with accumulation of f-actin at the cell 

periphery coinciding with the leading edges of the cell. In contrast, f-actin in BT549-VEC 

cells displayed a well-organised cortical ring near the cell periphery with a regular 

appearance of stress fibres similar to the parental cells. Similar reorganisation of the f-actin 

cytoskeleton was also observed in MDA-MB-231-ARTN cells (Figure 2.2B). When cultured 

in 3D matrigel, BT549-VEC cells produced circumscribed colonies, whereas BT549-ARTN 

cells exhibited more loose colonies as compared to the BT549-VEC cells (Figure 2.2C). 

Furthermore a substantial number of BT549-ARTN cells spread from the main bulk of the 

colony, suggesting that ARTN promoted local invasive behavior. We also observed similar 
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but less pronounced effects in MDA-MB-231-ARTN cells when cultured in 3D matrigel 

(Figure 2.2C).  

 
 

Fig 2.2: Effects of forced expression of ARTEMIN (ARTN) on cellular morphology of 

estrogen receptor (ER) negative mammary carcinoma (ER-MC) cells.  

 

A. BT549-ARTN and MDA-MB-231-ARTN cells with their respective vector (VEC) cells 

were seeded at a very low cell density (1000 cell plated in 10cm petri dish). Colonies formed 

by each cell types, were categorised and counted as per the extent of colony scattering. 

Percentages of each colony category in the total counts were plotted as indicated. B. ARTN 

modulates organisation of filamentous actin as visualised by fluorescein isothiocyanate 

(FITC) - phalloidin in BT549 and MDA-MB-231 cells with forced expression of ARTN 

compared to the respective control cells. Bar, 50µm (f-actin staining for BT549-ARTN cells), 

62.7µm (f-actin staining for MDA-MB-231-ARTN cells). C. Representative 
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photomicrographic pictures of 3D matrigel colonies formed by BT549 and MDA-MB-231 

cells with forced expression of ARTN. Bar, 125μm. 

During the progression of carcinoma toward a less differentiated and more metastatic state, 

cells lose their epithelial characteristics and acquire a mesenchymal morphology, together 

with concomitant changes in gene expression (216) . Such a phenotypic conversion is 

referred to as epithelial-mesenchymal transition (EMT). Based on the changes in cell 

morphology observed with forced expression of ARTN, qPCR was therefore performed to 

determine the effects of forced expression of ARTN on the relative expression levels of key 

genes involved in EMT, cell invasion and metastasis. qPCR analysis of gene expression in 

BT549-ARTN and MDA-MB-231-ARTN cells demonstrated significantly decreased mRNA 

expression of  the epithelial markers E-CADHERIN (CDH1), γ-CATENIN (CTNNG), and β-

CATENIN (CTNNB1). Decreased OCCLUDIN (OCLN) mRNA expression was also 

observed in BT549-ARTN cells but not in MDA-MB-231-ARTN cells. Increased mRNA 

expression of mesenchymal markers TWIST1 and SPARC was observed in BT549-ARTN and 

MDA-MB-231 cells, whereas VIMENTIN (VIM) and SLUG (SNAI2) mRNA expression was 

increased in BT549-ARTN cells (Table 2.1). The expression of TWIST1 mRNA in BT549-

ARTN cells was increased 5.4-fold compared with control VEC cells and in MDA-MB-231-

ARTN cells TWIST1 expression was increased by 4.5 fold compared to the VEC cells. 

Increased TWIST1 expression is correlated with an increased metastatic potential in 

mammary carcinoma cells (203, 217). Forced expression of ARTN consistently increased the 

mRNA level of the metastasis tumour associated protein2 (MTA2) and NFKB1 in both cell 

pairs. Increased expression of MTA2 leads to estrogen independent growth of human 

mammary carcinoma cells (218) and increased expression of NFKB1 expression increases the 

invasive potential of carcinoma cells (219). Furthermore, increased mRNA expression of 

NME1, MMP9 and MYC was observed in BT549-ARTN cells and MMP2 mRNA expression 

was increased in MDA-MB-231-ARTN cells, as compared to the respective control VEC 
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cells. Thus, autocrine production of ARTN in ER-MC cells resulted in decreased expression 

of epithelial markers and increased expression of mesenchymal and metastatic related 

markers. 

 Table 2.1: Effects of forced expression of ARTEMIN (ARTN) in estrogen receptor (ER) 

negative mammary carcinoma (ER-MC) cells on expression of genes functionally 

involved in Epithelial-mesenchymal transition (EMT) and metastatic progression.  

   

         BT549 

 

        MDA-MB-231 

 Gene Function 

 

Gene  Fold change p-value Fold change p-value 

Epithelial 

 

CTNNB1 0.48 1.60E-03 0.47 1.25E-03 

  

CTNNA1 1.3 8.71E-03 0.68 5.80E-04 

  

CTNNG 0.52 8.23E-03 0.46 1.58E-02 

  

OCLN 0.35 9.71E-04 0.94 2.07E-02 

 

 

CDH1 0.12 4.93E-02 0.21 4.94E-03 

Mesenchymal 

 

SNAI2 1.68 6.26E-03 1.1 1.67E-02 

  

VIM 2.44 9.39E-04 1.23 6.79E-03 

  

TWIST1 5.49 3.98E-03 4.56 3.99E-03 

 

 

SPARC 1.82 2.03E-02 2.35 6.39E-03 

Metastatic 

 

NME1 2.7 1.57E-02 1.09 1.53E-03 

  

PLAU 1.02 4.40E-04 0.85 1.57E-03 

  

MMP9 2.11 3.64E-02 0.49 1.44E-03 

  

MET 0.85 1.70E-02 0.76 3.10E-03 

  

MMP2 1.04 2.07E-02 4.17 1.54E-03 

  

MTA2 3.02 8.75E-03 1.58 1.49E-02 

  

MMP1 1.29 4.36E-03 0.58 2.18E-02 

  

NFKB1A 2.23 7.19E-03 1.02 3.49E-03 

  

NFKB1 2.77 1.73E-02 1.7 3.96E-03 

  

ERBB2 1.24 1.71E-03 0.96 5.05E-03 

 

 

MYC 3.55 3.97E-04 0.95 1.40E-03 
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# 
Results are represented as the fold change in messenger RNA (mRNA) levels in BT549-ARTN or MDA-MB-

231-ARTN cells relative to the respective VEC cells. Fold change values are representative of three independent 

mRNA replicates. Values less than 1 indicates decreased expression and more than 1 indicates increased 

expression of the specific mRNA.  

 

2.3.2 Depletion of endogenous ARTN significantly alters the morphology of 

ER-MC cells in vitro 

              We next depleted BT549 and MDA-MB-231 cells of endogenous ARTN with small 

interfering RNA (siRNA) (190) (Figure 2.3A) and examined the effects of depletion of 

ARTN on cellular morphology.  In monolayer adherent culture, BT549-siARTN and MDA-

MB-231-siARTN cells exhibited a coherent and relatively enhanced epithelial cellular 

morphology compared to cells with scrambled control siRNA (Figure 2.3B).  

 

Fig 2.3: Generation of depletion expression of ARTEMIN (ARTN) in BT549 and MDA-

MB-231 cells stably transfected with siRNA to ARTN expression plasmid.  

A. Western blot analyses for ARTN in BT549 and MDA-MB-231 cells with depletion 

expression of ARTN. β-ACTIN was used as loading control for cell lysates. The sizes of 

detected protein bands in kiloDalton (kDa) are shown on the right. B. Monolayer adherent 

morphology of BT549 and MDA-MB-231 cells with depletion expression of ARTN. Cultures 

were imaged at approximately 40% confluence and under 400 X magnification (Bar 

represents 20µm). 

 

In colony-scattering assays, we observed a significantly larger proportion of BT549-siARTN 

and MDA-MB-231-siARTN cells contained in compact colonies (200% and 480% more than 

siCONT cells) respectively (Figure 2.4A). Visualisation of f-actin by fluorescence 
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microscopy demonstrated that cells with siRNA mediated depletion of ARTN possessed f-

actin that was highly abundant and less diffuse within the cytoplasm of cells compared to the 

respective siCONT cells; pronounced cortical organisation of actin filaments and peripheral 

localisation of f-actin was rarely observed (Figure 2.4B). When cultured in 3D matrigel the 

morphology of colonies formed by BT549-siARTN cells in Matrigel differed from that of 

BT549-siCONT cells. ARTN-depleted BT549-siARTN cells formed small and less numerous 

colonies, whereas the control BT549-siCONT cells formed colonies similar to BT549-VEC 

cells. We also observed similar effects in MDA-MB-231-siARTN cells, when cultured in 3D 

matrigel (Figure 2.4C). Therefore, siRNA mediated depletion of endogenous ARTN in ER-

MC cells enhanced the epithelial characteristics of these cells. 
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Fig 2.4: Effects of depletion expression of ARTEMIN (ARTN) on cellular morphology 

of estrogen receptor (ER) negative mammary carcinoma (ER-MC) cells.  

A. BT549-siARTN and MDA-MB-231-siARTN cells with their respective control (siCONT) 

cells were seeded at a very low cell density (1000 cell plated in 10cm petri dish). Colonies 

formed by each cell types, were categorised and counted as per the extent of colony 

scattering. Percentages of each colony category in the total counts were plotted as indicated. 

B. ARTN modulates organisation of filamentous actin as visualised by fluorescein 

isothiocyanate (FITC) - phalloidin in BT549 and MDA-MB-231 cells with depletion 

expression of ARTN compared to the respective control cells. Bar, 50µm (f-actin staining for 

BT549-siARTN cells), 62.7µm (f-actin staining for MDA-MB-231-siARTN cells). C. 

Representative photomicrographic pictures of 3D matrigel colonies formed by BT549 and 

MDA-MB-231 cells with depletion expression of ARTN. Bar, 125μm. 
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2.3.3 ARTN stimulates the oncogenicity and invasion of ER-MC cells in vitro 

               Increase in cellular invasiveness and resistance to anoikis are key components of 

metastasis (220). Forced expression of ARTN significantly promoted monolayer 

proliferation, colony formation in soft agar (Figure 2.5A and B), 3D matrigel cell growth, cell 

migration and invasion in Transwell assays compared with their respective control BT549-

VEC and MDA-MB-231-VEC cells (Figure 2.6A-C). BT549-ARTN and MDA-MB-231-

ARTN cells showed a 35% and 22% increase in monolayer proliferation, 102% and 60% 

increase in soft agar colony formation, 479% and 170% increase in 3D matrigel growth, 

249% and 160% increase in cell migration and 196% and 134% increase in cell invasion as 

compared to the control VEC cell lines respectively.  

             Concordantly, BT549-siARTN and MDA-MB-231-siARTN cells significantly 

inhibited monolayer proliferation by 23% and 17%, soft agar colony formation by 48% and 

38% (Figure 3.5 C and D), 3D matrigel growth by 50% and 40%, cell migration by 31% and 

27% and cell invasion by 38% and 40% as compared to the siCONT cells respectively 

(Figure 2.6 D-F).  
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Fig 2.5: ARTEMIN (ARTN) modulates anchorage-independent growth of estrogen 

receptor (ER) negative mammary carcinoma  (ER-MC). 

 

 A. Monolayer proliferation assay. BT549-ARTN and MDA-MB-231-ARTN cells and their 

respective control cells were seeded in 2% FBS (serum) media. At the end of day 1, 2 and 3 

cell viability was measured by alamar Blue. B. Colony formation in soft agar. BT549-ARTN 

and MDA-MB-231-ARTN cells along with their respective vector (VEC) cells were cultured 

in 0.35% agar for 10 days. Cell growth was detected using alamarBlue. VEC cells are 

presented as 100%.C. Monolayer proliferation assay. BT549-siARTN and MDA-MB-231-

siARTN cells and their respective control (siCONT) cells were seeded in 2% FBS (serum) 

media. At the end of  day 1, 2 and 3 cell viability was measured by alamarBlue. D. Colony 

formation in soft agar. BT549-siARTN and MDA-MB-231-siARTN cells along with their 

respective siCONT cells were cultured in 0.35% agar for 10 days. Cell growth was detected 

using alamarBlue. siCONT cells are presented as 100%.*, p <0.05; **, p <0.01;***, p 

<0.001. 

 

 

Fig 2.6: ARTEMIN (ARTN) modulates cellular oncogenicity and motility of estrogen 

receptor (ER) negative mammary carcinoma (ER-MC) cells. 

 

A.  Cell growth (number) in 3D matrigel. BT549-ARTN and MDA-MB-231-ARTN cells and 

their respective vector (VEC) cells were cultured in 3D matrigel for 7 days. Cell growth was 

measured using alamarBlue.  B. Cell migration, and C. Cell invasion for BT549-ARTN and 

MDA-MB-231-ARTN cells and their respective VEC cells were determined by use of 

transwell inserts as described in materials and methods.  Respective VEC cells are presented 

as 100%. D. Cell growth (number) in 3D matrigel. BT549-siARTN and MDA-MB-231-

siARTN cells and their respective control (siCONT) cells were cultured in 3D matrigel for 7 

days. Cell growth was measured using alamarBlue.  E. Cell migration, and F. Cell invasion 

for BT549-siARTN and MDA-MB-231-siARTN cells and their respective siCONT cells 
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were determined by use of transwell inserts as described in materials and methods.  

Respective siCONT cells are presented as 100%.  *, p <0.05; **, p <0.01;***, p <0.001. 

2.3.4 ARTN enhances metastatic seeding of ER- MC cells in vivo 

      In our xenograft model, BT549 cells failed to form consistent tumour masses. 

Therefore, to determine whether ARTN contributes to the metastatic ability of ER-MC cells, 

we injected BT549-ARTN cells into the tail vein of immunodeficient nude mice and 

examined their ability to form pulmonary and hepatic metastasis compared to the control 

VEC cell line. Metastatic nodules were readily detectable by histology in the lungs of all 

mice (7/7), four weeks after injection with BT549-ARTN cells, whereas pulmonary 

metastases were detected in only 3/7 mice injected with BT549-VEC cells. The nodules 

formed in the lungs of animals injected with BT549-ARTN cells gave rise to, on average, 

more than 3 nodules per lung (Figure 2.7A and 2.7B) as compared to less than 1 nodule per 

lung on average in animals with BT549-VEC cells. A higher frequency of liver metastasis 

was also observed in mice injected with BT549-ARTN cells (4/7) compared to mice injected 

with BT549-VEC cells (1/7) (Figure 2.7C).  

     We also extracted RNA from lung and liver of mice injected with BT549-ARTN cells 

or BT549-VEC cells and performed qPCR to quantitate the relative expression of human 

HPRT (hHPRT) mRNA in the respective organs. We observed that the level of hHPRT 

mRNA expression was increased 3 fold in lung and 1.3 fold in liver in animals injected with 

BT549-ARTN cells compared to BT549-VEC cells. Mouse gapdh (mgapdh) was used as an 

internal control (Figure 2.7D).  
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Fig 2.7: ARTEMIN (ARTN) stimulates metastasis of BT549, an estrogen receptor (ER) 

negative mammary carcinoma (ER-MC) cells. 

 

A. Number of mice with micrometastases per lung that received either lateral tail vein 

injection of BT549 vector (VEC) or ARTN cells. B. Hematoxylin & Eosin (H&E) stained 

sections of lungs from mice that received lateral tail vein injection of BT549 (VEC or ARTN) 

cells. 200X magnification. Arrows indicate metastatic nodules. C. Number of mice with 

micrometastases per liver that received lateral tail vein injection of BT549-VEC (control) or 

BT549-ARTN (ARTEMIN) cells. D. Total RNA was isolated from lung and liver of 

individual mice that received either lateral tail vein injection of BT549 (VEC or ARTN) cells. 

Quantitative PCR (qPCR) was performed to measure the messenger RNA (mRNA) 

expression of human HYPOXANTHINE-GUANINE PHOSPHORIBOSYLTRANSFERASE 

(hHPRT) in the lung and liver. Mouse glyceraldehyde 3-phosphate dehydrogenase (mgapdh) 

was used as an internal control. The relative expression of hHPRT vs mgapdh was calculated 

for each pair of BT549 cells respectively . **, p <0.01; ***, p <0.001.   

 

  Both MDA-MB-231-VEC and MDA-MB-231-ARTN cells formed palpable and measurable 

tumours when injected into the mammary fat pad of immunodeficient nude mice. Tumours 
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formed by MDA-MB-231-ARTN cells were larger than those formed by control MDA-MB-

231-VEC cells (Figure 2.8A and 2.8B).  

 

Fig 2.8: Forced expression of ARTN promotes in vivo growth of MDA-MB-231 

xenografts in immunodeficient mice. 

A. Xenograft growth of MDA-MB-231 cells with forced expression of ARTN in 

immunodeficient mice. MDA-MB-231-ARTN and MDA-MB-231-VEC cells were injected in 

the mammary fat pad of immunodeficient mice. (χ
2 

 test: chi-square test). B. H&E staining of 

representative tumours from mice that received MDA-MB-231 (VEC or ARTN) cells in the 

mammary fat pad. 200X magnification. Arrows indicate metastatic nodules. 

 

Pulmonary metastases were readily detectable by histology in the lungs of all mice (6/6) four 

weeks after injection with MDA-MB-231-ARTN cells and in only 5/6 mice injected with 

MDA-MB-231-VEC cells (Figure 2.9A and Figure 2.9B). MDA-MB-231-ARTN cells gave 

rise to, on average, more than 15 nodules per section of lung as compared to approximately 4 

nodules on average in animals with MDA-MB-231-VEC cells. We also extracted RNA from 

lung and liver of mice injected with MDA-MB-231-ARTN cells or MDA-MB-231-VEC cells 

and performed qPCR to quantitate the relative expression of hHPRT mRNA in the respective 

organs. We observed that the level of hHPRT mRNA expression was increased 2 fold in lung 

and 1.2 fold in liver in animals injected with MDA-MB-231-ARTN cells compared to MDA-
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MB-231-VEC cells (Figure 2.9C). These results indicate that ARTN contributes to the 

metastatic potential of ER-MC cells. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.9: ARTEMIN (ARTN) stimulates metastasis of MDA-MB-231, an estrogen 

receptor (ER) negative mammary carcinoma (ER-MC) cells. 

 

(A) Number of mice with micrometastases per lung from xenograft growth of MDA-MB-

231(VEC or ARTN) cells in the mammary fat pad. H&E stained sections of lungs from the 

mice that received MDA-MB-231 (VEC or ARTN) cells in the mammary fat pad. 200X 

magnification. Arrows indicate metastatic nodules. (C) Total RNA was isolated from lung 

and liver of individual mice that received mammary fat pad injection of MDA-MB-231 (VEC 

or ARTN) cells. Quantitative PCR (qPCR) was performed to measure the messenger RNA 

(mRNA) expression of human HYPOXANTHINE-GUANINE 

PHOSPHORIBOSYLTRANSFERASE (hHPRT) in the lung and liver. Mouse glyceraldehyde 

3-phosphate dehydrogenase (mgapdh) was used as an internal control. The relative 

expression of hHPRT vs mgapdh was calculated for each pair of MDA-MB-231 cells 

respectively. **, p <0.01. 
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2.3.5 Expression and correlation of endogenous ARTN and TWIST1 in 

different mammary carcinoma cell lines 

 

              qPCR gene expression data demonstrated that forced expression of ARTN increased 

TWIST1 mRNA expression in both BT549 and MDA-MB-231 cells. Previous studies have 

demonstrated that TWIST1 is an important regulator of mammary carcinoma cell EMT and 

tumour metastasis (203). To determine a potential molecular mechanism underlying ARTN 

stimulated invasion and metastasis of ER-MC cells, we therefore investigated the effects of 

forced expression and depletion of ARTN on the expression of TWIST1 protein. As observed 

in Figure 2.10A, TWIST1 protein expression was increased in both BT549-ARTN and MDA-

MB-231-ARTN cells compared with respective control VEC cells. Concordantly, BT549-

siARTN and MDA-MB-231-siARTN cells exhibited decreased expression of TWIST1 

protein compared with the respective siCONT cells. Immunofluorescent (IF) microscopy of 

BT549-ARTN cells also demonstrated increased TWIST1 protein expression as compared to 

the BT549-VEC cells with TWIST1 being predominantly nuclear localized as previously 

reported (221). Concordantly, BT549-siARTN cells exhibited decreased TWIST1 protein 

expression by IF as compared to the siCONT cells respectively (Figure 2.10B).  We next 

performed qPCR in two immortalised but otherwise normal human mammary epithelial cells 

and ten different human mammary carcinoma cell lines of differing invasive potential. qPCR 

gene expression data showed low expression of both ARTN and TWIST1 mRNA in the two 

normal mammary epithelial cell lines. Both ARTN and TWIST1 mRNA were ubiquitously 

expressed across different mammary carcinoma cell lines and increased ARTN and TWIST1 

mRNA expression correlated with a more invasive cell phenotype (Figure 2.10C). To further 

confirm the correlation of ARTN mRNA expression with TWIST1 mRNA expression, we 

compared the relative expression of ARTN mRNA and TWIST1 mRNA. We observed that 



  

73 

 

TWIST1 mRNA expression was positively correlated with ARTN mRNA expression 

(Pearson coefficient: 0.68) (Figure 2.10D). 
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Fig 2.10: ARTEMIN (ARTN) regulates expression of TWIST1 in estrogen receptor 

(ER) negative mammary carcinoma (ER-MC). 

 

  A. Western blot analyses for TWIST1 in BT549 and MDA-MB-231 cells with forced 

expression or depletion of ARTN. β-ACTIN was used as loading control for cell lysates. The 

sizes of detected protein bands in kiloDalton (kDa) are shown on the right. B. TWIST1 

expression in BT549-vector (VEC) and BT549-ARTN cells determined by 

immunofluorescent microscopy. C. ARTN and TWIST1 messenger RNA (mRNA) levels 

were detected in two immortal but otherwise normal mammary epithelial cell lines and ten 

different human mammary carcinoma cell lines with different invasive potential. Quantitative 

PCR (qPCR) was performed to measure the mRNA expression of TWIST1 and ARTN. 

Relative expression was calculated compared to the level of expression in MCF7 cells. D. 

Pearson‟s correlation coefficient was determined between the mRNA expression of ARTN 

and TWIST1 in two immortal but otherwise normal mammary epithelial cell lines and ten 

different human mammary carcinoma cell lines. TWIST1 expression was positively 

correlated with ARTN expression (rho=0.68). 

 

2.3.6 Co-expression of ARTN and TWIST1 in ER-MC predicts survival 

outcome 

              We next determined ARTN and TWIST1 protein expression in a cohort of human 

ER-MC by IHC and examined the association of expression with survival outcome (RFS and 

OS). IHC analysis showed that both ARTN and TWIST1 protein were highly expressed in 

ER-MC (Figure 2.11A).  

 

 

 

 

 

 

 

Fig 2.11: Immunohistochemistry (IHC) of ARTEMIN (ARTN) and TWIST1 in estrogen 

receptor (ER) negative mammary carcinoma (ER-MC). 

A. ARTN and TWIST1 expression detected by IHC in ER- mammary carcinoma samples. 

ARTN is localised to the cytoplasm whereas TWIST1 localised to nucleus. 
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All 94 samples were positive for TWIST1 expression. We therefore stratified the samples 

according to the level of TWIST1 expression into two categories (low TWIST1 and high 

TWIST1 expression). ARTN immunoreactivity was stratified according to level of 

expression into four categories [negative (-), weak (+), moderate (++) and strong (+++) 

expression]. Of those tumours negative for ARTN expression, 60% exhibited strong TWIST1 

expression. However, with increasing expression of ARTN in tumours, there was a 

concordant graded increase in TWIST1 expression with 86.7% of tumours with strong ARTN 

expression also exhibiting high TWIST1 expression. To further confirm the correlation of 

expression between TWIST1 and ARTN in mammary carcinoma, we compared the 

relationship by Spearman‟s rank correlation coefficient and found a significant positive value 

(Spearman correlation: rs=0.21, P=0.03) (Table 2.2). Hence, TWIST1 expression in ER- 

mammary carcinoma is partially correlated with ARTN expression. 

Table 2.2: Correlation between ARTEMIN (ARTN) and TWIST1 expression in 

estrogen receptor (ER) negative mammary carcinoma (ER-MC). Expression 

parameters are described in details in the Materials and methods section. 

                               TWIST1 expression 

                                Low               High 

A
R

T
N

 e
x
p

re
ss

io
n

 Negative              14 (40%)      21 (60%) 

Weak                    9 (31%)       20 (69%) 

Moderate             3 (20%)       12 (80%) 

Strong                  2 (13.3%)    13 (86.7%) 

                         Spearman correlation: P = 0.039    rs = 0.214 

               We analyzed survival outcome of patients with tumours with either low or high 

ARTN or TWIST1 respectively. ARTN low tumours were defined as those with negative or 

weak expression of ARTN and ARTN high tumours exhibited moderate or strong expression 

of ARTN. Tumours with high ARTN expression tended to exhibit decreased relapse free 

survival (RFS) and overall survival (OS) of patients but this tendency did not reach 
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significance in this cohort (Figure 2.12A-I (left panel and right panel)). A significant 

correlation of high TWIST1 expression to decreased RFS (P=0.01) and OS (P= 0.03) of 

patients was observed (Figure 2.12A-II (left panel and right panel)).  

                We subsequently analysed survival outcome in patients whose tumours exhibited 

both low ARTN and low TWIST1 expression compared to those that exhibited high ARTN 

and low TWIST1 expression. We observed that tumours with low TWIST1 and high ARTN 

were associated with decreased RFS (P=0.004) and OS (P=0.004) (Figure 2.12A-III (left 

panel and right panel)) compared to those with low TWIST1 and low ARTN. Compared to 

tumours with low ARTN and low TWIST1 expression, tumours that exhibited both high 

ARTN and high TWIST1 expression were associated with worse RFS (P=0.002) and OS 

(P=0.005) (Figure 2.12A-IV (left panel and right panel)). Furthermore, tumours with both 

low ARTN and low TWIST1 expression exhibited improved survival (RFS 100% (P=0.002) 

and OS 100% (P=0.005)), compared to low TWIST1 expression alone (RFS 78.3% (P= 0.01) 

and OS 78.3% (P= 0.03)) (Figure 2.12A-IV (left panel and right panel)and Figure 3.12A-II 

(left panel and right panel)).  
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Fig 2.12: Association of ARTEMIN (ARTN) and TWIST1 expression with survival 

outcome in estrogen receptor (ER) negative mammary carcinoma (ER-MC).   

A. Kaplan-Meier analysis of the association of ARTN expression (I), TWIST1 expression 

(II), low-ARTN and low-TWIST1 vs high ARTN expression and low-TWIST1expression 

(III) and low-ARTN and low-TWIST1 vs high ARTN and high TWIST1 expression (IV); 

relapse free survival (RFS) (left column ) and overall survival (right column) in ER-MC 

patients. 

Furthermore multivariate analysis demonstrated a significant association of ARTN high-

TWIST1 low expression with decreased RFS (odds ratio: 3.4, 95% confidence interval: 

P=0.02) and OS (odds ratio: 3.6, 95% confidence interval: P=0.02) at five years compared 

with low ARTN-low TWIST1 expression (Table 2.3). In addition, multivariate analysis 

revealed a significant correlation of high ARTN-high TWIST1 expression to decreased RFS 

(odds ratio: 9.2, 95% confidence interval: P=0.02) and OS (odds ratio: 9.2, 95% confidence 

interval: P=0.01) at five years compared with low ARTN-low TWIST1 expression (Table 

2.3). 

Table 2.3: Multivariate analysis of the association of tumour ARTEMIN (ARTN) and 

TWIST1 expression with five year relapse free (RFS) and overall survival (OS) in 

patients with estrogen receptor (ER) negative mammary carcinoma (ER-MC). 

 

 
 
 
 
 
 
 
 

Table 3. Multivariate analysis of the association of tumor ARTEMIN (ARTN) and 

TWIST1 expression with five year relapse free (RFS) and overall survival (OS) in 

patients with estrogen receptor (ER) negative mammary carcinoma (ER-MC). 

 

 

RFS  

 

OS 

  

Odds ratio 

(95%CI) P   

Odds ratio  

(95% CI) P 

ARTN-/ARTN+ 1.157(0.971-1.461) 0.22 
 

 1.196(0.943-1.518) 0.14 

TWIST1-/TWIST1+  1.733(1.076-2.791) 0.024 
 

 1.656(1.026-2.674) 0.039 

Low ARTN-Low TWIST1/ 

High ARTN-Low TWIST1 3.420(0.542-92.950) 0.029 
 

 3.676(0.556-99.842) 0.024 

Low ARTN-Low TWIST1/ 

High ARTN-High TWIST1 9.202(0.517-163.761) 0.014    9.268(0.519-165.511) 0.013 
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2.3.7 TWIST1 mediates ARTN stimulated oncogenicity and invasion 

 

                To determine the functional significance of ARTN stimulated TWIST1 expression 

we employed siRNA to selectively reduce TWIST1 expression in both BT549 and MDA-

MB-231 cells ± forced expression of ARTN. The siRNA targeting TWIST1 efficiently 

depleted TWIST1 protein expression in both cell pairs (Figure 2.13A) whereas transfection of 

scrambled siRNA (siCONT) had no effect on TWIST1 expression. Depletion of TWIST1 

reduced the basal capacity for monolayer proliferation, colony formation in soft agar, 3D 

matrigel growth and migration and invasion in Transwell assays of BT549-VEC and MDA-

MB-23-VEC cells as previously reported for mammary carcinoma cells (222). Depletion of 

TWIST1 also prevented or largely abrogated the stimulatory effects of ARTN on monolayer 

proliferation, colony formation in soft agar, 3D matrigel growth, migration and invasion   in   

Transwell assays in BT549-ARTN and MDA-MB-231-ARTN cells respectively (Figure 

2.13B-F).  



  

80 

 

Fig 2.13: ARTEMIN (ARTN) mediated oncogenicity is regulated by TWIST1 

expression in estrogen receptor (ER) negative mammary carcinoma (ER-MC) cells. 

 

A. Western blot analysis for TWIST1 in BT549 and MDA-MB-231 cells with forced 

expression of ARTN± TWIST1 small interfering RNA (siRNA) showing efficiency of 

siRNA-mediated depletion of TWIST1 protein. Universal negative control was used as an 

internal control. B. Monolayer proliferation assay (2% fetal bovine serum media). C. Colony 

formation in soft agar: Cells were cultured in 0.35% agar for 10 days. Cell growth was 

measured using alamarBlue. D. Cell growth (number) in 3D matrigel: Cells were cultured in 

3D matrigel for 7 days. Cell growth was detected using alamarBlue.  E. Cell migration and F. 

Cell invasion were determined by use of transwell inserts as described in materials and 
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methods. siRNA control-treated vector (VEC) cells presented as 100%. *, p <0.05; **, p 

<0.01.   

2.3.8 ARTN stimulates mammary carcinoma cell attachment to, and 

migration through an endothelial cell layer 

           As observed in Figure 3.14A, BT549-ARTN and MDA-MB-231-ARTN cells 

exhibited increased adherence to human microvascular endothelial cells (HMEC-1) by 2.8 

fold and 2.3 fold as compared to their respective VEC control cells.  Depletion of TWIST1 by 

siRNA significantly inhibited the ARTN stimulated enhancement of the adhesion of both cell 

pairs to the endothelial cell layer. BT549-ARTN and MDA-MB-231-ARTN cells also 

exhibited increased trans-migration through an endothelial cell layer by 2.5 fold and 2.0 fold 

as compared to their respective VEC control cells. TWIST1 depletion inhibited this trans-

migration in both cell lines with forced expression of ARTN (Figure 2.14B).  
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Fig 2.14: TWIST1 mediates ARTEMIN (ARTN) stimulated attachment to, and 

migration through, an endothelial cell layer.   

A. Forced expression of ARTN in BT549 and MDA-MB-231 cells promoted adhesion to an 

endothelial cell layer: Human microvascular endothelial cells1 (HMEC1) were grown to 

100% confluence in 96 well plates and 5-chloromethylfluorescein diacetate (CFMDA) cell 

tracker green (5µM) labelled BT549-ARTN and MDA-MB-231-ARTN cells ± TWIST1 were 

seeded on top for 1hr , washed and counted under a fluorescence microscope.  B. Forced 

expression of ARTN in BT549 and MDA-MB-231 cells promoted in vitro trans-migration 

activity through an endothelial cell layer: CFMDA labelled cells were seeded on top of 

HMEC1 cells grown 100% confluence on Transwell inserts. After 14 hr invaded cells were 

counted under fluorescence microscope. siRNA control-treated vector (VEC) cells presented 

as 100%.   *, p <0.05; **, p <0.01;***, p <0.001.   
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2.3.9 ARTN promoted oncogenicity is mediated via activation of AKT in ER- 

MC cells 

                It has been previously reported that ARTN activates AKT to mediate its oncogenic 

effects in endometrial carcinoma cells (34). The AKT signaling pathway has been reported to 

promote TWIST1 expression in different carcinoma cells (223, 224). Furthermore, Activation 

of AKT and TWIST1 in mammary carcinoma cells has previously been described (201, 225). 

We therefore determined total AKT protein and pAKT (Ser473) levels in BT549-ARTN and 

MDA-MB-231-ARTN cells compared to their control VEC cells. BT549-ARTN and MDA-

MB-231-ARTN cells exhibited significantly increased phosphorylation of AKT (Ser473) 

compared to the respective VEC cells without alteration of the total AKT level. 

Concordantly, BT549-siARTN and MDA-MB-231-siARTN cells exhibited repressed AKT 

activation compared to the respective siCONT cells (Figure 2.15A).  

                  We next evaluated whether signalling through AKT was required for ARTN 

stimulated oncogenicity and invasion in ER-MC cells. Treatment of BT549-VEC cells with 

AKT Inhibitor IV decreased the basal levels of pAKT but did not affect the total AKT level. 

ARTN stimulated activation of AKT was also decreased by AKT inhibitor IV without 

altering the expression level of total AKT (Figure 2.15B). AKT inhibitor IV decreased the 

basal level of TWIST1 expression in BT5490-VEC cells and also significantly inhibited 

ARTN stimulated TWIST1 expression in BT549-ARTN cells. AKT Inhibitor IV reduced the 

basal capacity for colony formation in soft agar, 3D matrigel growth, migration and invasion 

in Transwell assays of BT549-VEC and MDA-MB-23-VEC cells. AKT inhibitor IV also 

eliminated or largely abrogated the stimulatory effects of ARTN on colony formation in soft 

agar, 3D matrigel growth, migration and invasion in Transwell assays in both BT549-ARTN 

and MDA-MB-231-ARTN cells (Figure 2.15C-F). Thus, ARTN utilizes AKT to increase 

TWIST1 expression and promote oncogenicity and invasiveness of ER-MC cells. 
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Fig 2.15: ARTEMIN (ARTN) activates Protein kinase B (AKT) to increase TWIST1 

expression in estrogen receptor (ER) negative mammary carcinoma (ER-MC). 

 

A. Western blot analyses for phospho AKT (pAKT-Ser473) in BT549 and MDA-MB-231 

cells with forced expression or depletion of ARTN. β-ACTIN was used as loading control for 

cell lysates. The sizes of detected protein bands in kiloDaltion (kDa) are shown on the right. 

B. Western blot was used to determine pAKT, AKT and TWIST1 protein levels in BT549 

ARTN stables ± AKT Inhibitor IV (10µM). β-ACTIN was used as loading control. C. Colony 

formation in soft agar. D. Cell growth (number) in 3D matrigel. E. Cell migration, and F. Cell 

invasion was determined for BT549-ARTN stables ± AKT Inhibitor IV. Dimethyl sulfoxide 
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(DMSO)-treated vector (VEC) cells are presented as 100%. *, p <0.05; **, p <0.01;***, p 

<0.001.  

  

 

2.3.10 ARTN activation of AKT is upstream of TWIST1 mediated 

oncogenicity in ER-MC cells 

              We determined if increased TWIST1 expression could substitute for the functional 

effects of ARTN in ER-MC cells. We generated stable cell clones  with forced expression of 

TWIST1 in BT549 cells (Figure 2.16A) using a Myc tagged-TWIST1 expression vector 

(222). Western blot analysis demonstrated that forced expression of TWIST1 in BT549 cells 

did not alter AKT expression or ARTN expression as compared to the VEC control cells. 

Depletion of ARTN by siRNA in BT549-VEC cells decreased the basal level of pAKT but 

did not alter total AKT or TWIST1 expression as compared to BT549-VEC cells with 

siCONT (Figure 2.16A). Depletion of ARTN by siRNA also decreased pAKT expression in 

BT549-TWIST1 cells, without altering AKT or TWIST1 expression as compared to siCONT 

cells. Thus, the activation of AKT precedes ARTN stimulated increases in TWIST1 

expression. 

              We next analysed the functional effects of siRNA mediated depletion of ARTN in 

BT549-TWIST1 cells. Forced expression of TWIST1 significantly promoted colony 

formation in soft agar, 3D matrigel growth, migration and invasion in Transwell assays 

compared with the control BT549-VEC cells. BT549-TWIST1 cells exhibited a 60% increase 

in soft agar colony formation, 90% increase in 3D matrigel growth, 95% increase in cell 

migration and 110% increase in cell invasion (Figure 2.16B-E) as compared to the BT549-

VEC cell line. Depletion of ARTN by siRNA decreased the basal level of colony formation 

in soft agar, 3D matrigel cell growth, migration and invasion in Transwell assays in BT549-

VEC control cells. However, in cells with forced expression of TWIST1, siRNA mediated 
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depletion of ARTN exerted no effect. Thus, the functional effects of ARTN in ER-MC cells 

are mediated by increased TWIST1 expression. 

Fig 2.16: TWIST1 is downstream of ARTEMIN (ARTN) stimulated Protein kinase B 

(AKT) activation in estrogen receptor (ER) negative mammary carcinoma (ER-MC). 

 

(A)  Western blot analyses for ARTN, TWIST1, phospho AKT (pAKT-Ser473) and AKT in 

BT549 cells with forced expression of TWIST1 ± siARTN. β-ACTIN was used as loading 

control for cell lysates. The sizes of detected protein bands in kiloDalton (kDa) are shown on 

the right. (B) Colony formation in soft agar. (C) Cell growth (number) in 3D matrigel culture. 

(D) Cell migration, and (E) Cell invasion was determined for BT549-TWIST1 cells ± 
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siARTN. siRNA control-treated vector (VEC) cells are presented as 100%. *, p <0.05; **, p 

<0.01;***, p <0.001.   

 

2.4 Discussion 

           Mammary carcinoma is a heterogeneous disease, which comprises a significant 

fraction of ER negative subclasses (226). Given the poor disease prognosis and survival 

outcomes associated with ER-MC, delineation of prognostic markers to allow better 

identification and treatment are essential. Herein, we have demonstrated that ER-MC cells 

with mesenchymal/low-claudin subtype, express high levels of ARTN which modulate the 

metastatic potential of cells by promotion of migratory and invasive behavior. Although 

ARTN is an estrogen regulated gene (190), several reports have previously described the 

mechanisms of action of different growth factors to support estrogen independence during 

carcinoma tumour progression (227-230).This is concordant with our previous report which 

demonstrated that ARTN promoted estrogen independent growth of ER+MC cells (190).  

             ARTN expression has previously been correlated with poorer survival outcome in 

mammary carcinoma overall (211) and in ER+MC (190). Herein, we have demonstrated that 

a lower expression of both ARTN and TWIST1 predicted a better survival outcome (100%) 

in ER-MC in contrast to either low expression of ARTN or TWIST1 alone, whereas high 

expression of both ARTN and TWIST1 predicted worse survival. That ARTN was only 

associated with survival outcome in ER-MC with low TWIST1 expression, and that forced 

expression of TWIST1 negated the effects of ARTN depletion, suggests that TWIST1 is the 

predominant mediator of ARTN function in ER-MC. Inhibition of ARTN would therefore not 

be effective as a single therapy in ER-MC with high TWIST1 expression. Acquired increased 

expression of TWIST1 would also negate the effects of inhibition of ARTN and presumably 

serve as a mechanism of resistance (231) to prolonged use of ARTN inhibitory strategies. 

However, based on the results presented herein, inhibition of ARTN, together with strategies 
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to inhibit TWIST1 expression, such as inhibition of PI3K/AKT (232, 233) would produce a 

more desirable outcome than use of either approach alone. Combined inhibition of ARTN 

and PI3K/AKT/TWIST1 could therefore represent a valuable therapeutic approach in ER-MC 

mammary carcinoma. 

           The prometastatic potential of TWIST1 in mammary carcinoma cells is well 

established (203, 217, 221). Previously published reports delineating roles of TGF-β and 

TWIST1 promoting EMT and metastasis (195) suggested that ARTN, a TFG-β superfamily 

member could also potentially regulate TWIST1 to promote EMT and metastasis (203). 

TWIST1 can be regulated by multiple extracellular factors through PI3K/AKT, Wnt1 and 

NF-κB pathways in invasive carcinoma (234-236) concordant with our observations that 

activation of AKT by ARTN leads to increased expression of TWIST1 in ER-MC cells. 

Elevated expression of TWIST1 has been correlated with resistance to the microtubule 

targeting anticancer drugs taxol and vincristine (231) and TWIST1 expression is also 

increased in mammary carcinoma stem cell like populations (237). That increased ARTN 

expression induces genes associated with EMT and stimulates metastasis of ER-MC suggests 

that it may regulate a cancer stem cell-like sub-population of cells that possess an enhanced 

ability to metastasize to distant organs. Such a notion is concordant with a previous study 

(238) demonstrating that mammary carcinoma cell lines (including MDA-MB-231) contain 

functional cancer stem cells with metastatic capacity. In accordance, we have observed that 

forced expression of ARTN in ER-MC cells increased a sub-population of cells with cancer 

stem cell-like behavior and enhanced in vivo tumour initiating capability (manuscript in 

preparation). ARTN and TWIST1 may therefore functionally synergize in aspects of 

mammary carcinoma cell behavior other than EMT and metastasis reported herein. 
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2.5 Conclusions 

              Although ARTN is an estrogen regulated gene we have demonstrated that it also 

mediates oncogenic effects in ER-MC including cell invasion and metastasis. Functional 

involvement of GFLs has not been previously reported in ER-MC and the identified 

interactions with TWIST1 provide a novel therapeutic opportunity for this mammary 

carcinoma subtype. Furthermore, examination of the combined expression of ARTN and 

TWIST1 in ER-MC provides a powerful predictor of survival in these patients. It is therefore 

warranted that combinatorial therapeutic approaches to inhibit both ARTN signalling and 

PI3K/AKT, leading to reduced TWIST1, be considered to improve prognosis in patients with 

ER-MC.  
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Chapter 3 ARTEMIN stimulates radio- and chemo-resistance 

by promoting TWIST1-BCL-2 dependent cancer stem cell-like 

behavior in mammary carcinoma cells  

3.1 Introduction 

          Despite advances in the diagnosis and treatment of mammary carcinoma, the ER 

negative subtype of mammary carcinoma (ER-MC) remains associated with worse overall 

and disease free survival outcomes compared with other types of mammary carcinoma (51, 

239). Furthermore, ER-MC is composed almost entirely of “triple-negative” mammary 

carcinoma (i.e. tumours that are negative for ER, PR and HER-2) which are also associated 

with poor clinical outcome (239). Thus, further study is warranted to more effectively target 

this clinically challenging sub-group of mammary carcinoma. In addition to ER-MC, ER 

positive mammary carcinoma (ER+MC) that has acquired resistance to anti-estrogens also 

poses a particular clinical challenge with an overwhelming poor outcome (190, 240). 

           Recently, reports have revealed the existence of a  subpopulation of tumour-initiating 

cells, known as cancer stem cells (CSC) (102). These CSCs are proposed to be responsible for 

tumour initiation, growth, epithelial-mesenchymal transition (EMT) and metastasis (106, 241) 

and also promote a radio- and chemo-resistant cancer phenotype (101, 102), thereby 

abrogating complete therapeutic elimination of the tumour (242). For example, a recent study 

on one ER- molecular subtype of mammary carcinoma associated with poor survival, the 

claudin-low subtype, demonstrated higher expression of genes involved in EMT, such as 

SNAI1 and TWIST1, and also enhanced stem cell like features (40, 243). Hence, understanding 

the basic molecular mechanism of CSC functioning and the identification of CSC-specific 

markers is essential to develop targeted therapeutics to maximize the clinical response of  

subgroups of mammary carcinoma with poor outcome to different therapeutic strategies (244).  

         ARTEMIN (ARTN) is a member of the GDNF family of secreted ligands (190). ARTN 

has been reported to promote oncogenicity in mammary carcinoma and tumour expression of 
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ARTN is associated with residual disease after chemotherapy, metastasis, relapse and death 

(211). We have also reported that ARTN increases TWIST1 to promote EMT and metastasis in 

ER-MC and that combined low tumour expression of both ARTN and TWIST1 predicted 

100% survival in patients with ER-MC (188). Furthermore, we have observed that ARTN 

expression predicts poor survival of ER+MC patients treated with tamoxifen and that ARTN 

promotes resistance to antiestrogens in mammary carcinoma, which is mediated by BCL-2 

(190) and also to chemotherapeutic agents in endometrial carcinoma (245). Moreover, 

depletion of ARTN reverses acquired tamoxifen resistance in mammary carcinoma cells (190). 

Given that recent reports also suggest that TWIST1 (104) and BCL-2 (246) promote CSC-like 

behavior in mammary carcinoma, we postulate that ARTN may execute its cellular effects by 

modulation of a CSC-like cell population. 

       In this report we have demonstrated the functional involvement of ARTN in radio- and 

chemo resistance by a TWIST1-BCL-2 dependent increase in the CSC-like cell population in 

mammary carcinoma cells. 

3.2 Materials and Methods 

3.2.1 Cell culture  

Cell lines used in this study were obtained from the ATCC (American Type Culture 

Collection) and cultured as recommended. Generation of MDA-MB-231 and BT549 cells 

with forced or depleted expression of ARTN has been previously described (188). 

For IRR (irradiation resistant) cell line generation, each flask was irradiated with Cobalt60 γ-

radiation at an average dose of 4 Gy and the cells were returned to the incubator. After 48 hrs 

cells were trypsinized and sub cultured to a new flask. When cell confluence reached 

approximately 50%, the cells were again irradiated. This cycle was repeated until we 

observed significant IRR (4Gy) after assessing cell viability after IR treatment. The paclitaxel 

resistant cell lines were grown under selective pressure (IC50 of each cell line) for 3 days and 
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subsequently for 3 days without paclitaxel. This cycle was repeated until we observed 

significant paclitaxel resistance of paclitaxel treated BT549 cells by assessing cell viability 

after paclitaxel treatment. 

3.2.2 Reagents 

Paclitaxel was purchased from Sigma-Aldrich (Auckland, NZ). EGF, bFGF, bovine insulin 

and B27 were from Invitrogen (Auckland, NZ). The ALDEFLUOR assay kit was purchased 

from Stem Cell Technologies (Melbourne, Australia). Low melting agarose and N-

Lauroylsarcosine Sodium salt were purchased from Sigma (St Louis, MO, USA). 

3.2.3 Quantitative PCR 

qPCR was performed as described earlier (188). BMI1 primers used for qPCR were forward: 

5′- TGGACTGACAAATGC TGGAG-3′ and reverse: 5′- GGCAAACAAGAAGAGGTGGA 

-3′. DVL1 primers used for qPCR were forward: 5′- CCTCCTTCAGCAGCATAACC-3′ and 

reverse: 5′- GCTGATGCCCAGAAAGTGAT -3′. ALDH1 primers used for qPCR were 

forward: 5′- TCGTCTGCTGCTGGCGACAATG-3′ and reverse: 5′- 

CCCAACCTGCACAGTAGCGCAA -3′. CD44 primers used for qPCR were forward: 5′- 

ACACCATGGACAAGTTTTGGTG -3′ and reverse: 5′- CTGCAGGTCTCAAATCCGATG 

-3′. Other primers which include ARTN (190), TWIST1 (188), CD24 (245), CD133 (247) 

and BCL-2 (211) were as previous published.  

3.2.4 Luciferase reporter assay 

Luciferase reporter assay was performed as described previously (36) using TWIST1 (248) 

and BCL-2 (36) promoter constructs.   

3.2.5 Immunoblotting 

Western blot analysis was performed as described earlier (249). Western blot analysis was 

performed using the following antibodies: goat ARTN polyclonal antibody (R&D Systems, 
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Minneapolis, MN) mouse β-ACTIN monoclonal antibody (Sigma, St Louis, MO), rabbit 

TWIST1 polyclonal antibody (SantaCruz, CA), mouse BCL-2 monoclonal antibody 

(Invitrogen,CA). 

3.2.6 Comet assay 

Comet assay to evaluate DNA damage by single cells gel electrophoresis assay was 

performed as described earlier (250). The comet tails were analysed by CometScore™ 

software. 

3.2.7 Clonogenic assay 

Radiation sensitivities of the cell lines were determined by measuring colony formation after 

cells were exposed to ionizing radiation as previously described (251). Exponentially 

growing MDA-MB-231 and BT549-ARTN cells were irradiated with 4Gy ionizing radiation. 

24h post irradiation cells were trypsinised, plated in 6 well plates in triplicate at 400 cells per 

well and cultured in full serum media for 14 days. After 14 days, the cells were washed with 

1ml PBS and then fixed in 500µl Methanol for 20 minutes.    The colonies were stained with 

0.1% Crystal violet in 20% Ethanol (in PBS) for 30 minutes at room temperature.  Colonies 

of over 50 cells were counted. Surviving fractions were normalized by the plating efficiency 

of unirradiated controls (251). 

3.2.8 ALDEFLUOR assay 

ALDEFLUOR assay was performed as per the manufacturer‟s instruction. In brief, surviving 

cell population were harvested in 0.25% trypsin and collected by gentle centrifugation. Cell 

pellets were then washed twice in PBS. Cells were then resuspended in Aldefluor assay 

buffer containing ALDH substrate BODIPY
®
 aminoacetaldehyde (BAAA, 1μmol/L per 

1X10
6
 cells) and incubated for 40 minute at 37˚C. As negative control, for each sample of 

cells an aliquote was treated with 50mMol/L diethylaminobenzaldehyde (DEAB), a specific 
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ALDH inhibitor. Flow cytometry was performed using FACSAria™ II instrument (BD 

Biosciences, San Jose, USA) (FMHS, The University of Auckland). 

3.2.9 CD24/44 cell surface markers staining 

After 30 minute incubation with ALDEFLUOR reagent, 5μL of CD24-PE and 2.5μL of 

CD44-PerCP-Cy 5.5 (both from BD Pharmigen
TM

, USA) were directly added to the sample 

mixture and incubated for 20 minute at room temperature in the dark. Respective isotype 

control antibodies were also added in control tubes. After centrifugation and washing, the 

respective cell pellets were resuspended in 400μL of ALDEFLUOR buffer for further 

analysis. 

3.2.10 Mammosphere assay 

Monolayer cells were harvested in trypsin-EDTA and carefully resuspended in Dulbecco‟s 

modified Eagle's medium (DMEM) F12 (Invitrogen, Auckland, NZ) supplemented with 20 

ng/mL recombinant human epidermal growth factor (EGF), 20 ng/mL recombinant human 

basic fibroblast growth factor (bFGF), B27 supplement, 0.4% FBS, penicillin-streptomycin, 

L-glutamine (all from Gibco, Auckland, NZ), and 5 μg/mL bovine insulin (Sigma, MO, 

USA). The suspensions were passed through a 35 μm nylon filter and assessed under a light 

microscope to confirm cell disaggregation. Single cells were plated in ultra low attachment 

plates (Corning, MA, USA) at a density of 2000 cells/100µl in a 96 well plate format and 

subsequent passages were grown as 1000 cells/100µl and viability was measured by  

alamarBlue (Invitrogen, Auckland, NZ) as described previously (252). 

3.2.11 Cell function assays 

Soft agar colony formation assay, 3D cell growth, cell migration and invasion assays were 

performed as previously described (211). For monolayer cell proliferation, 3000 cells were 

seeded into 100 µl media (2% FBS) and after 72hrs viability was quantified as described 

previously (188). 
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3.2.12 Tumour xenograft in nude mice 

All animal work was done in accordance with a protocol approved by the institutional animal 

care and ethics committee of The University of Science and Technology of China. Tumour 

growth assays were performed as described earlier (188).  

3.2.13 Histopathological Analysis 

Tissue samples were collected with informed consent from 94 female ER-MC patients from 

the First Affiliated Hospital of Anhui Medical University (Hefei, P. R. China) presenting 

between 2001 and 2002 (188). Institutional ethics committee approval for the project was 

obtained before commencement of the study and was in compliance with the Helsinki 

Declaration.  Immunohistochemical analysis of paraffin-embedded specimens was performed 

as described previously (188). 

3.2.14 RNA Analysis 

RNA was extracted by TRIzol® Plus RNA Purification system from 24 ER-MC patients with 

invasive mammary ductal carcinoma who underwent surgery at the First Affiliated Hospital 

of Anhui Medical University (Hefei, P.R. China) between 2001 and 2002. All patients were 

Han Chinese female. The histopathological diagnosis of the specimens was consistent with 

breast neoplasm in accordance with WHO guidelines. The protocol for use of tissue samples 

was approved by the Institutional review board and written informed consent was obtained 

from each patient. SYBR Premix Ex Taq Kit (Takara) was used to determine the expression 

levels of ARTN, BCL-2 and ALDH1. The relative amount of gene transcripts was 

normalized to GAPDH. The Pearson‟s Correlation Coefficient was used to analyze the 

correlation between the expression levels of ARTN, BCL-2 and ALDH1. 
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3.2.15 Statistics 

All numerical data are expressed as mean ±S.E.M. and statistical significance was assessed 

by Student‟s t-test (P<0.05 was considered as significant) using Microsoft Excel XP unless 

otherwise indicated (χ2
 
test).  

3.3 Results 

3.3.1 ARTN modulates the sensitivity to ionizing radiation and paclitaxel in 

ER-MC   

One feature of the CSC-like phenotype is reduced sensitivity to sub-lethal doses of ionizing 

irradiation (IR) (101). To determine the effect of ARTN expression on IR sensitivity in ER-

MC, we generated stable MDA-MB-231 and BT549 cell clones with either forced expression 

or siRNA mediated depletion of ARTN as previously described (188). Differences in 

monolayer proliferation on exposure to a sub-lethal dose of IR were evident with forced 

expression or depletion of ARTN in MDA-MB-231 and BT549 cells compared with their 

respective control cells (Fig 3.1A). The replicative competence of MDA-MB-231-ARTN and 

BT549-ARTN cells after IR exposure was determined in standard radiation clonogenic assays 

(251). Cells with forced expression of ARTN readily formed a higher number of colonies 

compared to their respective control VEC cells. Depletion of ARTN in MDA-MB-231 and 

BT549 cells resulted in lower number of colonies compared to their respective control 

siCONT cells (Fig 3.1B). As IR induced cell death is generally attributed to primary DNA 

damage (101), Comet assays were performed to detect DNA damage. Comet tails, 

representing a significant fraction of unrepaired genomic DNA damage (253), were 

significantly higher in MDA-MB-231-VEC and BT549-VEC cells compared to the MDA-

MB-231-ARTN and BT549-ARTN cells at 15 min and 1 hr post IR, indicating that ARTN 

reduced DNA damage consequent to exposure to IR (Fig 3.1C). Depletion of ARTN in 

MDA-MB-231 and BT549 cells produced significantly longer comet tails compared to the 
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respective siCONT cells at 15 min and 1 hr post IR (Fig 3.1D).        

          To determine whether ARTN possesses a functional role in acquired resistance to IR, 

we developed an IR resistant (IRR)  MDA-MB-231 cell line by fractionated irradiation of 4Gy 

for 12 cycles as described earlier (254). MDA-MB-231-IRR cells differed from the wild type 

(WT) cells in their sensitivity to IR (4Gy) by 1.8 fold (Fig 4.1F). Protein levels of ARTN were 

higher in IRR cells compared to wild type cells, both with or without IR treatment (Fig 3.1E, 

upper panel).  To determine the functional consequences of the increased ARTN expression in 

IRR cells, we employed siRNA to reduce ARTN expression in both MDA-MB-231-WT and -

IRR cells. Depletion of ARTN by siRNA significantly decreased ARTN expression in both 

IRR and WT cells (Fig 3.1E, lower panel). Depletion of ARTN reduced the viability of MDA-

MB-231-WT cells upon exposure to a sub-lethal dose of IR. Depletion of ARTN also 

abrogated the enhanced resistance to IRR observed in IRR resistant cells reducing cell viability 

upon IR treatment to that observed in WT cells (Fig 3.1F). Forced expression of ARTN has 

previously been reported to increase MDA-MB-231 cell growth in 3D matrigel (188). MDA-

MB-231-IRR cells exhibited increased cell growth in 3D matrigel in comparison to WT cells 

(Fig 3.1G). Depletion of ARTN reduced the basal capacity for growth of MDA-MB-231-WT 

cells and also prevented the enhanced growth of IRR cells in 3D matrigel. Depletion of ARTN 

in MDA-MB-231-WT cells resulted in further reduction of cell growth in 3D matrigel in 

response to IR. Furthermore, depletion of ARTN completely abrogated the 3D matrigel growth 

advantage of IRR cells in response to IR when compared to WT cells (Fig 3.1G).  
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Fig 3.1: ARTN possesses a functional role in acquired resistance of ER-MC cells to 

ionizing radiation (IR). 

(A) Monolayer proliferation assay. MDA-MB-231 and BT549 cells with forced or depleted 

expression of ARTN were either untreated or exposed to various sub lethal doses of ionizing 

radiation. After 24 hrs cells were seeded in 2% serum containing media and cell viability was 

measured by alamarBlue after 72 hours. (B) Clonogenic survival. MDA-MB-231 and BT549 cells 

with forced or depleted expression of ARTN were either untreated or exposed to a 4 Gy dose of IR 

and 24 hours later, 600 cells /well were seeded in 10% serum containing media in 6 well plates. After 

two weeks, colonies with greater than 50 cells were counted by crystal violet stain and plating 

efficiencies calculated (PE). PE= (number of colonies formed /number of cells seeded) X 100. (C) 

Neutral comet assay. MDA-MB-231 and BT549 cells with forced  expression of ARTN were treated 

with a 4Gy dose of IR and DNA double stranded breaks were measured using the neutral comet assay. 

The tail moment correlates with the level of DSBs present in untreated (UT) cells; cells at 15m post 
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IR (15m) and at 1hr post IR (1 hr). (D) Neutral comet assay. MDA-MB-231 and BT549 cells with  

depleted expression of ARTN were treated with a 4Gy dose of IR and DNA double stranded breaks 

were measured using the neutral comet assay. The tail moment correlates with the level of DSBs 

present in untreated (UT) cells; cells at 15m post IR (15m) and at 1hr post IR (1 hr). (E) Western blot 

analysis for ARTN protein expression in WT and ionizing radiation resistant (IRR) MDA-MB-231 

cells ± IR. β-ACTIN was used as a loading control (upper panel). Western blot analysis for ARTN in 

WT and IRR MDA-MB-231 cells ± siRNA to ARTN demonstrating efficiency of siRNA-mediated 

depletion of ARTN protein (lower panel). (F) Monolayer proliferation assay. WT and IRR MDA-MB-

231 cells were cultured in 2% serum containing media and treated with different dose of IR ± siRNA 

to ARTN. After 72 hours cell viability was measured by alamarBlue. (G) Cell growth in 3D matrigel 

of MDA-MB-231- WT and –IRR cells  ± IR ± siRNA to ARTN.  *, p <0.05; **, p <0.01.    

 

 CSC-like cells also exhibit increased resistance to chemotherapeutic agents such as 

paclitaxel (102). Concordantly, we observed that ARTN modulated paclitaxel sensitivity in 

ER-MC cells. Forced expression of ARTN abrogated the reduction in both MDA-MB-231 

and BT549 cell viability in response to increasing concentration of paclitaxel (IC50; MDA-

MB-231-VEC, 5.4±0.29nM; MDA-MB-231-ARTN, 10.63±0.13nM; BT549-VEC, 

24.61±0.37nM; BT549-ARTN, 36.99±0.11nM) (Fig 3.2A). siRNA mediated depletion of 

ARTN in MDA-MB-231 and BT549 cells enhanced sensitivity to paclitaxel (IC50; MDA-

MB-231-siCONT, 5.1±0.15nM; MDA-MB-231-siARTN, 3.1±0.11nM; BT549-siCONT, 

24.74±0.20nM; BT549-siARTN, 18.58±0.36nM) (Fig 3.2A). We also examined the effect of 

paclitaxel (IC50: MDA-MB-231-5nM and BT549-24nM) on 3D matrigel growth of MDA-

MB-231 and BT549 cells with forced or depleted expression of ARTN. Forced expression of 

ARTN enhanced 3D matrigel growth of both cell lines and partially prevented the inhibition 

of 3D cell growth consequent to paclitaxel treatment (Fig 4.2B). Depletion of ARTN reduced 

growth of both cell lines in 3D matrigel and enhanced the growth inhibitory effects of 

paclitaxel treatment (Fig 3.2B).  

       To determine a potential role for ARTN in acquired resistance to paclitaxel, we 

developed a paclitaxel-resistant (PTXR) BT549 cell line (255). Western blot analysis 

demonstrated higher expression of ARTN protein in PTXR cells compared to respective wild 

type cells, both with or without paclitaxel treatment (Fig 3.2C, upper panel). BT549-PTXR 

cells exhibited enhanced growth in both monolayer and 3D matrigel (24nM paclitaxel) in 
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comparison to WT cells (Fig 3.2D-E). To determine a functional contribution of increased 

ARTN expression in PTXR cells, we employed siRNA to reduce ARTN expression in both 

BT549-WT and –PTXR cells. Depletion of ARTN by siRNA siginificantly decreased ARTN 

protein expression in both PTXR and WT cells (Fig 3.2C, lower panel). Depletion of ARTN 

reduced the monolayer viability of WT cells in response to paclitaxel (Fig 3.2D). Depletion 

of ARTN also abrogated the enhanced resistance to paclitaxel observed in PTXR cells 

reducing cell viability upon paclitaxel treatment to that observed in WT cells (Fig 3.2D). 

Depletion of ARTN reduced the basal capacity for growth of BT549-WT cells and also 

prevented the enhanced growth of PTXR cells in 3D matrigel. Depletion of ARTN in BT549-

WT cells resulted in further reduction of growth in 3D matrigel in response to paclitaxel. 

Furthermore, depletion of ARTN abrogated the 3D matrigel growth advantage of PTXR cells 

in the presence to paclitaxel when compared to WT cells (Fig 3.2E).  
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Figure 3.2: ARTN possesses a functional role in acquired resistance to paclitaxel in ER-

MC cells. 

(A)  Monolayer proliferation assay. MDA-MB-231 and BT549 cells with forced or depleted 

expression of ARTN were seeded in 2% serum containing media with different concentrations of 

paclitaxel. After 72 hours, cell viability was measured by alamarBlue. (B) Cell growth in 3D matrigel 

of MDA-MB-231 and BT549 cells with forced or depleted expression of ARTN ± paclitaxel. After 10 

days, cell growth was measured by alamarBlue. DMSO treated control cells are presented as 100%. 

(C) Western blot analysis for ARTN protein expression in WT and paclitaxel-resistant (PTXR) BT549 

cells ± paclitaxel. β-ACTIN was used as a loading control (upper panel). Western blot analysis for 

ARTN in WT and PTXR cells ± siRNA to ARTN demonstrating the efficacy of siRNA-mediated 

depletion of ARTN (lower panel). (D) Monolayer proliferation assay. BT549-WT and -PTXR cells 

were seeded in 2% serum containing media with different concentration of paclitaxel ± siARTN. 

After 3 days cell viability was measured by alamarBlue. (E) Cell growth in 3D matrigel of BT549-

WT and -PTXR cells ± paclitaxel ± siRNA to ARTN. DMSO treated control cells are presented as 

100%. All others parameters are presented compared to respective control cells. *p <0.05; **, p 

<0.01.  
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3.3.2 Increased expression of ARTN in a CSC rich population from ER-MC 

         To determine a potential role of ARTN in the ER-MC CSC-like population, MDA-MB-

231 and BT549 cells were first grown in mammosphere culture in ultra low attachment plates. 

Mammospheres are enriched in populations of mammary stem/progenitor cells capable of self-

renewal and multi-lineage differentiation (256). Whereas the majority of cells underwent 

anoikis as expected, some cells displayed the ability to grow as spherical organoids 

(mammospheres). Mammospheres were isolated and the expression of ARTN in MDA-MB-

231 and BT549 mammospheres was compared to the respective cells grown on monolayer in 

mammospheric media. The expression of ARTN protein in the mammospheric population of 

both cell lines was increased compared to the respective cells grown under adherent monolayer 

conditions (Fig 3.3A).  

        To verify the CSC-like phenotype of mammospheric cells, we examined the mRNA 

expression of stem cell markers, BMI1, TWIST1 and DVL1 (104, 257, 258)  and also ARTN in 

the mammospheres compared to cells grown on monolayer. qPCR analysis of gene expression 

demonstrated significantly increased mRNA expression of BMI1, TWIST, DVL1 and ARTN in 

the mammospheric compared to  monolayer grown MDA-MB-231 and BT549 WT cells 

respectively (Fig 3.3B, upper panel).  

       Previous studies have identified the role of ALDH1 as a marker of normal and malignant 

mammary stem cells (259). We therefore similarly utilized the ALDEFLUOR assay to isolate 

the ALDH1+ and ALDH1- cell populations based on ALDH1 enzymatic activity in MDA-

MB-231 and BT549 wild type cells. We examined the mRNA expression of the same stem cell 

markers and ARTN in the ALDH1- and ALDH1+ cell population. qPCR analysis of gene 

expression demonstrated significantly increased mRNA expression of  BMI1, TWIST1, DVL1 

and ARTN in ALDH1+ cells compared to ALDH1- cells in both MDA-MB-231 and BT549 

WT cells respectively. (Fig 3.3B, lower panel).  
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Figure 4.3: ARTN possesses a functional role in promoting CSC-like population in ER-

MC cells. 

(A) Western blot analysis for ARTN protein expression in MDA-MB-231 and BT549 cells 

grown under monolayer and mammospheric conditions respectively. Mammospheric media 

was used in both conditions to get the same culture environment and mammospheres were 

grown in ultra-low attachment plate. β-ACTIN was used as a loading control. Protein level 

was determined by densitometry software (Biorad laboratories Inc, CA, USA) and 

represented as arbitrary units. (B) Increased expression of ARTN in CSC-rich ER-MC cells. 

Mammosphere and ALDEFLUOR assays were performed to isolate the CSC rich population 

mammospheric and ALDH1+ population in MDA-MB-231 and BT549 wild type cells 

respectively. CSC markers, BMI1, TWIST1 and DVL1 and ARTN mRNA levels were 

determined by qPCR and expressed as the relative expression compared to the monolayer 

(mammosphere / monolayer) or the ALDH1- ( ALDH1+/ALDH1-) cell population. **, p 

<0.01.  

 

3.3.3 ARTN modulates the CSC-like population in ER-MC cells 

           To determine the effect of ARTN on the CSC-like behavior of ER-MC cells, MDA-

MB-231 and BT549 cells with forced expression of ARTN were cultured under ultra-low 

attachment conditions. MDA-MB-231 and BT549 cells with forced expression of ARTN 

exhibited significantly increased growth (number) of mammospheres compared to the 
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respective VEC cells. Concordantly, we observed decreased mammospheric growth (number) 

of MDA-MB-231 and BT549 cells with siRNA mediated depletion of ARTN compared to the 

siCONT cells respectively (Fig 3.4A). To confirm that the increased mammospheric growth 

represented the progeny of individual cells, rather than the aggregation of quiescent cells, we 

performed self-renewal assays (260). The growth of mammospheres generated upon serial 

passage provides an indirect measure of mammary stem cell self-renewal (261). We therefore 

examined the ability of primary mammospheres from both MDA-MB-231 and BT549 cells 

with forced expression of ARTN to form secondary and tertiary mammospheres. The 

secondary and tertiary mammospheres generated from cells with forced expression of ARTN 

was significantly increased as compared to those generated from the respective VEC cells (Fig 

3.4B). 

        To determine if ARTN modulated the ALDH1+ cell population, we measured the 

ALDH1+ cell number in MDA-MB-231 and BT549 cells with forced or depleted expression of 

ARTN. Forced expression of ARTN significantly increased the percentage of ALDH1+ cells 

whereas siRNA mediated depletion of ARTN decreased the percentage of ALDH1+ cells (Fig 

3.4C). A previous report demonstrated that ALDH (+)/CD44(+)/CD24(-) and 

ALDH(+)/CD44(+)/CD133(+) cells are important markers of a CSC population in mammary 

carcinoma (262). We therefore determined if ARTN stimulated alterations in expression of 

CD24, CD44, and CD133 in the ALDH1+ cell population. We utilized the ALDEFLUOR 

assay to isolate the ALDH1+ cell populations based on ALDH1 enzymatic activity in BT549 

cells with forced expression of ARTN and the respective VEC control cells. qPCR analysis of 

gene expression demonstrated increased mRNA expression of CD44 and decreased mRNA 

expression of CD24 in BT549-ARTN-ALDH1+ cells compared to BT549-VEC-ALDH1+ 

cells respectively (Fig 3.4D). Next, we also determined if ARTN stimulated alterations of 

CD44 and CD24 cell surface expression markers in the ALDH1+ cell population. We utilized 
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the ALDEFLUOR assay to isolate the ALDH1+ cell populations based on ALDH1 enzymatic 

activity in BT549 cells with forced expression of ARTN and the respective VEC control cells, 

as the primary sort criteria. The resulting ALDH1+ cells sorted from both BT549-VEC and -

ARTN clones were further gated for CD44 and CD24 cell surface markers and as secondary 

sort criteria we designated another subset of cells with ALDH1+/CD44+/CD24- expression 

(262). We observed a significantly increased CD44+/CD24- cell population in the ALDH1+ 

fraction of BT549 cells with forced expression of ARTN as compared to BT549 VEC cells 

(Fig 3.4E). 
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Figure 3.4: ARTN enhances the CSC-like population in ER-MC cells.  

(A) MDA-MB-231 and BT549 cells with forced or depleted expression of ARTN were 

seeded in ultra low attachment plates in mammospheric growth media. After 10 days, growth 

was measured by alamarBlue. Representative images of mammospheres generated by either 

forced expression or depleted expression of ARTN cells of MDA-MB-231 and BT549. Bar, 

50μm. (B) ARTN enhanced the self renewal potential of ER-MC cells. MDA-MB-231 and 

BT549 cells with forced expression of ARTN were grown under mammospheric conditions 

and were sequentially cultured from 1
st
 generation (G1) till 3

rd
 generation (G3) and growth 

compared with the respective VEC cells generation. (C) ARTN modulates ALDH1+ cell 
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population in MDA-MB-231 and BT549 cells with forced or depleted expression of ARTN. 

Cells were incubated with ALDEFLUOR substrate (BAAA, BODIPY
®
-aminoacetaldehyde) 

to define the ALDEFLUOR positive and a specific inhibitor of ALDH1, DEAB 

(Diethylaminobenzaldehyde), was used to establish the baseline fluorescence. Flow 

cytometry plots indicate side scatter (SSC) versus fluorescence intensity. (D) Increased 

expression of mammary CSC markers in the ALDH1+ ER-MC cell population. 

ALDEFLUOR assays were performed to isolate the ALDH1+ cells in BT549 cells with 

forced expression of ARTN and respective control VEC cells. CSC markers, CD44, CD24 

and CD133 mRNA levels were determined by qPCR and expressed as the relative expression 

compared to the VEC-ALDH1+ cell population. (E) Increased expression of mammary CSC 

markers in CSC-rich ALDH1+ ER-MC cells. BT549 cells with forced expression of ARTN 

and respective control VEC cells were labelled with ALDEFLUOR assay kit and fluorescent 

antibodies (CD24-PE and CD44-PerCP). The ALDEFLUOR assay was performed to isolate 

the ALDH1+ cells in BT549 cells with forced expression of ARTN and respective control 

VEC cells and the ALDH1+ cells were further sorted on the basis of CD44+/CD24- cell 

surface marker expression.   *, p <0.05; **, p <0.01.   

3.3.4 ARTN modulates the CSC-like population in ER+MC cells              

       ARTN is an estrogen regulated gene and also expressed in ER+MC (190). We therefore 

determined if ARTN modulates the CSC-like population in ER+ MCF7 cells. MCF7 cells with 

forced expression of ARTN (211) exhibited significantly increased growth of mammospheres 

compared to the MCF7-VEC cells. We also observed that MCF7 cells with forced expression 

of ARTN exhibited a significantly increased percentage of ALDH1+ cells as compared to 

MCF7-VEC cells (Fig 3.5A and B). 
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 Figure 3.5: ARTN enhances the CSC-like population in ER+ MC cell. 

MCF7 cells with forced expression of ARTN were seeded in ultra low attachment plates in 

mammospheric media. After 10 days, growth was measured by alamarBlue. (B) ARTN 

increases the ALDH1+ cell population in MCF7 cells. Representative bar graph analysis 

using the FACS analysis of ALDEFLUOR assay with MCF-7-VEC and MCF-7-ARTN cells. 

Cells incubated with ALDEFLUOR substrate (BAAA, BODIPY
®

-aminoacetaldehyde) to 

define the ALDEFLUOR positive and a specific inhibitor of ALDH1, DEAB 

(Diethylaminobenzaldehyde), was used to establish the baseline fluorescence. Flow 

cytometry plots indicate side scatter (SSC) versus fluorescence intensity. **, p <0.01. 

3.3.5 ARTN enhances tumour-initiating capability in ER-MC cells in vivo 

Another characteristic feature of the CSC-like cell population is enhanced tumour initiating 

capacity, responsible for metastasis and disease recurrence (263). To determine the effect of 

forced expression of ARTN on the tumour initiating capacity of ER-MC cells in vitro, we 

seeded both MDA-MB-231-ARTN and BT549-ARTN cells along with their respective control 

VEC cells in 3D matrigel. Cells were seeded at serial dilution (1000 to 125 cells/well). At the 

lowest cell dilution (125 cells/well), MDA-MB-231 and BT549 cells with forced expression of 

ARTN still produced 2 fold and 1.6 fold more cell growth than the VEC cells respectively (Fig 

3.6). We next injected MDA-MB-231-ARTN cells at exponential dilution from 10
5
 to 10

2
 cells 

into the mammary fat pad of immunodeficient nude mice and examined their ability to form 

palpable and measurable tumours as compared to the VEC cells. After 9 weeks, in mice 

injected with 10
2
 cells, palpable tumours were readily detectable in 5/6 mice injected with 

MDA-MB-231-ARTN cells, whereas only 2/6 mice injected with MDA-MB-231-VEC cells 

generated palpable tumours. After 9 weeks, in mice injected with 10
3
 cells, tumours formed by 

MDA-MB-231-ARTN cells (5/6) (tumour volume 149.6±61.5 mm
3
) was 1.7 fold larger than 

those formed by the VEC cells (4/6) (tumour volume 88.2±34.2 mm
3
). Similarly, after 7.5 

weeks in the mice injected with 10
4 

or 10
5
 cells, 6/6 mice injected with MDA-MB-231-ARTN 

cells  formed tumours which were larger (tumour volume 167.3±91.5 mm
3
 and 274.0±61.0 

mm
3
 respectively), compared to tumours formed by VEC cells (5/6) (tumour volume 

105.9±45.2 mm
3
 and 182.5±76.6 mm

3
 respectively) (Table 3.1).  
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Figure 3.6: in vitro colony initiation capacity of MDA-MB-231-ARTN and BT549-

ARTN cells and their respective VEC control cells.  

Cells (1000-125/ well) were seeded in 2% matrigel in a 96 well plate format. After 10 days 

cell growth was measured by alamarBlue. *, p <0.05; **, p <0.01.  

 

 

 

Table 3.1: Tumour initiating capacity of MDA-MB-231 cells with forced expression of 

ARTN and VEC transfected control cells in immunodeficient mice. Results indicate 

number of animals in which tumours formed from six animals in each group. 

 
  

                     Number of cells injected 

  

                      10
2 

       10
3
       10

4
        10

5
 

 

 VEC             2/6        4/6        5/6        5/6 

 ARTN          5/6        5/6        6/6        6/6 

P <0.05 

3.3.6 BCL-2 is necessary for TWIST1 mediated ARTN stimulated CSC-like 

population 

           BCL-2 has been shown to regulate the CSC-like population in mammary carcinoma 

cells (246). A previous report also demonstrated that ARTN utilizes BCL-2 to mediate 

tamoxifen resistance in ER+MC cells (190). We therefore determined BCL-2 protein levels in 
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MDA-MB-231 and BT549 cells with forced expression and depletion of ARTN compared to 

the control VEC cell. Forced expression of ARTN in MDA-MB-231 and BT549 cells 

significantly increased BCL-2 expression compared to VEC cells (Fig 3.7A) and as previously 

reported for ER+MC cells (190). Depletion of ARTN significantly decreased BCL-2 

expression in both MDA-MB-231 and BT549 cells compared to their respective siCONT cells 

(Fig 3.7A). We have previously reported that TWIST1 mediates ARTN stimulated invasion of 

ER-MC cells (188). ARTN increases TWIST1 expression in BT549 cells by transcriptional 

regulation via the TWIST1 promoter (Fig 3.8A). The transcriptional mechanism by which 

TWIST1 regulates BCL-2 expression has previously been determined (264, 265). TWIST1 has 

been reported to confer chemoresistance by increasing the BCL-2/BAX ratio (264). ARTN 

increases BCL-2 expression in BT549 cells by transcriptional regulation via the BCL-2 

promoter and siRNA to TWIST1 abrogates ARTN stimulation of the BCL-2 promoter (Fig 

3.8B). Depletion of TWIST1 by use of siRNA (188) decreased the basal level of BCL-2 

expression in MDA-MB-231 cells. siRNA to TWIST1 also significantly decreased the ARTN 

stimulated BCL-2 expression in MDA-MB-231-ARTN cells (Fig 3.7B).  

       Next, we determined TWIST1 and BCL-2 levels in the mammospheric population of 

MDA-MB-231-ARTN and BT549-ARTN cells compared to the respective VEC 

mammospheric cell population. Forced expression of ARTN in MDA-MB-231 cells 

significantly increased both TWIST1 and BCL-2 levels under mammospheric growth 

conditions compared to the respective VEC cells (Fig 3.7C).                                        

      BCL-2 and TWIST1 has been implicated to possess a role in modulating the CSC-like 

population in mammary carcinoma cells (104, 246). First, to determine if BCL-2 mediates 

ARTN enhancement of the CSC-like population we employed the BCL-2 inhibitor, YC137 

(5μM) to inhibit BCL-2 activity in MDA-MB-231 and BT549 cells with forced expression of 

ARTN and their respective control VEC cells. Inhibition of BCL-2 abrogated the stimulatory 
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effects of ARTN on mammosphere formation in both MDA-MB-231-ARTN and BT549-

ARTN cells (Fig 3.7D). Next, to determine whether TWIST1 mediates ARTN stimulation of 

the CSC-like population we employed siRNA to TWIST1 to selectively deplete TWIST1 

expression in MDA-MB-231 and BT549 cells with forced expression of ARTN and their 

respective control VEC cells. Depletion of TWIST1 abrogated the stimulatory effects of 

ARTN on mammosphere formation in both MDA-MB-231-ARTN and BT549-ARTN cells 

(Fig 3.7E). To determine whether ARTN utilized TWIST1 to increase the ALDH1+ population 

in ER-MC cells, we compared the percentage of ALDH1+ cells in MDA-MB-231-ARTN and 

MDA-MB-231-VEC cells ± siRNA to TWIST1. Depletion of TWIST1 reduced the basal 

percentages of the ALDH1+ population in MDA-MB-231-VEC cells. TWIST1 siRNA also 

largely abrogated the stimulatory effects of ARTN on the ALDH1+ cell population in MDA-

MB-231-ARTN cells (Fig 3.7F). 
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Figure 3.7: ARTN activates BCL2 to promote a CSC like phenotype in ER-MC cells. 

 
(A)Western blot determination of BCL-2 protein levels in MDA-MB-231 and BT549 cells with 

forced expression and depletion of ARTN. β-ACTIN was used as loading control for cell lysates. The 

sizes of the detected protein bands in kDa are shown on the right. (B) Western blot determination of 

BCL-2 protein levels in MDA-MB-231 cells with forced expression of ARTN± siRNA to TWIST1. β-

ACTIN was used as loading control for cell lysates. The sizes of the detected protein bands in kDa are 

shown on the right. (C) Western blot determination of TWIST1 and BCL-2 protein levels in MDA-

MB-231 and BT549 cells with forced expression of ARTN grown under mammospheric conditions. 

β-ACTIN was used as loading control for cell lysates. The sizes of the detected protein bands in kDa 

are shown on the right. (D) Mammospheric growth of MDA-MB-231 and BT549 cells with forced 

expression of ARTN was determined ± YC137 (5µM). DMSO-treated VEC cells are presented as 

100%. (E) Mammospheric growth of MDA-MB-231 and BT549 cells with forced expression of 

ARTN was determined ± siRNA to TWIST1. siCONT-treated VEC cells are presented as 100%. (F) 

The ALDEFLUOR assay was performed in MDA-MB-231 cells with forced expression of ARTN ± 

siRNA to TWIST1. Flow cytometry plots indicate side scatter (SSC) versus fluorescence intensity.**, 

p <0.01.   
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Figure 3.8: ARTN activates TWIST1 and BCL2 promoter activity in ER-MC cells. 

(A) TWIST1 promoter activity was compared between BT549 cells with forced expression of 

ARTN and its control VEC cells. (B) BCL-2 promoter activity was compared between BT549 

cells with forced expression of ARTN and its control VEC cells ± siRNA to TWIST1. *, 

p<0.05; **, p<0.01. 

 

Next, we examined whether forced expression of TWIST1 would negate ARTN stimulation 

of increases in the CSC-like population. We performed the ALDEFLUOR assay in BT549 

cells stably transfected with TWIST1 and VEC transfected control cells (188) ± siARTN. 

Depletion of ARTN by siRNA in BT549-VEC cells significantly decreased the percentage of 

the ALDH1+ cell population (Fig 3.9). However, depletion of ARTN by siRNA in BT549-

TWIST1 did not significantly alter the percentage of the ALDH1+ cell population. Thus, 

increased expression of TWIST1 is downstream of ARTN stimulation. 
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Figure 3.9: TWIST1 is downstream of ARTN stimulated CSC-like behavior in ER-MC 

cells. 

ALDEFLUOR assay in BT549 cells with forced expression of TWIST1± siARTN. Cells 

were incubated with ALDEFLUOR substrate (BAAA, BODIPY
®
-aminoacetaldehyde) to 

define the ALDEFLUOR positive population and a specific inhibitor of ALDH1, DEAB 

(Diethylaminobenzaldehyde), was used to establish the baseline fluorescence. Flow 

cytometry plots indicate side scatter (SSC) versus fluorescence intensity.  

 

3.3.7 ARTN dependent radio resistance is mediated by BCL-2 

         Resistance to IR and chemotherapeutic agents is one characteristic of cells with CSC-like 

behavior (266). To determine if acquired resistance to IR in MDA-MB-231 cells, resulted in an 

increased CSC-like population we examined the mammospheric growth of MDA-MB-231-IRR 

cells compared to the WT cells. Concordant with published literature, MDA-MB-231-IRR 

cells exhibited an increased mammospheric cell growth (101, 102) and increased ALDH1+ cell 

populations (97) compared to the  WT cells. siRNA mediated depletion of ARTN resulted in 

decreased mammospheric cell growth and decreased ALDH1+ cell populations in both WT 

and IRR cells as compared to the respective siCONT cells (Fig 3.10A-B).  
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    BCL-2 possesses a functional role in both radio- and-chemo resistance (267, 268). 

Increased BCL-2 expression was observed in MDA-MB-231-IRR cells compared to the WT 

cells (Fig 3.10C) and siRNA mediated depletion of ARTN resulted in decreased BCL-2 

expression in both cell lines as compared to respective WT cells (Fig  3.10C). To further 

determine whether ARTN acquired radio resistance is mediated by BCL-2, we treated MDA-

MB-231-IRR and WT cells ± YC137 and performed a clonogenic assay. MDA-MB-231-IRR 

cells readily formed a higher number of colonies compared to the WT cells and treatment with 

YC137 largely abrogated the increased number of colonies observed in the resistant cells (Fig 

3.10D).  

 
Figure 3.10: BCL2 is a downstream of ARTN mediated acquired resistance to ionizing 

radiation resulted in an increased CSC-like population in ER-MC cells. 

(A) MDA-MB-231-WT and –IRR cells were seeded in ultra low attachment plates in mammospheric 

growth media ± siRNA to ARTN. After 10 days, growth was measured by alamarBlue.  

Mammosphere formation by MDA-MB-231 ionizing radiation resistant (IRR) cells was increased as 

compared to respective wild type (WT) cells. Depletion of ARTN by siARTN significantly decreased 
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the mammosphere formation in both IRR and WT cells of MDA-MB-231. (B) ARTN mediated 

acquired resistance to ionizing radiation resulted in  an increased CSC-like population in ER-MC 

cells. Cells were incubated with ALDEFLUOR substrate (BAAA, BODIPY
®
-aminoacetaldehyde) to 

define the ALDEFLUOR positive and a specific inhibitor of ALDH1, DEAB 

(Diethylaminobenzaldehyde), was used to establish the baseline fluorescence. Flow cytometry plots 

indicate side scatter (SSC) versus fluorescence intensity.The ALDEFLUOR+ cell population in 

MDA-MB-231 ionizing radiation resistant (IRR) cells was increased as compared to wild type (WT) 

cells. Depletion of ARTN by siARTN significantly decreased the ALDEFLUOR+ cell population in 

IRR and WT cells of MDA-MB-231. (C) Western blot was used to determine BCL-2 protein levels in 

MDA-MB-231-WT and –IRR ±siRNA to ARTN. β-ACTIN was used as loading control for cell 

lysates. The sizes of the detected protein bands in kDa are shown on the right. (D) Clonogenic 

survival. MDA-MB-231-WT and -IRR cells± YC137 were exposed to a 4 Gy dose of IR and 24 hours 

later, 600 cells /well were seeded in 10% serum containing media in 6 well plates. After two weeks, 

colonies with greater than 50 cells were counted by crystal violet stain and plating efficiencies 

calculated (PE). PE= (number of colonies formed /number of cells seeded) X 100. **, p <0.01. 

3.3.8 ARTN and ALDH1 are co-expressed in ER-MC 

         ALDH1 expression in mammary carcinoma correlates with a poor survival outcome 

(259, 269). To determine a potential association between ARTN and ALDH1 expression in 

ER-MC, we first performed qPCR on a cohort of 24 ER-MC to compare the relative 

expression of ARTN mRNA and ALDH1 mRNA. We observed that ARTN mRNA expression 

was positively and highly correlated with ALDH1 mRNA expression (Pearson coefficient: 

0.66; P=0.0008) (Fig 3.11A). We next determined a potential association of ARTN and 

ALDH1 protein expression in a cohort of 94 human ER-MC by IHC and examined the 

association of expression. IHC analysis showed that both ARTN and ALDH1 protein were 

highly expressed in ER-MC. All 94 samples were positive for ALDH1 expression. We 

therefore stratified the samples according to the level of expression into two catagories (low 

ALDH1 and high ALDH1 expression). As previously reported (259), patients whose tumours 

expressed high ALDH1 exhibited a worse survival outcome than those with low ALDH1 

expression (Fig 3.12). ARTN immunoreactivity was stratified according to the level of 

expression into four catagories (negative, weak, moderate and strong expression) (188). Of 

those tumours negative for ARTN expression, only 5.7% exhibited high ALDH1 expression. 

With increasing tumour expression of ARTN, there was a concordant graded increase in 

ALDH1 expression with 60% of tumours with strong ARTN expression also exhibiting high 
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ALDH1 expression. To confirm the correlation of expression between ARTN and ALDH1 

proteins in clinical samples, we compared the relationship by Spearman‟s rank correlation 

coefficient and observed a significantly positive value (Spearman correlation: rs=0.408, P= 

0.001) (Fig 3.11B). Hence, ALDH1 expression in ER-MC is partially correlated with ARTN 

expression. 

As ARTN regulated BCL-2 expression to stimulate CSC-like behavior in ER-MC cells, we 

also determined a potential association between ARTN and BCL-2 expression in ER-MC. By 

qPCR analysis on the same cohort of 24 ER-MC to compare the relative expression of ARTN 

mRNA and BCL-2 mRNA, we observed that ARTN mRNA expression was positively and 

highly correlated with BCL-2 mRNA expression (Pearson coefficient: 0.76; P=0.03) (Fig 

3.11C). Hence, BCL-2 expression in ER-MC is also partially correlated with ARTN 

expression.  
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Figure 3.11: Association of ARTN with ALDH1 or BCL-2 expression in ER-MC. 

(A) Pearson‟s correlation coefficient was determined between the mRNA expression of ARTN and 

ALDH1 determined by qPCR in a cohort of twenty four ER-MC. ARTN expression was positively 

correlated with ALDH1 expression (rho=0.66). (B) Correlation between ARTN and ALDH1 protein 

determined by IHC in a cohort of 94 ER-MC. The expression parameters for ARTN are described 

previously  [11]. (C) Pearson‟s correlation coefficient was determined between the mRNA expression 

of ARTN and BCL-2 determined by qPCR in a cohort of twenty four ER-MC. ARTN expression was 

positively correlated with BCL-2 expression (rho=0.76).  
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Figure 3.12: Association of ALDH1 expression with survival outcome in ER-MC.(A)  Kaplan-

Meier analysis of the association of ALDH1 expression with relapse free survival (RFS) (I) and 

overall survival (OS) (II) in ER-MC patients.  

3.4 Discussion 

         We have demonstrated herein that increased ARTN expression is associated with and 

functionally promotes acquired resistance of ER-MC cells to IR or paclitaxel concordant with 

the previously demonstrated role of ARTN in acquired resistance of ER+MC cells to 

tamoxifen (190). We also have preliminary evidence of a similar role for ARTN in HER2+ 

mammary carcinoma cell lines with acquired resistance to Herceptin (Ding et al., in 

preparation). The functional role of increased ARTN expression in resistant cells is 

apparently related to its capacity to enhance a CSC-like cell phenotype in ER-MC cell 

populations. CSC-like cells exhibit characteristics of EMT and are associated with greater 

metastatic potential (270). Similarly we have also previously demonstrated that ARTN 

stimulates an AKT-TWIST1 dependent EMT in ER-MC cells with a resultant increase in the 

metastatic potential of these cells (188). Increased expression of ARTN may therefore be a 

common adaptive mechanism used by cancer cells to promote cell survival and renewal in, 

and dispersal from, hostile microenvironments of different derivation.  

          To our knowledge, the work herein is the first demonstration of a member of the 

GDNF family of ligands (GFL), functioning as a cancer stem cell (CSC) factor. However, 

other members of the GFL family have been demonstrated to regulate renewal of normal 
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stem cell populations (271, 272). GDNF, for example, maintains spermatogonial stem cell 

renewal by paracrine secretion from Sertoli cells (271). GDNF signals through a multi-

subunit receptor system comprised of GFRα-1 or GFRα-3  and RET subunits, which function 

as ligand binding and signaling components, respectively (185). ARTN has been reported to 

primarily utilize GFRα-3 (121) but has also been shown to bind to GFRα-1 (158) and also 

activates RET (158). Interestingly, GDNF has also been shown to signal via a RET-

independent mechanism (273) and the cellular effects of GFLs may therefore be propogated 

through multiple independent pathways. A recent report demonstrated that GDNF and ARTN 

also interact with SYNDECAN-3 (SDC-3), a transmembrane heparin sulphate (HS) 

proteoglycan with subsequent activation of Src kinase (156). SDC-3 is expressed in 

myogenic stem cells and co-operates with Notch to promote cell cycle progression and self 

renewal and inhibit terminal differentiation (274). This alternate receptor for ARTN may be 

highly relevant in the context that MDA-MB-231 cell line used herein does not express RET 

(275) and therefore the observed effects of ARTN on the CSC-like phenotype in these cells 

are RET independent. The expression of the 3 identified ARTN receptors (GFRα-1, GFRα-3 

and SDC-3) in mammary carcinoma and their potential significance in prognosis of 

mammary carcinoma has been reported (276). Regardless of which receptor pathways initiate 

ARTN signaling in ER-MC cells it is apparent that ARTN stimulation of both the EMT (188) 

and CSC-like phenotypes is mediated by TWIST1. TWIST1 has been demonstrated to be 

essential to promote EMT and tumour initiating capacity (277). BMI1 is a downstream 

transcriptional target for TWIST1 in HNSCC (277). We have observed that ARTN also 

stimulates BMI1 expression via TWIST1 in ER-MC cells (Fig 4.14).  
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Figure 3.13: ARTN modulates BMI1 mRNA expression via TWIST1 in ER-MC cells. *, p 

<0.05; **, p <0.01. 

 

          Furthermore, TWIST1 has been demonstrated to be sufficient to promote invadopodia 

formation leading to metastasis of mammary carcinoma cells (278). The centrality of 

TWIST1 for the cellular response to ARTN is also evidenced by the previous observation that 

combined low expression of both ARTN and TWIST1 in ER-MC predicts 100% patient 

survival in contrast to poor survival outcome of patients with tumours that express both high 

ARTN and high TWIST1 (188).  

         Involvement of BCL-2 in mammary carcinoma correlates with both favorable prognosis 

in early stage mammary carcinoma (279) and poorer prognosis associated with increased 

invasive potential in triple negative (TN) mammary carcinoma, where it has been 

demonstrated that in TN mammary carcinoma BCL-2 is associated with poorer survival 

outcome (280). Furthermore BCL-2 is also associated with increased therapeutic resistance 

(281) and promoting breast cancer initiating cells (246). Significantly, in patients with ER+ 

tumours treated with tamoxifen, increased BCL-2 expression was highly associated with a 

significantly worse survival outcome (282). Similarly, increased expression of ARTN has 

been reported to be associated with a worse survival outcome in such patients, an effect 

mediated by BCL-2 (190). 
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       Regardless of its prognostic value, BCL-2, while necessary, is clearly not the sole 

functional promoter of the CSC-like actions of ARTN. Indeed, expression analyses indicate 

that ARTN modulates the expression of a range of genes potentially involved in promoting 

CSC like behavior (188). Furthermore, BCL-2 has multiple interacting partners such as BAK, 

BAX and BAD and the relative expression ratios of BCL-2 to these inhibitory partners exert 

significant effects on BCL-2 function (28) and undoubtedly the prognostic significance of 

BCL-2 expression. It is therefore interesting that ARTN has previously been demonstrated to 

regulate BAX in both mammary (211) and endometrial carcinoma cells (245). Hence, while 

BCL-2 expression by itself may be associated with a good prognosis, the expression of other 

interacting proteins and pathways will determine the final functional effect of BCL-2 

expression in tumours. As indicated above, and in numerous other studies (283), inhibition of 

BCL-2 increases tumour cell sensitivity to apoptosis. 

           Furthermore, consistent with published literature (246, 267, 268) we have also shown 

here that BCL-2 mediates ARTN acquired radio-and chemo-resistance and the CSC-like 

characteristics in ER-MC cells. ARTN expression was significantly and positively correlated 

with BCL-2 expression in a cohort of ER-MC. The involvement of TWIST1 in radio-and 

chemo-resistance and CSC-like characteristics in mammary carcinoma is also evident from 

the literature (104), as is AKT regulation of both TWIST1 and BCL-2 (188, 284). Depletion 

of TWIST1 leads to increased sensitivity to taxol in prostate cancer cells and was associated 

with down regulation of BCL-2 and subsequent activation of apoptosis (265). Concordantly, 

we demonstrated ARTN utilizes TWIST1 to transcriptionally regulate BCL-2. Thus, BCL-2 

is downstream target of ARTN via TWIST1. Previous reports also suggested that TWIST1  

increases VEGF gene expression in patients with metastatic mammary carcinoma (32). 

VEGF has been reported to increase BCL-2 expression in human and murine mammary 

adenocarcinoma cells (285). Collectively, we can conclude that ARTN activates AKT with 
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consequent increases expression of TWIST1 and BCL-2 to promote radio-and chemo-

resistance via increasing CSC-like behavior of ER-MC cells.   

             In summary we have demonstrated a functional role of ARTN in acquired resistance 

to paclitaxel and IR by promotion of a CSC-like cell phenotype in ER-MC. ARTN expression 

in ER-MC could therefore be interrogated as a  marker, along with TWIST1 (188), to identify 

those patients likely to experience resistance to therapy and recurrence. Furthermore, 

combined inhibition of ARTN and PI3K/AKT/TWIST1/BCL-2 could be considered as one 

potential approach to limit development of acquired resistance to multiple therapeutic 

strategies used to treat ER-MC. 
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Chapter 4 ARTEMIN promotes de novo angiogenesis in ER 

negative mammary carcinoma through activation of TWIST1-

VEGF-A signalling   

 

4.1 Introduction 

Tumour growth and metastasis is dependent on de novo angiogenesis. Clinicopathological 

correlations between angiogenesis and patient survival in mammary carcinoma have been 

reported (95). Microvessel density (MVD) was reported to be highest with 

histopathologically aggressive ductal carcinoma-in situ (95). High MVD in premalignant 

lesions has also been associated with high risk of future mammary carcinoma and high MVD 

has been correlated with metastasis and poor survival in node-negative mammary carcinoma 

(95). However, the role of angiogenesis in mammary carcinoma remains controversial as a 

number of studies have indicated lack of therapeutic efficacy of various anti-angiogenic 

agents, as tumour re-growth during ongoing treatment may be observed (286, 287). The 

reasons for these discrepancies may depend upon several factors such as inhibition of 

vascular endothelial growth factor (VEGF) promoting endothelial vessel normalisation which 

may decrease delivery of therapeutic agents, thereby indirectly promoting tumour growth. 

Alternatively, hypoxia due to vascular paucity upon inhibition of angiogenesis may promote 

tumour invasion, as evidenced whereupon anti-angiogenic treatment of glioblastoma (GBM) 

resulted in increased intravasation and metastatic dissemination (287). Such tumour escape 

mechanisms may partially explain the lack of therapeutic efficacy of inhibition of tumour 

angiogenesis in mammary carcinoma. In any case, regardless of the controversies 

surrounding therapeutic inhibition of angiogenesis in mammary carcinoma, angiogenesis 

remains an important component of tumour growth and metastasis (95). 
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           ARTEMIN (ARTN) is one member of the glial cell line-derived neurotrophic factor 

(GDNF) family of ligands (211).  ARTN has previously been demonstrated to be involved in 

progression of various carcinomas (34, 36, 288) including mammary carcinoma (211). 

Increased ARTN expression in mammary carcinoma promotes metastasis (188), radio-

resistance (manuscript submitted), chemo-resistance (245), endocrine resistance (190) and 

also enhances CSC like activity in estrogen receptor negative mammary carcinoma (ER-MC) 

(manuscript submitted). Interestingly, another neurotrophic factor, nerve growth factor 

(NGF), also stimulates tumour angiogenesis in vivo in mammary carcinoma via the PI3K-

AKT pathway (289). Similarly, ARTN could potentially modulate not only  tumour growth 

and metastasis, but also promote angiogenesis as a contribution to tumour progression 

leading to poor survival outcomes in ER-MC (188).  

           The AKT signalling pathway is pivotal to key cellular functions in mammary 

carcinoma including metastasis and angiogenesis (290). The expression of various angiogenic 

factors including VEGF-A and angiopoietins (ANG), and their receptors, are regulated by 

AKT activity in mammary carcinoma. AKT expression is also correlated with VEGF-A 

expression and MVD in mammary carcinoma (290). Furthermore, AKT activation controls 

the tumour microenvironment by promoting endothelial cell proliferation, survival and 

migration regulating tumour angiogenesis through VEGF dependent pathways (291). Thus, 

AKT plays an important role in the tumour angiogenic process. 

          The basic helix-loop-helix transcription factor TWIST1, also promotes tumour 

angiogenesis and metastasis in mammary carcinoma (99). Previously we have demonstrated 

that ARTN promoted oncogenicity and invasion is mediated by TWIST1 in ER-MC cells 

(188). Promotion of de novo angiogenesis in human mammary carcinoma by TWIST1 has 

been reported (292). Various pro-angiogenic factors including VEGF-A and ANG and their 

receptors were demonstrated to be positively regulated by TWIST1  in murine melanoma cell 
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lines (292). A recent study also suggested that TWIST1 positively regulates VEGF-A mRNA 

levels in metastatic mammary carcinoma (32). Furthermore, TWIST1 mediated angiogenesis 

in mammary carcinoma in clinical samples correlates with higher expression of VEGF-A 

(99).  

           We report herein that ARTN secreted from mammary carcinoma cells promotes 

tumour angiogenesis which is mediated in part by enhanced VEGF-A expression. Thus, 

ARTN co-ordinately regulates angiogenesis and tumour progression of ER-MC. 

 

4.2 Material and Methods 

 4.2.1 Cell culture 

 

Cell lines used in this study were obtained from the ATCC (American Type Culture 

Collection) and cultured as recommended. Generation of MDA-MB-231 or BT549 cells with 

forced expression or depleted expression of ARTN  have been previously described (188). 

Human microvascular endothelial cells (HMEC-1) were cultured as described previously 

(293). 

4.2.2 Reagents  

          Recombinant human ARTN was purchased from Peprotech inc, NJ, USA. AKT 

Inhibitor IV and siRNA to TWIST1 were purchased as previously described (188). Stealth 

siRNAs to AKT, TWIST1 and VEGF-A were purchased from Invitrogen Inc, CA. 

Bevacizumab was purchased from Roche Diagnostics, NZ. siRNA to ARTN (siARTN-A) 

were as previously described (190). 

4.2.3Polymerase Chain Reaction 

          Quantitative real time PCR primers were used as described earlier (34). q-PCR was 

performed as described previously (188) and VEGF-A primers used were identical to those in 

a previous report (293) .  
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4.2.4 Immunoblotting  

Western blot analysis was performed as described earlier (188) using the following 

antibodies: goat anti-ARTN polyclonal antibody (R&D Systems, Minneapolis, MN) mouse 

anti-β-ACTIN monoclonal antibody (Sigma, St Louis, MO) and mouse anti-VEGF-A 

monoclonal antibody (SantaCruz, CA). pAKT(Ser473), total AKT and TWIST1 antibody 

were used as previously mentioned (188). 

4.2.5 Cell function assays 

Indirect co-culture of mammary carcinoma cells with HMEC-1 cells for determination 

of monolayer proliferation assay, cell migration, cell invasion, tube formation assays were 

performed as previously described (293). Monolayer proliferation assay, cell migration and 

cell invasion assay were performed as described previously (188) and tubule formation assay 

was performed as stated earlier (293). Apoptosis assay was performed as described 

previously (245) using Annexin-V-FLUOS staining kit (Roche, Mannheim, Germany) and 

BrdU assays were performed as described previously (293).  

4.2.6 Tumour xenograft in nude mice  

   All animal work was done in accordance with a protocol approved by the institutional 

animal care and use committee. Tumour growth was achieved as mentioned earlier (188). 

Immunohistochemical (IHC) analysis of paraffin-embedded specimens was performed as 

described previously(211). In short, 6 μm tissue sections were cut, sections were 

deparaffinised in xylene, rehydrated in a graded series of ethanol solutions, and heated in a 

microwave oven in 0.01 M sodium citrate buffer (pH 6.0) for 10 minutes for antigen retrieval. 

All of the antibodies including anti-VEGF (Cat No.MAB-0243, 1:50), anti-CD31 (Cat 

No.MAB-0031, 1:50) and anti-CD34 (Cat No.MAB-0034, 1:50) were bought from Maixin 

Biotechnology Development Co.Ltd (Fuzhou, China). 

4.2.7 Histopathological Analysis 
          Tissue samples were collected from 76 female breast cancer patients with ER-MC from 
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the First Affiliated Hospital of Anhui Medical University (Hefei, P. R. China) presenting 

between 2001 and 2002. Institutional ethics committee approval for the project was obtained 

before commencement of the study and was in compliance with the Helsinki Declaration.  

Immunohistochemical analysis of paraffin-embedded specimens was performed as described 

previously (211).  

4.2.8 Statistics 

        All numerical data are expressed as mean±S.E.M. and statistical significance was 

assessed by Student‟s t-test (P<0.05 was considered as significant) using Microsoft Excel XP 

unless otherwise indicated (χ2
 
test). 

4.3 Results: 

 
4.3.1 Paracrine ARTN modulates HMEC-1 proliferation, migration, invasion 

and tube formation  

To determine the potential role of ARTN in angiogenesis, we investigated the effect of 

ARTEMIN (ARTN) on proliferation and migration of human microvascular endothelial cells 

(HMEC-1). We initially choose two different wild type human mammary carcinoma cell lines, 

MCF-7 and MDA-MB-231 with different endogenous expression levels of ARTN (188) 

(Figure 4.1A). Western blot results confirmed that HMEC-1 cells possessed no detectable 

expression of ARTN protein (Figure 4.1A). MCF-7 cells exhibited moderate cellular 

expression; and higher expression and secretion of ARTN protein was observed in MDA-MB-

231 cells. During tumour angiogenesis, cellular proliferation and invasion of endothelial cells 

occurs to generate tumour vasculature (291). We determined the effects of ARTN secreted by 

these two mammary carcinoma cell lines on HMEC-1 monolayer proliferation, migration, 

invasion and tube formation as described previously (293). The differential expression of the 

endogenous level of ARTN protein between MCF-7 and MDA-MB-231 cells significantly 

correlated with HMEC-1 monolayer proliferation. HMEC-1 cell migration, cell invasion, 
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tubule number and tubule length were also increased significantly by co-culture with MDA-

MB-231 cells as compared with MCF-7 cells (Figure 4.1B-F). 

           To determine the involvement of ARTN secreted from mammary carcinoma cells on 

endothelial cell angiogenic behavior we transiently depleted endogenous ARTN expression in 

MCF-7 and MDA-MB-231 cells by use of siRNA to ARTN (188) (Figure 4.1G). Scrambled 

siRNA was used as control. Depletion of endogenous ARTN in MCF-7 or MDA-MB-231 cells 

resulted in decreased HMEC-1 monolayer proliferation, cell invasion, tubule number and 

tubule length in MCF-7 and MDA-MB-231 cells as compared to co-culture with the respective 

MCF-7 and MDA-MB-231 control cell lines (Figure 4.1H-K). Thus, ARTN secreted by 

mammary carcinoma cells may possess an important role in modulating endothelial cell 

behavior. 
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Figure 4.1: ARTN secreted from mammary carcinoma cells possesses a functional role in 

modulating endothelial cell behavior. 

(A) Western blot analysis for ARTN protein expression in HMEC-1, MCF-7 and MDA-MB-

231 cells respectively. Soluble whole cell lysates or concentrated conditioned media were run 

on an SDS-PAGE and immunoblotted using goat anti-ARTN antibody.  β-ACTIN was used 

as a loading control. (B) HMEC-1 monolayer proliferation. HMEC-1 total cell number after 

indirect co-culture with either MCF-7 or MDA-MB-231 cells in 2% serum containing media. 

Cell growth was measured at the indicated time points. Initial numbers of seeded cell are 

presented as 100%. As an internal control, HMEC-1 total cell number assay without co-

culture was also performed. (C) HMEC-1 cell migration after 24h indirect co-culture with 

either MCF-7 or MDA-MB-231 cells in serum free conditions. Numbers of migrated HMEC-

1 cells without co-culture are presented as 100%. (D) HMEC-1 cell invasion assay after 24h 

indirect co-culture with either MCF-7 or MDA-MB-231 cells in serum free conditions. 
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Migratory or invasive cell numbers was calculated as (number of invaded cells through the 

inserts/ total number of cells seeded) X 100. Numbers of invaded HMEC-1 cells without co-

culture are presented as 100%. (E) and (F) HMEC-1 cells in vitro tube formation in matrigel 

after 12h indirect co-culture with either MCF-7 or MDA-MB-231 cells in serum free 

conditions. HMEC-1 tubule number (E) and tubule length (F) was assessed after 12h. Tubule 

number was calculated as (number of cells with tubule/ total number of cells counted) X 100, 

whereas tubule length was calculated as an arbitrary units using ImageJ software®
. As an 

internal control, HMEC-1 tubule number and tubule length was also assessed without co-

culture. (G) Western blot analyses for ARTN in MCF-7 and MDA-MB-231 cells± siRNA to 

ARTN. Scrambled RNA was used as siCONT. β-ACTIN was used as loading control for cell 

lysates. The sizes of detected protein bands in kiloDalton (kDa) are shown on the right. (H) 

HMEC-1 monolayer proliferation. HMEC-1 cell numbers after indirect co-culture with either 

MCF-7 or MDA-MB-231 cells in 2% serum containing media ± siRNA of ARTN. Scrambled 

RNA was use as control. Cells growth was measured at the indicated time points. Initial 

numbers of seeded cell are presented as 100%. (I) HMEC-1 cell invasion assay after 24h 

indirect co-culture with either MCF-7 or MDA-MB-231 cells in serum free conditions ± 

siRNA of ARTN. HMEC-1 tubule number (J) and tubule length (K) was assessed after 

indirect co-culture with either MCF-7 or MDA-MB-231 cells ± siRNA of ARTN. *, p <0.05; 

**, p <0.01.  

4.3.2 HMEC-1 cells express GFRα isoforms, RET and respond to exogenous 

ARTN stimulation 

              Previously published work reported that ARTN utilizes GDNF family receptor α3 

(GFRα3) or GFRα1 as a ligand binding receptor and RET receptor tyrosine kinase as one 

common signalling component (185). Quantitative PCR analysis demonstrated that HMEC-1 

cells express endogenous levels of GFRα1, GFRα2, GFRα3 and RET mRNA, whereas 

expression of ARTN and GFRα4 was not detectable (Figure 4.2A). HMEC-1 cells can therefore 

potentially respond to ARTN. 

              We next determined whether ARTN exerted direct angiogenic effects by examination 

of the effect of different concentrations of recombinant human ARTN protein (0.1ng/mL-

10ng/mL) on HMEC-1 cell function. Exogenously added ARTN significantly stimulated 

HMEC-1 monolayer proliferation, cell migration, cell invasion and tubule formation in 

HMEC-1 cells (Figure 4.2B-E). Thus, ARTN directly modulates endothelial cell behavior. 
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Figure 4.2: Exogenous ARTN modulates HMEC-1 cell behavior.   

(A) The expression of ARTN, GRFα1-4 and RET in HMEC-1 cells determined by quantitative 

real time PCR. Cellular behavior of HMEC-1 cells, including, (B) Monolayer proliferation. 

(C) Cell migration. (D) Cell invasion. (E) in vitro tubule formation on matrigel were assessed 

in the presence of different concentration of recombinant ARTN. Recombinant ARTN was 

added at the indicated concentrations every two days. *, p <0.05; **, p <0.01.   

4.3.3 ARTN secreted from ER-MC cells promotes endothelial cell 

proliferation, migration, invasion and tube formation in vitro   

              A previous report has suggested that ARTN promotes metastasis of ER-MC cells 

(188). Angiogenesis is a crucial component of metastasis, and  pro-angiogenic factors, such as 

VEGF-A (95) produced by the tumour cells have been demonstrated to promote tumour 

invasiveness, growth and metastasis. Conversely, inhibition of these factors result in decreased 

tumour growth and metastasis (95). To specifically examine the role of ARTN secreted from 

ER-MC cells on HMEC-1 cell function, we used two ER-MC cell lines, MDA-MB-231 or 

BT549 cells with forced expression of ARTN as previously described (188). MDA-MB-231 or 
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BT549 cells stably transfected with empty VEC were used as control. Expression levels of 

both cellular and secretory ARTN proteins are presented in figure 4.3A-B.  

 

Figure 4.3: Secretory and cellular ARTN proteins expression in ER-MC cells.   

Western blot analysis for ARTN in (A) wild type cells of MDA-MB-231 and BT549 or (B) in 

MDA-MB-231 and BT549 cells with forced expression or depletion of ARTN. β-ACTIN was 

used as loading control for cell lysates. The sizes of detected protein bands in kiloDalton (kDa) 

are shown on the right. Soluble whole cellular extracts or concentrated conditioned media were 

run on an SDS-PAGE.  

 

The respective cells were co-cultured with HMEC-1 to determine the effects of ARTN secreted 

by MDA-MB-231 or BT549 cells on HMEC-1 monolayer proliferation (total cell count), 

invasion, migration and tube formation. Forced expression of ARTN in ER-MC cells increased 

HMEC-1 monolayer proliferation by 37% and 58% in MDA-MB-231 or BT549 cells 

respectively as compared to the matched VEC control cells (Figure 4.4A). Next, we 

determined the effect of ARTN secreted from ER-MC cells on HMEC-1 cell cycle progression 

and apoptotic cell death. Indirect co-culture of HMEC-1 cells with MDA-MB-231 or BT549 

cells with forced expression of ARTN significantly decreased HMEC-1 apoptotic cell death 

(22% and 20%) when compared with HMEC-1 cells co-cultured with respective VEC cells 

(Figure 4.4B). Analysis of BrdU incorporation demonstrated that co-culture of MDA-MB-231 

or BT549 cells with forced expression of ARTN, with HMEC-1 cells, also increased cell cycle 

progression (26% and 39%) when compared with the respective VEC cells co-cultured with 

HMEC-1 cells (Figure 4.4C).  
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          To determine the effects of ARTN secreted from ER-MC cells on the migratory and 

invasive behavior of endothelial cells, we performed cell migration and cell invasion assays on 

HMEC-1 cells co-cultured with either MDA-MB-231 or BT549 VEC or ARTN cells 

respectively. Indirect co-culture of MDA-MB-231 or BT549 cells with forced expression of 

ARTN significantly increased HMEC-1 cell migration (39% and 55%) and cell invasion (32% 

and 53%) over a 24 hr period when compared with respective VEC cells (Figure 4.4D and E).  

            Endothelial cells organize when cultured in matrigel and form three dimensional 

capillary like tubule structures with multiple cell to cell contacts, thus mimicking angiogenesis 

in vitro (293). To determine the effects of ARTN on endothelial cell tube formation in vitro, 

we performed a tube formation assay with HMEC-1 cells co-cultured with either MDA-MB-

231 or BT549 VEC or ARTN cells respectively. Forced expression of ARTN in MDA-MB-

231 or BT549 cells significantly increased the  tubule number (121% and 136%) and  tubule 

length (91% and 97%) generated by HMEC-1 cells compared with HMEC-1 cells co-cultured 

with respective control MDA-MB-231 or BT549 cells (Figure 4.4F-H). 
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Figure 4.4: Forced expression of ARTN in ER-MC cells increases the angiogenic 

potential of HMEC-1 cells. 

(A) HMEC-1 monolayer proliferation. HMEC-1 total cell number after indirect co-culture 

with MDA-MB-231 or BT549 cells with forced expression of ARTN in 2% serum containing 

media. Empty VEC was used as control. Cell growth was measured at the indicated time 

points. (B) HMEC-1 apoptotic cell death after 24h indirect co-culture with MDA-MB-231 or 

BT549 cells with forced expression of ARTN in serum free conditions. (C) HMEC-1 cell 

cycle progression after 24h indirect co-culture with MDA-MB-231 or BT549 cells with 

forced expression of ARTN in serum free conditions. (D) HMEC-1 cell migration after 24h 

indirect co-culture with MDA-MB-231 or BT549 cells with forced expression of ARTN in 
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serum free conditions. (E) HMEC-1 cell invasion assay after 24h indirect co-culture with 

MDA-MB-231 or BT549 cells with forced expression of ARTN in serum free conditions. (F) 

and (G) HMEC-1 cells in vitro tube formation on matrigel after 12h indirect co-culture with 

MDA-MB-231 or BT549 cells with forced expression of ARTN in serum free conditions. 

HMEC-1 tubule number (F) and  tubule length (G) was assessed after 12h. Tubule number 

was calculated as (number of cells with tubule/ total number of cells counted) X 100, whereas 

tubule length was calculated as an arbitrary units using ImageJ software®
. (H) Representative 

light microscopy images of tube formation. Bar 200µm.*, p <0.05; **, p <0.01. 

4.3.4 Depletion of ARTN in ER-MC cells inhibited endothelial cell 

proliferation, migration, invasion and tube formation in vitro 

           We next examined the effects of depletion of endogenous ARTN from ER-MC cells on 

angiogenic behavior of HMEC-1 cells. We utilized MDA-MB-231-siARTN and BT549-

siARTN cell lines stably transfected with siRNA to ARTN as previously described (188). 

Scrambled control siRNA was used to establish the respective siCONT cells (188). Expression 

levels of both cellular and secretory ARTN proteins in these respective groups are presented in 

figure 4.3B. Respective siCONT and siARTN cells were co-cultured with HMEC-1 to 

determine the effects of depletion of ARTN on monolayer proliferation (total cell count), 

invasion, migration and tube formation. Depletion of ARTN expression in MDA-MB-231 or 

BT549 cells decreased HMEC-1 monolayer proliferation by 23% and 16% as compared to 

respective siCONT control cells (Figure 4.5A). Next, we examined the effect of depletion of 

ARTN from ER-MC cells on HMEC-1 cell cycle progression and apoptotic cell death. Indirect 

co-culture of HMEC-1 cells with MDA-MB-231 or BT549 cells with depleted expression of 

ARTN significantly increased HMEC-1 apoptotic cell death (29% and 22%) when compared 

with HMEC-1 cells co-cultured with respective siCONT cells (Figure 4.5B). Analysis of BrdU 

incorporation demonstrated that co-culture of HMEC-1 cells with MDA-MB-231 or BT549 

cells with depleted expression of ARTN exhibited  decreased HMEC-1 cell cycle progression 

(17% and 26%) when compared with respective siCONT cells co-cultured with HMEC-1 cells 

(Figure 4.5C). 
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            Indirect co-culture of  MDA-MB-231 or BT549 cells with depletion of ARTN 

significantly decreased HMEC-1 cell migration (28% and 36%) and cell invasion (23% and 

31%) over a 24 hr period when compared with respective siCONT cells (Figure 4.5D and E). 

Depletion of ARTN in ER-MC cells also significantly decreased the tubule number (40% and 

33%) and tubule length (43% and 35%) generated by HMEC-1 cells compared with HMEC-1 

cells co-cultured with the respective MDA-MB-231 or BT549 siCONT cells (Figure 4.5F-H).  
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Figure 4.5: Depleted expression of ARTN in ER-MC cells decreases the angiogenic 

potential of HMEC-1 cells. 

 (A)  HMEC-1 monolayer proliferation. HMEC-1 total cell numbers after indirect co-culture 

with MDA-MB-231 or BT549 cells with depleted expression of ARTN in 2% serum media. 

Scrambled siRNA was used as control (siCONT). Cell growth was measured at the indicated 

time points. (B) HMEC-1 apoptotic cell death after 24h indirect co-culture with MDA-MB-

231 or BT549 cells with depleted expression of ARTN in serum free conditions. (C) HMEC-

1 cell cycle progression after 24h indirect co-culture with MDA-MB-231 or BT549 cells with 

depleted expression of ARTN in serum free conditions. (D) HMEC-1 cell migration after 24h 

indirect co-culture with MDA-MB-231 or BT549 cells with depleted expression of ARTN. 

(E) HMEC-1 cell invasion assay after 24h indirect co-culture with MDA-MB-231 or BT549 

cells with depletion expression of ARTN. (F) and (G) HMEC-1 cells in vitro tube formation 

on matrigel after 12h indirect co-culture with MDA-MB-231 or BT549 cells with depleted 

expression of ARTN. HMEC-1 tubule number (F) and tubule length (G) was assessed after 

12h. Tubule number was calculated as (number of cells with tubule/ total number of cells 

counted) X 100, whereas tubule length was calculated as an arbitrary unit using ImageJ 

software®
. (H) Representative light microscopy images of tube formation. Bar 200µm.*, p 

<0.05; **, p <0.01. 

To further verify our previous data we utilized an alternate siRNA to ARTN (siARTN A) 

(190) to selectively deplete ARTN expression in BT549 cells. Scrambled siRNA was used as 

control (188). Depletion of ARTN by siARTN-A in BT549-VEC cells was confirmed by 

western blot (Figure 4.6A). As previously observed, siRNA mediated depletion of ARTN 

with the alternate siRNA to ARTN also resulted in decreased HMEC-1 mediated monolayer 

proliferation (20%), cell invasion (30%) and 3D matrigel tubule formation (25%) compared 

to BT549 siCONT cells (Figure 4.6B-E). 
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Figure 4.6: Depleted expression of ARTN decreases angiogenic potential of HMEC-1 

cells. 

(A) Western blot analyses for ARTN in BT549 cells with siRNA mediated depletion of 

ARTN. β-ACTIN was used as loading control for cell lysates. The sizes of detected protein 

bands in kiloDalton (kDa) are shown on the right. (B)  HMEC-1 monolayer proliferation. 

HMEC-1 total cell numbers after indirect co-culture with  BT549 cells with depleted 

expression of ARTN in 2% serum media. Cell growth was measured at the indicated time 

points. Scrambled siRNA was used as control (siCONT). (C) HMEC-1 cell invasion assay 

after 24h indirect co-culture with BT549 cells with depletion expression of ARTN. (D) and 

(E) HMEC-1 cells in vitro tube formation on matrigel after 12h indirect co-culture with 

BT549 cells with depleted expression of ARTN. HMEC-1 tube formation was assessed after 

12h. Tubule number was calculated as (number of cells with tubule/ total number of cells 

counted) X 100. Bar 200µm.*, p <0.05; **, p <0.01. 

4.3.5 ARTN activation of TWIST1 in ER-MC is upstream of VEGF-mediated 

angiogenic behavior of HMEC-1 cells  

            We have previously reported that AKT/TWIST1 mediates ARTN stimulated invasion 

of ER-MC cells (188). AKT and TWIST1 have also been implicated to possess a functional 

role in de novo angiogenesis in mammary carcinoma (99, 294). PI3K/AKT signalling is an 

important pathway regulating various pro-angiogenic factors, such as HIF1α and VEGF-A 

(295). To determine if AKT mediates ARTN enhancement of the angiogenic potential of ER-

MC cells, we first employed siRNA to AKT1 to deplete AKT and therefore inhibit AKT 

activity in MDA-MB-231 cells. Treatment of MDA-MB-231-VEC cells with siAKT 

decreased the basal levels of pAKT and total AKT. ARTN stimulated activation of AKT was 

also decreased by siAKT (Figure 4.7A, upper panel). siAKT also decreased the basal level of 

TWIST1 expression in MDA-MB-231-VEC cells and also significantly inhibited ARTN 

stimulated TWIST1 expression in MDA-MB-231-ARTN cells, as previously demonstrated 

using AKT inhibitor IV (188). Depletion of AKT in MDA-MB-231 cells abrogated the 

stimulatory effects of ER-MC cells on HMEC-1 tube formation (Figure 4.7B). Furthermore, 

treatment with AKT inhibitor IV in MDA-MB-231 cells with forced expression of ARTN 

(188) also resulted in decreased HMEC-1 tube formation (Figure 4.8). 
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         We have previously demonstrated (188) that AKT activation by ARTN in MDA-MB-

231 cells resulted in increased expression of TWIST1. Forced expression of TWIST1 in ER-

MC cells has been reported to produce increased tumour angiogenesis resulting in an 

aggressive carcinoma phenotype (99). To determine whether TWIST1 mediates ARTN 

stimulation of the angiogenic potential of ER-MC cells, we employed siRNA to 

TWIST1(188) to selectively deplete TWIST1 expression in MDA-MB-231 cells. siTWIST1 

selectively reduced TWIST1 protein expression in MDA-MB-231-VEC cells as evident in 

Figure 4.7A, lower panel. β-ACTIN was used an internal control.  Depletion of TWIST1 

abrogated the stimulatory effects of ARTN from both MDA-MB-231-VEC and cells with 

forced expression of ARTN on HMEC-1 tube formation (Figure 4.7C). 

         It has been previously reported that VEGF-A mediates at least some of the angiogenic 

effects of mammary carcinoma cells (293). q-PCR gene expression data demonstrated that 

forced expression of ARTN in MDA-MB-231 cells significantly increased VEGF-A mRNA 

expression as compared to control cells (Figure 4.7D). Similarly, forced expression of ARTN 

in MDA-MB-231 cells increased VEGF-A protein expression compared to control cells 

(Figure 4.7E upper panel). Furthermore, we demonstrated that exogenously added ARTN 

increased VEGF-A expression in HMEC-1 cells. Higher concentrations of exogenously 

added ARTN resulted in increased VEGF-A expression in HMEC-1 cells (Figure 4.7E lower 

panel).  

       TWIST1 signalling has been reported to promote VEGF-A expression in mammary 

carcinoma cells (99) and we have previously demonstrated that ARTN increased TWIST1 

expression to modulate ARTN stimulated oncogenicity (188). We therefore next determined 

if depletion of TWIST1 by siRNA would abrogate ARTN dependent VEGF-A expression in 

MDA-MB-231 cells with forced expression of ARTN. As observed (188), western blot 

analysis demonstrated that depletion of TWIST1 in MDA-MB-231-VEC cells reduced the 
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basal level of VEGF-A expression compared to MDA-MB-231-VEC cells with siCONT. 

Further, depletion of TWIST1 by siRNA also specifically abrogated the enhanced VEGF-A 

expression observed in MDA-MB-231-ARTN cells as compared to MDA-MB-231-ARTN 

cells with siCONT (Figure 4.7F). 

           We next analysed the depletion of VEGF-A expression in ER-MC cells on the ability 

of ARTN to stimulate tube formation by HMEC-1 cells. We employed siRNA to VEGF-A to 

selectively reduce VEGF-A expression in MDA-MB-231 cells. siVEGF-A selectively 

reduced VEGF-A protein expression in MDA-MB-231-VEC and MDA-MB-231-ARTN cells 

as observed in Figure 4.7G. Depletion of VEGF-A in MDA-MB-231-VEC cells reduced tube 

formation by HMEC-1 cells in co-culture compared to co-culture with MDA-MB-231-VEC 

cells transfected with siCONT (Figure 4.7H). Depletion of VEGF-A in MDA-MB-231-

ARTN cells also partially abrogated the stimulatory effects of ARTN on HMEC-1 tubule 

number and tubule length (Figure 4.7H-J).  
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Figure 4.7: VEGF-A is downstream of ARTN stimulated TWIST1 activation in ER-MC. 

 A) Western blot analyses for phospho AKT Ser 473 (pAKT), total AKT and TWIST1 

expression in MDA-MB-231 cells with forced expression of ARTN± siRNA to AKT (upper 

panel) or TWIST1 expression in MDA-MB-231 cells with forced expression of ARTN 

±siRNA to TWIST1 (lower panel). Scrambled RNA was used as siCONT. β-ACTIN was 

used as loading control for cell lysates. The sizes of detected protein bands in kiloDalton 
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(kDa) are shown on the right. Here “V” used as MDA-MB-231-VEC cells and “A” used as 

MDA-MB-231-ARTN cells respectively. (B) HMEC-1 tubule number was assessed after 12h 

indirect co-culture with forced expression of ARTN cells of MDA-MB-231± siAKT. Tubule 

number was calculated as (number of cells with tubule/ total number of cells counted) X 100. 

(C) HMEC-1  tubule number was assessed after 12h indirect co-culture with forced 

expression of ARTN cells of MDA-MB-231± TWIST1 siRNA. Tubule number was 

calculated as (number of cells with tubule/ total number of cells counted) X 100. (D) VEGF-A 

mRNA levels were determined by q-PCR in MDA-MB-231-ARTN cells with forced 

expression of ARTN and expressed as the relative expression compared to the MDA-MB-

231-VEC cells. (E)  Western blot analysis of VEGF-A in MDA-MB-231-VEC and -ARTN 

cells (upper panel) and for VEGF-A in HMEC-1 cells were assessed in the presence of 

different concentration of recombinant ARTN (lower panel). β-ACTIN was used as loading 

control for cell lysates. The sizes of detected protein bands in kDa are shown on the right. 

Here “V” used as MDA-MB-231-VEC cells and “A” used as MDA-MB-231-ARTN cells 

respectively.  (F)  Western blot analyses for VEGF-A in MDA-MB-231-VEC and -ARTN 

cells ± siRNA to TWIST1. Universal negative control was used as an internal control.  β-

ACTIN was used as loading control for cell lysates. The sizes of detected protein bands in 

kDa are shown on the right. (G) Western blot analyses for VEGF-A expression in MDA-MB-

231 cells ± siRNA to VEGF-A. Scrambled RNA was used as siCONT. β-ACTIN was used as 

loading control for cell lysates. The sizes of detected protein bands in kiloDalton (kDa) are 

shown on the right. Here “V” used as MDA-MB-231-VEC cells and “A” used as MDA-MB-

231-ARTN cells respectively. (H) HMEC-1 tubule number and (I) tubule length was assessed 

after 12h indirect co-culture with forced expression of ARTN cells of MDA-MB-231 ± 

bevacizumab. Human IgG was used as an internal control. Tubule number was calculated as 

(number of cells with tubule/ total number of cells counted) X 100, whereas tubule length 

was calculated as an arbitrary units using ImageJ software®
. (J) Representative light 

microscopy images of tube formation with MDA-MB-231 cells with forced expression of 

ARTN or control VEC ± siVEGF-A. Bar 200µm. **, p <0.01. 

 

 

 

 

 

Figure 4.8: HMEC-1 tubule number was assessed after 12h indirect co-culture with forced 

expression of ARTN cells of MDA-MB-231± AKT inhibitor IV as previously described [8]. 

Tubule number was calculated as (number of cells with tubule/ total number of cells counted) 

X 100. **, p <0.01.  

 

We also analysed the functional effects on HMEC-1 cells of VEGF-A antagonism in MDA-

MB-231 cells with forced expression of ARTN. Functional antagonism of VEGF-A was 

achieved using the inhibitory humanized monoclonal antibody bevacizumab (296). 
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Functional antagonism of VEGF-A with bevacizumab partially abrogated ARTN-mediated 

stimulation of HMEC-1 tube formation when co-cultured with MDA-MB-231 cells with 

forced expression of ARTN (Figure 4.9A-B). Bevacizumab also significantly reduced 

HMEC-1 tube formation when co-cultured with MDA-MB-231-VEC cells as expected (293) 

(Figure 4.9A-B).   

         We lastly investigated the effects of combined functional antagonism of ARTN and 

VEGF-A from ER-MC cells (MDA-MB-231) on the ability of HMEC-1 cells to form tubules. 

Treatment of MDA-MB-231-WT cells with bevacizumab alone significantly decreased 

tubule number (Figure 4.9C). Combined depletion of ARTN with siRNA to ARTN and 

treatment with bevacizumab resulted in a further reduction in tubule number (Figure 4.9C). 

ARTN therefore possesses both VEGF-A dependent and VEGF-A independent effects on 

endothelial cell behavior. 

 

 

 

 

 

 

Figure 4.9: VEGF-A is downstream of ARTN stimulated angiogenesis in ER-MC. 

(A) HMEC-1 tubule number and (B)  tubule length was assessed after 12h indirect co-culture 

with forced expression of ARTN cells of MDA-MB-231 ± bevacizumab. Human IgG was 

used as control. Tubule number was calculated as (number of cells with tubule/ total number 

of cells counted) X 100, whereas tubule length was calculated as an arbitrary units using 

ImageJ software
®
. (C) HMEC-1 tubule number was assessed after 12h indirect co-culture 

with MDA-MB-231-wild type (MDA-MB-231-WT) in the presence of either bevacizumab 

(0.5mg/mL) alone or with siRNA to ARTN. Control cells were treated with human IgG, 

siCONT of ARTN. Tubule number was calculated as (number of cells with tubule/ total 

number of cells counted) X 100. *, p <0.05; **, p <0.01.  
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4.3.6 Correlation between ARTN and VEGF-A expression in ER-MC  

         We next determined a potential correlation between VEGF-A expression and ARTN 

expression in a cohort of patients with ER-MC by IHC analysis. IHC analysis showed that 

ARTN and VEGF-A protein were highly expressed in ER-MC (Figure 4.10).   

 

Figure 4.10: Immunohistochemistry (IHC) images of ARTN and VEGF-A expression in 

ER-MC. 

(A) ARTN and VEGF-A expression was detected by IHC analysis in ER-MC samples. Both 

ARTN and VEGF-A are predominantly localized to cytoplasm of carcinoma cells. X200 

magnifications. 

To assess any possible correlation between ARTN and VEGF expression, we stratified the 

expression level of each protein into two categories (low and high expression). Of those 

tumours with low expression of ARTN, only 17.1% exhibited high VEGF expression 

whereas 56.6% of tumours with high ARTN expression also exhibited high VEGF 

expression. To further confirm the correlation of expression between ARTN and VEGF, we 

compared the relationship by Spearman‟s rank correlation co-efficient and found a significant 

positive value (Spearman correlation: rs=0.301, P=0.008) (Table 4.1). Thus, expression of 

ARTN in ER-MC partially correlates with VEGF-A expression. 
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Table 4.1: Correlation between ARTN and VEGF-A expression in ER negative 

mammary carcinoma. 

 

 

 

 

 

       

Spearman correlation: P = 0.008    rs = 0.301 

4.3.7 ARTN secreted from ER-MC cells promotes tumour angiogenesis in 

vivo 

            To determine the potential in vivo role of ARTN secreted from ER-MC cells in 

tumour angiogenesis, we injected MDA-MB-231-ARTN cells into the mammary fat pad of 

immunodeficient nude mice. After 4 weeks, MDA-MB-231-ARTN tumours grew 

significantly larger than MDA-MB-231-VEC tumours as described (188). Previous reports 

indicate that higher expression of VEGF-A correlates with increased tumour vasculature in 

patients with invasive mammary carcinoma (297). We therefore determined the expression of 

VEGF-A by IHC in xenograft tumours derived from MDA-MB-231-VEC and MDA-MB-

231-ARTN cells. VEGF-A protein expression was higher in xenografts derived from MDA-

MB-231-ARTN cells as compared to xenografts derived from control VEC cells (Figure 

4.11A).  

         To examine microvessel density (MVD), CD31 and CD34 protein expression was also 

determined by immunohistochemistry. We observed an increased area of CD31 and CD34-

labelled cells in xenografts derived from MDA-MB-231-ARTN as compared to xenograft 

derived from MDA-MB-231-VEC tumours, indicating significantly increased tumour 
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microvessel density (Figure 4.11B). Thus expression of ARTN in ER-MC cells promotes 

tumour angiogenesis in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Forced expression of ARTN in ER-MC cells stimulates tumour angiogenesis. 

(A) Immunohistochemical analysis of VEGF-A, CD31 and CD34 protein levels in xenograft 

tumours  formed by MDA-MB-231 cells with forced expression of ARTN and control VEC. 

(B)  Microvessel density (MVD) was assessed by quantifying percentage of area of CD31 or 

CD34 labelled cells in xenograft formed by either MDA-MB-231 cells with forced 

expression of ARTN or control VEC. 
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4.4 Discussion 

            Tumour angiogenesis is a multistep process that allows the tumour cells to access the 

circulation and metastasize at distant sites (298). Undoubtedly, VEGF-A is an important 

mediator of angiogenesis in mammary carcinoma. VEGF-A is reported to be predominantly 

expressed in early stage mammary carcinoma (299). However, during malignant progression 

several other known molecular mediators may also interplay to promote angiogenesis (300, 

301). Therefore targeting VEGF-A alone would not be sufficient to provide maximal 

potential therapeutic benefits. Herein we have demonstrated that ARTN directly regulates 

endothelial cell function. Furthermore, we have demonstrated that ARTN secreted by ER-MC 

cells also regulates endothelial cell function, at least in part by increasing the expression of 

VEGF-A from mammary carcinoma cells. ARTN may also, in addition to VEGF-A, regulate 

other factors promoting angiogenesis. Indeed, gene expression studies on MCF-7 cells with 

forced expression of ARTN (211) demonstrated that ARTN regulates several pro-angiogenic 

factors, including MMP1 (302) and PLAU (303). We have also observed increased IL-8 

expression in BT549 cells with forced expression of ARTN (unpublished observations). IL-8 

is a well described promoter of tumour angiogenesis (304). Thus, apart from direct actions on 

endothelial cells, ARTN also co-ordinately regulates a pro-angiogenic programme of gene 

expression from mammary carcinoma cells. Recently, cancer stem cells (CSCs) have been 

reported to secrete angiogenic factors such as VEGF-A to provide vasculature to support 

CSC renewal (305). In this regard, it is interesting that we have reported that ARTN promotes 

CSC-like behavior in ER-MC cell lines (manuscript submitted). Thus, ARTN modulation of 

endothelial cell behavior promoting de novo angiogenesis may occur as part of a co-ordinated 

tumour growth process involving cells with CSC-like behavior. Indeed, similar to ARTN, 

VEGF-A has been reported to promote cancer cell proliferation and metastasis (306), tumour 

growth (307), CSC-like behavior (308), and angiogenesis (309) . VEGF-A is apparently one 
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mediator of the co-ordinated oncogenic properties of ARTN (188, 211) which now includes 

angiogenesis. 

          We report herein that ARTN regulation of VEGF-A is mediated by AKT-TWIST1. 

Concordant with our results herein and previously (188), higher expression of AKT, TWIST1 

and VEGF-A has been reported in metastatic mammary carcinoma (32, 99, 290). ARTN has 

also been reported to utilize the AKT-TWIST1 pathway for stimulation of CSC-like behavior 

(manuscript submitted). Given that VEGF-A also stimulates CSC-like behavior it is plausible 

that VEGF-A partially mediates the CSC-like promoting behaviors of ARTN. Interestingly, 

ARTN also promotes the expression of other secreted proteins, such as TFF3 (190) which 

also promotes the oncogenic behavior of mammary carcinoma cells (310) and possesses 

angiogenic activity (311). ARTN may therefore stimulate a co-ordinated programme of gene 

expression promoting oncogenicity of mammary carcinoma and progression of the clinical 

disease. 

         ARTN, like other GFLs has been reported to utilize GFRα mediated RET signalling 

(185). We have demonstrated herein that ARTN regulates VEGF-A in ER-MC cells. 

Interestingly, MDA-MB-231 cells do not express RET (275), yet ARTN activates the AKT 

pathway in MDA-MB-231 cells (188). It is relevant that GFLs, including ARTN, bind to and/ 

or activate multiple receptors/ signalling pathways (185). Indeed, ARTN has recently been 

demonstrated to bind and activate syndecan-3, leading to activation of Src kinase, in addition 

to binding to GFRα3 and GFRα1 (156). It is possible that different upstream signalling 

pathways converge to activate AKT leading to increased VEGF-A expression via TWIST1 

and ARTN may therefore activate the AKT-TWIST1-VEGF-A axis independent of RET. The 

precise upstream signalling pathways utilized by ARTN to regulate VEGF-A remain to be 

determined. ARTN may also utilize other signalling pathways to regulate distinct alternate 

pro-angiogenic genes. 
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           In summary, we have demonstrated herein that ARTN promotes de novo tumour 

angiogenesis mediated in part by increased VEGF-A expression. ARTN therefore co-

ordinately regulates processes promoting tumour growth and metastasis. Such co-ordinate 

regulation of tumour growth and metastasis warrants consideration of the use of therapeutic 

strategies inhibitory to ARTN activity in ER-MC. 
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Chapter 5   General conclusions and future directions 

Metastasis and associated disease relapse are the two challenges facing clinicians and 

researchers in treating mammary carcinoma. Over the last decade, novel  therapeutic targets 

in mammary carcinoma have become a favoured approach of clinicians due to their potential 

specificity and effectiveness to improve the survival outcome (312). However, disease 

heterogeneity associated with de novo and/or acquired resistance of the tumour to any 

particular therapeutic is an obstacle for targeted therapeutics and often resulted in disease 

relapse and death (313). Hence, there is an urgent need to evaluate the basic mechanism of 

disease progression and associated therapeutic resistance. Moreover, identification of some of 

the common molecular targets involved in the same process could further improve the 

therapeutic outcome of the disease. The current study is an ongoing approach to understand 

the different mechanisms of mammary carcinoma disease progression and to identify 

common modulators of mammary carcinoma progression associated with therapeutic 

potential.  

5.1 Molecular mechanisms of ARTN mediated functions in ER-MC  

Over the last couple of years, the biological actions of ARTN has been associated with 

oncogenic progression in different carcinomas (33-36) including mammary carcinoma. 

Interestingly, the GDNF family of neurotrophic factors (GDNF, ARTN, NRTN and PSPN) 

along with their receptor system (GFRα1-4) and RET has been proposed as therapeutic 

agents for various neurodegenerative diseases affecting cell growth, differentiation and 

survival (179).  

In general, during the early progression of mammary carcinoma, estrogen mediates important 

functions to drive the oncogenic process (314). Relevant to this, previous findings also 

illustrated the oncogenic role of ARTN (which is an estrogen regulated gene) in ER+MC 

cells (33, 190). Furthermore, recent findings also suggested that ARTN mediates  oncogenic 
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effects in ER-MC cells (33) and that ARTN may use alternative signalling mechanisms to 

mediate its oncogenic effects in ER-MC cells. This was further demonstrated by evidence 

that ARTN stimulates ER-transcriptional activity, the expression of estrogen-responsive 

genes independent of estrogen, and also promotes estrogen-independent growth of ER+MC 

cells (190). The autonomous expression of estrogen regulated genes is often used as a 

mechanism to allow the transformation from ER+ tumours sensitive to endocrine therapy to 

ER+ tumours insensitive to endocrine therapy or to ER- tumours (49, 315).  This notion led 

me to investigate the oncogenic potential of ARTN in ER-MC cells. During carcinoma 

progression and metastasis, a group of tumour cells are able to transform into a more invasive 

phenotype by EMT, then these cells further invade and/or travel to distant sites to establish 

secondary tumours (29). Interestingly, similar events were also exhibited both in vitro and/or 

in vivo, whereby ARTN expression modulated cellular morphology and invasiveness by 

augmenting more mesenchymal features in ER-MC cells, thus increasing cellular migration, 

invasion and metastasis (188). Metastasis and disease relapse are closely associated with 

tumour cell survival in the hostile tumour microenvironment (88). Previous studies have 

implicated a specific group of carcinoma cells capable of self-renewal and de-differentiation, 

to be the root cause of tumour cell migration and metastasis in mammary carcinoma. These 

cells are CSC-like cells (102), Which has been implicated to be responsible for therapeutic 

resistance in mammary carcinoma (102). Accumulating data from the previous and current 

studies deciphered not only the oncogenic potential of ARTN in ER+ and ER-MC cells but 

also demonstrated the functional involvement of ARTN in acquired chemo- and radio-

resistance in mammary carcinoma (316). Moreover, ARTN enhanced the expression of BCL-

2; a pro survival molecule (28) both in ER+ and ER-MC cells which strongly supported 

previously published reports on the involvement of BCL-2 in therapeutic resistance in 

mammary carcinoma (317). Furthermore, previous reports have also demonstrated the active 
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involvement of PI3K/AKT and TWIST1 in therapeutic resistance associated with disease 

relapse (318, 319). Hence, the current study partly identified a new signalling pathway that 

drives ARTN mediated oncogenic and/or metastatic pathways at least in ER-MC.  

Furthermore, to complete the metastatic process, angiogenesis is another important criterion 

for tumour growth in a hostile microenvironment (98). The current study has also 

demonstrated that ARTN promoted angiogenesis is partially regulated by increased 

expression of VEGF-A in ER-MC. In fact, VEGF-A is not only involved in the angiogenic 

process in mammary carcinoma but it is also a downstream target of TWIST1 (99), which has 

been reported to promote therapeutic resistance and associated with disease relapse (320).  

Hence, accumulating evidence from the previous and current findings suggested that ARTN 

is a common factor involved in progression of not only ER+MC, but also ER-MC. Therefore, 

functional inhibition of ARTN could potentially improve the therapeutic outcomes across a 

wider range of mammary carcinoma and associated de novo and/or acquired resistance.  

5.2 Future directions 

My research reveals that ARTN is involved in multiple aspects of tumour growth and 

progression in ER-MC. The centrality of ARTN mediated oncogenic functions is mediated by 

AKT/TWIST1/BCL-2 signalling pathways in ER-MC cells. Next, I would like to establish 

whether ARTN utilizes a similar molecular pathway in ER+MC as well as in other types of 

carcinoma. The current research also demonstrated the requirement of secretion for ARTN 

involvement during carcinoma progression and I would further consider developing anti-

ARTN antibodies for therapeutic treatment purposes. In this study, I have also demonstrated 

that lower expression of both ARTN and TWIST1 predict complete survival of patients with 

ER-MC over a period of five years. To further expand this research, some other molecules 

involved in ARTN signalling like AKT1, could be combined with  with ARTN and/or 

TWIST1 and analysis of a larger patient cohort would better establish any favourable 
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outcomes; it would also represent a considerable advance in predicting patient outcomes. 

Additionally, I have demonstrated that ARTN enhances the CSC-like cell population in ER-

MC cells. It would definitely be worthwhile to further study interactions between ARTN and 

CSC markers in ER-MC, as well as with any of the established stem cell signalling pathway 

such as Hedgehog or Notch. In conclusion, the current study illustrates the multiple roles of 

ARTN during cancer progression, and opens multiple perspectives for future ARTN oriented 

research.
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Appendix A List of buffers and solutions 

 
Buffers and solutions Composition 

Bacterial culture 

LB medium 10 g Bacto
TM

Trypton, 5 g Bacto
TM

Yeast extract, 10 g NaCl, 1 litre 

H2O, autoclaved and stored at room temperature 

LB plate 15 g agarose was added to 1 litre liquid LB medium and sterilized 

by autoclaving. After the medium was cooled down to 50
o
C, 100 

μg/ml ampicillin was added and the medium was poured into the 

sterile plates. When the medium solidified, the plates were stored at 

4 
o
C in the inverted position. 

Cell culture 

cell culture medium RPMI 1640 medium supplemented with 10%  (v/v) heat inactivated 

fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml 

streptomycin and 2 mM L-glutamine 

10 x phosphate-buffer 

saline (PBS) 

1.4 M NaCl, 27 mM KCl, 101 mM Na2HPO4, 18 mM KH2PO4, 

pH7.4 

10 x Tris-buffer saline 

(TBS) 

80 gm NaCl, 24.2 gm Tris base, pH7.6 

10 x trypsin/EDTA 

solution  

2.5 g Trypsin, 0.372 g EDTA.4Na, 0.35 g NaHCO3, 1 bottle of 

HBSS, dissolved in 1 litre H2O, pH 7.2. Filtered before use. 

Freezing medium 10% (v/v) DMSO, 20% (v/v) heat inactivated FBS, 70%  (v/v) 

RPMI medium 

Mammosphere medium  Dulbecco‟s modified Eagle's medium (DMEM) F12, supplemented 

with 20 ng/mL recombinant human epidermal growth factor (EGF), 

20 ng/mL recombinant human basic fibroblast growth factor 

(bFGF), B27 supplement, 0.4% FBS, penicillin-streptomycin, L-

glutamine, and 5 μg/mL bovine insulin. 

RNA extraction 

DEPC water 1 ml DEPC was added into 1 litre H2O.  

DNA electrophoresis 

50 x TAE buffer 242 g Tris, 37.2 g Na2EDTA.2H2O, 5.72 % (v/v) glacial acetic acid, 
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dissolved in 1 litre H2O. 

Protein extraction 

Lysis buffer 2% (w/v) SDS, 20% glycerol, 0.06 M Tris-HCl pH6.8, and 1 tablet 

complete protease inhibitor 

 

Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

4% Stacking gel 500 μl 40% acrylamide, 1.26 ml 0.5M Tris-HCl (pH6.8), 50 μl 10% 

(w/v) SDS, 3.18 ml H2O , 5 μl TEMED, 25 μl 10% (w/v) APS 

12% Separating gel 3 ml 40% acrylamide, 2.5 ml 1.5M Tris-HCl (pH8.8), 100 μl 10% 

(w/v) SDS, 4.35 ml H2O, 5 μl TEMED, 50 μl 10% (w/v) APS 

2 x SDS sample buffer 20 ml glycerol, 8 ml 1.5 M Tris-HCl (pH6.8), 4 g SDS and 16 mg 

bromophenol blue, added H2O to a final volume of 100 ml 

1 x SDS running buffer 3.03 g Tris, 14.41 g glycine, 1 g SDS, 1 litre H2O 

1 x Transfer buffer 3.03 g Tris, 14.41 g glycine, 200 ml Methanol, 800 ml H2O  

Western blotting 

0.1% PBS-T 1 ml Tween-20 in 1 litre 1xPBS 

0.1% TBS-T 1 ml Tween-20 in 1 litre 1xTBS 

Blocking buffer 5% (w/v)  non-fat dry milk powder dissolved in 0.1% PBS-T 

5% (w/v)  BSA dissolved in 0.1% TBS-T 

Comet assay 

Alkaline lysis 

buffer(A1) 

1.2M NaCl, 100mM Na2EDTA, 0.1% sodium lauryl sarcosinate, 

0.26M NaOH (pH>13) 

Alkaline  solution  

(A2) 

0.03M NaOH, 2mM Na2EDTA(pH~12.3) 

Neutral lysis solution 

(N1) 

2% sarkosyl, 0.5M Na2EDTA, 0.5mg/mL proteinase K (pH:8.0) 

Neutral rinse solution 

(N2) 

90mM tris buffer, 90mM boric acid, 2mM Na2EDTA(ph:8.5) 

Clonogenic assay 

Staining solution Dilute 1% stock crystal violet solution in 20% ethanol in 1X PBS. 
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Appendix B Methodologies 

1 Plasmid preparation 

1.1 Construction of expression plasmid 

 ARTN expression plasmid 

To construct the ARTN expression plasmid, the BamHI and BglII fragment containing the 

coding sequence for human ARTN transcript variant 4 (GenBank accession number 

NM_057090) from IMAGE cDNA clone 5453642 was subcloned into pCMV6-XL4 at the 

BglII restriction site (the resultant plasmid was designated pCMV6-XL4-ARTN). In order to 

construct the ARTN expression plasmid for stable transfection, two oligo nucleotides, 5‟-

ATCGCCGCCACCATGGAACTTGGACTTGGAGGCCTCTCCACGCTGTCCCACTGCC

CCTGGC-3‟ (forward, the Kozak sequence is underlined) and 5‟-CTAGGCCAGGGG 

CAGTGGGACAGCGTGGAGAGGCCTCCAAGTCCAAGTTCCATGGCGGCGGCGAT-

3‟ (reverse) were annealed to form the 5‟ sequence of human ARTN with a Kozak sequence 

at its 5‟ end and an AvrII overhand at its 3‟ end. The annealed oligos together with the 

AvrII/AgeI fragment released from pCMV6-XL4-ARTN, which contains the rest of the 

coding sequence for human ARTN, were cloned into pIRESneo3 vector (Invitrogen, 

Carlsbad, CA, USA) between EcoRV and AgeI sites, the resultant plasmid was designated as 

pIRESneo3-ARTN. 

 ARTN siRNA plasmid 

For the design of siRNA oligonucleotides targeting ARTN, one DNA sequence was selected 

as 5′-AACTGGCCTGTACTCACTCAT-3′, which is common for all five ARTN transcripts 

variants. A BLAST search against the human genome sequence showed that only the ARTN 

gene was targeted.  One pair of oligonucleotides, 5'-GATCCGCTGGC 
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CTGTACTCACTCATTTCAAGAGAATGAGTGAGTACAGGCCAGTTTTTTGGAAA-3' 

(forward) and 5'-AGCTTTTCCAAAAAACTGGCCTGTACTCACTCATTCTCTTGA 

AATGAGTGAGTACAGGCCAGCG-3' (reverse) were cloned into the pSilencer 2.1-U6 

hygro vector (Ambion, Austin, TX, USA) according to the manufacturer's protocol. The 

resultant plasmid was designated pSilencer-ARTN. The negative control siRNA plasmid 

(pSilencer-CK) encodes a siRNA which has no significant sequence similarity to human gene 

sequences. 

For each construct, the insert was verified by restriction enzyme digestion and DNA 

sequencing. 

1.2   Bacterial transformation 

The competent DH5α® Escherichia coli (E.coli) cells were used for transformation. Ten ng 

plasmid was added into 100 μl of the competent cells, mixed gently and then incubated on ice 

for 10 minutes. Transformation was performed using a heat-shock method. The mixed 

bacteria and DNA were incubated at 42
o
C for 60 seconds, followed by instant cooling on ice 

for 2 minutes. Nine hundred micro litreof  Luria-Bertani (LB) medium was then added into 

the tube and the transformation reaction was incubated at 37
o
C for 1 hour with vigorous 

shaking at 225 rpm. Following incubation, the bacteria were spread on an LB agar plate 

containing 100 μg/ml ampicillin and incubated at 37
o
C overnight. Single colonies were 

picked and inoculated into LB medium containing 100 μg/ml ampicillin for plasmid 

purification. 

1.3  Plasmid purification 

Small scale plasmid DNA purification was performed using QIAprep Miniprep kit (Qiagen, 

Hilden, Germany) according to the manufacturer‟s instructions. The plasmid DNA was 
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purified from 5 ml overnight culture of E.coli in LB medium containing 100 ug/ml ampicillin 

and mainly used for colony screening. 

To purify large amount of plasmid DNA, a single colony was picked from the LB plate and 

inoculated into 5 ml LB medium containing 100 μg/ml ampicillin and cultured at 37
o
C for 8 

hours. One ml bacterial culture was then added into 500 ml LB selection medium and 

expanded for 12-16 hours at 37
o
C with vigorous shaking at 225 rpm. The bacterial cells were 

harvested and plasmid DNA was purified using a QIAGEN plasmid maxi kit (Qiagen, 

Hilden, Germany) according to the manufacturer‟s instructions. The purified plasmid DNA 

was mainly used for transfection of mammalian cells.  

2. Transfection of mammalian cells 

2.1 Transient transfection  

Transient transfection was performed to examine the expression of a gene of interest or the 

impact of altered gene expression within a short-time period. To do this, 5 x 10
5 

cells were 

seeded in 6-well culture plates to achieve approximately 60-70% confluence one day before 

transfection. FuGENE 6 transfection reagent was used for delivery of plasmid DNA into 

mammary carcinoma cells. 1 μg plasmid DNA was added into 100 µl RPMI medium 

containing 3 μl FuGENE 6. After incubation at room temperature for 15 minutes, the 

FuGENE 6-DNA complex was added to the well containing 1 ml RPMI medium 

supplemented with 10% FBS. The cells were incubated for 24-48 hours before being 

harvested for gene-expression analysis.  

For Lipofactamine 2000 mediated transfection, we have strictly followed manufacturer‟s 

instruction. 
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 2.2 Generation of stable cell lines 

To analyze the long-term effects of altered gene expression, stable transfection was 

performed to integrate nucleic acid into the genome of cells. To generate stable cell lines, 

approximate 3 x 10
6
 cells were seeded in a 75 cm

2
 tissue culture flask with 60-70% 

confluence one day before transfection. Twelve μg plasmid DNA combined with 36 μl 

FuGENE 6 was directly added into the flask containing 10 ml RPMI medium supplemented 

with 10% FBS. twenty four hours after transfection, the culture medium was changed to the 

complete medium containing an appropriate selection antibiotic. Stable transfectants were 

selected for four weeks with the selection medium changed every three to four days. Cell 

lines were established by pooling the individual colonies in order to minimize any effect of 

potential clonal selection. 

The BT549, MDA-MB-231 and MCF-7 cells were stably transfected with pIRESneo3-ARTN 

or the empty pIRESneo3 vector plasmids using FuGENE 6. Following 4-week selection in 

the medium containing 800 μg/ml geneticin (G418), pooled transfectants were designated as 

BT549-ARTN, MDA-MB-231-ARTN and MCF-7-ARTN with forced expression of ARTN 

and their control cell lines BT549-VEC, MDA-MB-231-VEC and MCF-7-VEC respectively. 

Similarly, BT549 and MDA-MB-231 cells were stably transfected with pSilencer-ARTN and 

pSilencer-CK plasmids and selected in the medium containing 100 μg/ml hygromycin B to 

obtain BT549-siARTN and MDA-MB-231-siARTN, and their control cell lines BT549-

siCONT and MDA-MB-231-siCONT respectively. 

 

3 Establishment of ionizing radiation(IR)-resistant and paclitaxel-

resistant cell line 

The IR-resistant (IRR) cell line was established as described by Pearce et al  (254). For IRR 

cell line generation, each flask of MDA-MB-231 was irradiated with Cobalt60 γ-radiation at 
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an average dose of 4 Gy and the cells were returned to the incubator. After 48 hours cells 

were trypsinized and sub-cultured to a new flask. When cell confluence reached 

approximately 50%, the cells were again irradiated. This cycle was repeated until we 

observed significant IRR (4Gy) after assessing cell viability after IR treatment. The 

paclitaxel-resistant (PTXR) cell line was established as described by Patel et al (255).  The 

PTXR cell lines were grown under selective pressure in presence of paclitaxel at IC50 of each 

cell line) for 3 days and subsequently in absence of paclitaxel for the next 3 days. This cycle 

was repeated until we observed significant paclitaxel resistance of paclitaxel-treated BT549 

cells by assessing cell viability. 

4 Culture and storage of cell lines 

All the mammary carcinoma cell lines used in this thesis were grown in RPMI medium 

supplemented with 10% heat inactivated FBS, 100 U/ml penicillin, 100 μg/ml streptomycin 

and 2 mM L-glutamine at 37
o
C in 5% CO2. HMEC-1 cells were cultured in MCDB-131 

medium (Gibco, Invitrogen, CA, USA) with 2mM L-glutamine, 100U/mL penicillin, 

100μg/mL streptomycin at 37
o
C in 5% CO2. 

Cells were sub-cultured once the confluence reached 70-80%. The culture medium was 

aspirated. After washing with PBS, cells were detached by incubation with 1 x trypsin-

EDTA. The serum-supplemented medium was added to terminate trypsinization.  

Subsequently, cells were harvested by centrifugation at 1100 rpm for 5 minutes and then 

resuspended in the culture medium. An appropriate volume of cell suspension was transferred 

to a new culture flask containing a required volume of culture medium. 

For long-term storage of cell lines in liquid nitrogen, cells were harvested during the 

logarithmic phase of growth, suspended in freezing medium  and stored in cryogenic vials 

(Nalgene, Rochester, NY, USA). Using a freezing chamber containing isopropanol (Nalgene, 



  

162 

 

Rochester, NY, USA), the cells were frozen very slowly (1
o
C per minute) in the -80

o
C freezer 

for 8-12 hours before being transferred to the liquid nitrogen. 

To retrieve the frozen cells, the cryogenic vials were immersed in a 37
o
C water bath to thaw 

rapidly. The cells were then transferred into a culture flask containing the warm complete 

medium. Once the cells attached to the flasks, the medium was replaced with fresh culture 

medium.  

5 Cell function assays 

5.1 Monolayer proliferation assay 

For monolayer cell proliferation, 3X10
3
 cells were seeded into 100 µl media (2% FBS) and 

every 24 hours viability was quantified by alamarBlue (Invitrogen, CA) as described 

previously (190). 

To measure the effect of radiation on monolayer proliferation, experimental cells were 

transferred to serum free media overnight prior to irradiation treatment and next day after 

irradiating cells were kept for another 24hours inside at 37ºC/5%CO2 incubator. Following 24 

hours incubation, monolayer proliferation assay was performed with either untreated control 

cells or irradiation treated cells as mentioned above.  

To measure the effect of paclitaxel on monolayer proliferation, experimental cells were 

seeded at concentration mentioned above concentration and after overnight incubation at 

37ºC/5%CO2 incubator cells were exposed to paclitaxel. Control cells were treated with 

DMSO. Following monolayer viability was quantified by alamarBlue (Invitrogen, CA) as 

described above. 

For coculture assays, experimental cells (8X10
4
 cells) were plated into the upper chamber of 

0.4 μm cell culture inserts (BD Biosciences, Pharmingen, San Diego, CA) in 10% FBS-RPMI 



  

163 

 

for 24 hours. The HMEC-1 cells (5X10
4
 cells) were then plated into the lower chamber. The 

numbers of HMEC-1 cells were counted after 48 hrs coculture. 

5.2 BrdU incorporation assay 

Cell cycle S-phase entry was measured by bromodeoxyuridine (BrdU) incorporation using 

Vectastain® Elite® ABC kit (Vector Laboratories, Inc., Burlingame, CA, USA) following 

the manufacturer‟s protocol. Briefly, cells were seeded in 6-well plates in complete culture 

medium. After incubation overnight, cells were washed by PBS and incubated in serum-free 

media for 24 hours. Subsequently cells were pulse labelled with BrdU at a concentration of 

10 M in serum-free medium for 30 minutes. After fixing, denaturing and blocking, cells 

were incubated with mouse anti-BrdU monoclonal antibody at 4
o
C overnight on a rocker. 

Cells were then incubated with secondary biotinylated anti-mouse IgG for 8 hours at 4
 o

C 

followed by incubation with tertiary antibody streptavidin-peroxidase at 4
o
C overnight. Cells 

were stained by the staining solution containing diaminobenzidine chromogen and hydrogen 

peroxide. Cells with dark brown nuclear staining were counted as BrdU-labelled cells. For 

quantification, 10 random fields per well (magnification of 20 ×) were documented using 

OLYMPUS® 1X71 Inverted System Microscope (Olympus Optical Co., Tokyo, Japan). To 

measure the effect of ARTN on cell cycle progression, MDA-MB-231 and BT549 cells with 

either forced expression or depleted expression of ARTN  were plated in RPMI medium 

containing 10% FBS  followed by incubation in serum free media for another 24 hrs and then  

labelled with BrdU. 

5.3 Apoptosis assay 

Apoptosis assay was determined using Annexin-V-Fluos staining kit (Roche) as per the 

manufacturer‟s instruction. Briefly, the experimental and control cells were seeded onto 24- 

well plates with 7X10
4
 cells with 500 μL of complete media in each well. After 24 hours, 

serum free media was substituted to trigger apoptosis. Another 24 hours of serum starvation, 
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media was replaced with 100 μL incubation buffer containing 2 μL of Annexin-V-Fluos 

labelling reagent and 2 μL of Propidium Iodide solution. The plate was incubated in dark for 

15 minute and photos of green fluorescent, red fluorescent and bright field were taken on 

each spots. This allowed the visualization of early apoptotic cells in green Annexin V 

staining under fluorescent microscope. On the other hand, Propidium Iodide (PI) stains 

destructed DNA of both late apoptotic and necrotic cells which appeared red staining under 

fluorescent microscope (OLYMPUS® IX71 Research Inverted System Microscope, Olympus 

Optical Co., Tokyo, Japan). There were 3-4 photos taken per well and apoptotic cells were 

counted using Adobe
®

 Photoshop
®
.  

5.4 Colony formation in soft agar 

The anchorage-independent cell growth was measured by colony formation in soft agar. The 

96-well soft agar colony formation assay was performed to quantify anchorage-independent 

growth as described previously (321) with minor modification. Briefly, 5 x 10
3 

cells were 

seeded into 100 μl 0.35% (w/v) agarose onto the 0.5% (w/v) agarose base layer in a 96-well 

culture plate. After 10 days, 10% (v/v) of alamarBlue was added into the medium and 

incubated at 37
o
C for 4 hours. Cell viability was determined by measuring the fluorescence 

with excitation wavelength at 530 nm and emission wavelength at 595 nm using Synergy2 

multi-mode microplate reader (BioTek, Winooski, VT, USA). 

5.5 Migration and invasion assays 

The migration and invasion assays were performed in Falcon
TM

 Translucent PET inserts with 

porous filters (8.0 μm pore size, 24-well format, BD Biosciences, Franklin Lakes, NJ, USA). 

Before plating cells, the inserts were coated with 5 μg/ml poly-D-lysine in PBS for 15 

minutes at room temperature. For invasion assays, inserts were coated with growth factor-

reduced Matrigel diluted in RPMI medium (1:30 dilution) and incubated at 37
o
C for 5 hours.  

Cells suspended in 200 μl RPMI serum free medium were loaded into the transwell inserts. 
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The lower chamber was filled with 0.8 ml RPMI medium containing 10% FBS as a 

chemoattractant. The MDA-MB-231 and BT549 cells with either forced expression or 

depleted expression of ARTN were plated at 1 x 10
4
 cells per well. After incubation for 18 

hours (migration) or 24 hours (invasion), the cells were fixed with 4% paraformaldehyde. 

Cells on the upper surface of the inserts were removed by scraping with cotton swabs. Those 

that migrated to the lower surface of the filters were stained with 4 μg/ml Hoechst 33258 in 

PBS containing 1% Triton X-100 and counted under a fluorescence microscope 

(OLYMPUS® 1X71 Inverted System Microscope, Olympus Optical Co., Tokyo, Japan). 

For coculture assays, experimental cells (15X10
4
 cells) were plated into the lower chamber in 

10% FBS RPMI media for 24 hours after which the media was replaced with serum free 

medium. A total of 3X10
4
 HMEC-1 cells were seeded in the upper chamber (8 μm inserts). 

The HMEC-1 cells (3X10
4
 cells) were then plated into the lower chamber. The 

migrated/invaded HMEC-1 cells were counted after 24 hrs coculture. 

For migration/invasion assay using bevacizumab, 3X10
4
 HMEC-1 cells were seeded in serum 

free medium containing bevacizumab (0.5 mg/mL) in the upper chamber. 

5.6 Three-dimensional (3D) culture in Matrigel 

The growth factor-reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) was thawed 

at 4
o
C overnight. Fifty μl Matrigel was coated to each well in a 96-well plate. Cells were 

plated at a density of 1 x 10
3 

cells per well in 200 μl 5% FBS medium containing 4% 

Matrigel for 8-10 days. Cell growth was fluorometrically measured by alamarBlue as 

described above. 

6 Colony scattering assay 

One thousand single cells were seeded in 10 cm cell culture dish and cells were allowed to 

grow to form monolayer colonies of 20-30 per colony. The cells were then fixed in icy cold 

methanol and washed once with 1x PBS. After drainage of PBS, the colonies were 
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categorized into groups of compact, loose and scattered with increasing extent of colony 

scattering and counted manually.  

7 Endothelial cell adhesion assay 

HMEC-1 were grown in monolayer to confluency in 96-well plates. The MDA-MB-231 and 

BT549 cells with forced expression of ARTN along with it‟s respective VEC cells, grown in 

6-well plates, were washed twice with 1X PBS. Cells were labelled with 5 μM CFMDA cell 

tracker green (Invitrogen, CA, USA) for 45 minutes. Then, 0.5 X 10
4
 labelled cells were 

added to the HMEC-1 monolayers, grown in 96 well plates, to a final volume of 100 μL and 

incubated inside 37ºC/5% CO2 incubator for 1hours. Non-adherent cells were removed from 

the plate by gentle washing twice with 1X PBS and the fluorescent intensity of the monolayer 

associated cells with either forced expression of ARTN or VEC was quantified using a 

fluorescent plate reader. Fluorescence was measured with excitation wavelength at 492nm 

and emission wavelength at 517nm. 

8 In vitro trans-migration assay 

The 8 µM pore tissue culture inserts were coated with 0.2% gelatine (Sigma) for 15 min. The 

HMEC-1 were grown in monolayer to confluency in gelatine coated 8 µM pore inserts. The 

MDA-MB-231 and BT549 cells with forced expression of ARTN along with it‟s respective 

VEC cells, grown in 6-well plates, were washed twice with 1X PBS. Cells were labelled with 

5 μM CFMDA cell tracker green (Invitrogen, CA, USA) for 45 minutes. Then, 0.5 X 10
4
 

labelled cells were added on top of the HMEC-1 monolayers, grown inside the inserts and 

incubated inside 37ºC/5% CO2 incubator for 18 hours. Inserts were washed with PBS and 

fixed with 4% PFA for 20 min. The membranes were removed from the plastic insert and 

mounted on a microscope slide. Pictures from 3 inserts per experiment were taken, and the 

number of trans-migrated cells was counted.  
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9 In vitro tube formation assay 

For coculture experiment, forced or depleted expression of ARTN cells of MDA-MB-231 

and BT549 were plated at 9X10
4
 cells/ inserts (0.4 μm pores) in full serum media for 24 

hours. After 24 hours, medium changed to serum free condition. A total of 6X10
4
 cells of 

HMEC-1 cells were also seeded onto matrigel in serum free medium in 12-well plates in 

triplicate. Cell culture inserts containing experimental cells were placed on top of each well 

of the plate that was seeded with HMEC-1 cells and matrigel.  After 12 hours, cells were 

fixed with 70% iced cold ethanol and imaged under microscope. Ten photos from each well 

were taken and total tubule length and number were analysed using ImageJ software, version 

2.02 (National Institute of Health, USA).  

10 mRNA expression analyses 

10.1 Preparation of total RNA 

Total RNA was isolated from cultured cells using TRIzol plus RNA purification kit 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer‟s instructions and 

resuspended in diethyl pyrocarbonate (DEPC)-treated nuclease-free water. The concentration 

and purity of extracted RNA were evaluated using NanoDrop® ND-1000 spectrophotometer 

(Nano Drop products, Wilmington, DE, USA). The samples with both A260/280 ratio and 

A260/230 ratio above 1.8 were stored at -80
o
C for subsequent experimentation. All RNA 

samples were treated with DNaseI (Roche Diagnostics GmbH, Mannheim, Germany) to 

avoid genomic DNA contamination. 

10.2 Reverse transcription (RT)-PCR 

The reverse transcription of RNA into cDNA and amplification of specific cDNA were 

performed using an Invitrogen Superscript III first strand synthesis supermix (Invitrogen, CA, 

USA). Each reaction contained 1 μg of RNA template and reaction was performed as per the 

manufacturer‟s instructions.  
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10.3 PCR  

The RT-PCR program was conducted in a PCR device Mastercycler™ (Eppendorf, 

Hamburg, Germany) using the following conditions: 35 cycles of 30 seconds at 94°C, 

followed by 30 seconds at 60°C and 1 minute at 72°C, plus final extension at 72
o
C for 10 

minutes. β-ACTIN was used as an control for the PCR reactions. 

10.4 Quantitative PCR (qPCR) 

For qPCR, total RNA was converted to cDNA using SuperScript™ III First-Strand Synthesis 

SuperMix for qPCR (Invitrogen, Carlsbad, CA, USA) as per manufacturer‟s instructions. The 

ABI 7700 ® real-time PCR system (Applied Biosystems, Foster city, CA, USA) was used for 

analysis. Multiple gene markers distributed around the genome and three housekeeping genes 

were used for qPCR analysis using the SYBR® GreenER™ qPCR SuperMix for ABI 

PRISM® (Invitrogen, Carlsbad, CA, USA). Fifty ng total cDNA were added to a 20 µl 

reaction containing SYBR® GreenER™ qPCR SuperMix for ABI PRISM®, and 200 nM 

each of primers. Triplicate reactions were performed for each marker in a 384-well plate 

using a two-step amplification program of initial denaturation at 95°C for 10 minutes, 

followed by 40 cycles of 95°C for 20 seconds and 60°C for 30 seconds. A melting curve 

analysis step was carried out at the end of the amplification, consisting of denaturation at 

95°C for 1 minute and re-annealing at 55°C for 1 minute. Standard curves were generated 

from each experimental plate using serial 5-fold dilutions of cDNA. The geometric mean of 

Ct-value for each reaction was calculated. Amplification efficiencies were calculated 

according to the equation E = 10
(–1/slope)

 (322) and ranged from 90–104% for all gene 

markers; no unspecific amplification or primer dimer was observed in any of the reactions as 

confirmed by the melt curve analysis. To compensate for potential differences between 

markers, the relative expressions were computed, based on the efficiency (E), normalized by 

a panel of housekeeping genes (HKG) including β-ACTIN, HPRT, and GAPDH and the Ct 
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difference ( ) of sample versus control ( Ct sample-control). Relative expression = 2 
– (Ct, 

Sample  - Ct, HKG) - (Ct, Control - Ct, HKG) 

11 Protein expression analyses 

11.1 Protein extraction 

After the cell confluence reached 60-70%, cells were washed with ice-cold PBS and then 

frozen at -80
o
C for more than one hour. Cells were lysed in fresh lysis buffer. The whole cell 

lysate was sonicated and then centrifuged at 13,000 rpm for 10 minutes at 10
o
C. The 

supernatant was collected and frozen at -80°C until further required. Protein concentration 

was determined by Biorad‟s DC protein assay (Biorad laboratories, Inc., Hercules, CA, 

USA). 

11.2 Western blot analysis 

A minigel was assembled which consisted of the stacking gel on the top layer and the 

separating gel on the bottom layer. Fifty μg of protein sample was mixed with 2 x sodium 

dodecylsulfate (SDS) sample buffer supplemented with 0.1 M reducing agent dithiothreitol 

(DTT) in a total volume of 20 μl. Samples were heated at 70
o
C for 10 minutes before being 

loaded into the mini-gel and 6 μl of SeeBlue Plus2 standard protein marker were added as the 

standard protein molecular weight marker. The electrophoresis tank was filled with 1 L 1 x 

SDS running buffer. Electrophoresis was performed at a constant 120 V for about one hour. 

The SDS-polyacrylamide gel electrophoresis (PAGE) separates the denatured and negatively 

charged protein molecules based on the protein size. 

After electrophoresis, protein samples were transferred to polyvinylidene difluoride (PVDF) 

membranes. The PVDF membrane was hydrated by soaking in methanol for 30 seconds 

followed by 1minute water washing and then immersed in the 1 x transfer buffer. The 

membrane and gel were sandwiched between 2 stacks of pre-soaked filter papers and sponges 
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before being placed into the transfer apparatus, which contained the transfer buffer. Protein 

was transferred to the PVDF membrane at a constant 100 V for 1.5 hours. The PVDF 

membrane was removed from the transfer cassette and incubated in the blocking buffer at 

room temperature for 2 hours.  

After blocking, the PVDF membrane was incubated with the primary antibody in the 

blocking buffer at 4
o
C for 14-16 hours. Following immunoblotting, the membrane was 

washed three times for 10 minutes each with 0.1% PBS-T.  The membrane was then 

incubated with a secondary horseradish peroxidise (HRP)-conjugated antibody in the 

blocking buffer for 1 hour at room temperature followed by three washes with 0.1% PBS-T. 

The membrane was then immersed in the enhanced chemiluminescent substrate (SuperSignal 

West Dura Extended Duration substrate) for 5 minutes before exposure to x-ray irradiation. 

The images was scanned by GS-800 calibrated densitometer and analyzed by software 

Quantity One (Bio-Rad Laboratories, Hercules, CA, USA).  

12 Immunofluorescence microscopy 

12.1 FITC-phalloidin staining 

Cells were grown in four-well chamber slides (BD Biosciences, Franklin lakes, NJ, USA) in 

complete culture medium until the confluence reached 30-40%. Cells were fixed in 4% 

paraformaldehyde at room temperature for 15 minutes and then blocked and permeabilized in 

0.2 % BSA in PBS containing 0.1% Triton X-100 for 1 hour. Subsequently cells were 

incubated with 5 µg/ml FITC-phalloidin in PBS (Sigma-Aldrich, MO, USA) at room 

temperature for 30 minutes. The nuclei were counterstained with 10 μg/ml PI for 10 minutes 

before being visualized with a fluorescence microscope (OLYMPUS® 1X71 Inverted System 

Microscope, Olympus Optical Co., Tokyo, Japan).  
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12.2 Immunofluorescence staining  

To determine a potential molecular mechanism underlying ARTN stimulated increased 

TWIST1 expression, BT549 cells with forced expression of ARTN were cultured in RPMI 

1640 full media in a four chambered slide at a density of 8X10
4
 cells/well for 24 hours.  Cells 

were transferred to serum free media thereafter for another 24 hours. Subsequently, cells 

were fixed in 4% paraformaldehyde and then blocked with 1 % BSA in PBS containing 0.1% 

Triton X-100 for 1 hour. Cells were incubated with goat TWIST1-pAb (SantaCruz, CA, 

USA) at 4°C overnight. After washing with PBS containing 0.1% Triton X-100, cells were 

counterstained with FITC-conjugated rabbit anti-goat IgG antibody (Sigma-Aldrich, St Louis, 

MO, USA). The labelled cells were then visualized with an a Carl Zeiss Axioplan microscope 

(Jena, Germany) equipped with epifluorescence optics microscope and a Bio-Rad MIRC 

1024 confocal laser system. 

13 Neutral Comet assay 

A neutral comet assay was performed as previously described (323). Briefly, irradiated cells 

were embedded in low melting temperature Seaplaque Agarose (Cambrex Bio Science) on 

GelBond film (Lonza Rockland, Inc.). The cells were lysed overnight at 37°C in neutral lysis 

solution and then washed in rinse buffer three times. Slides were subjected to electrophoresis 

in 1X TBE for 25 minutes at 20 V. Comets were stained with 10 µg/ml PI for 20 minutes and 

rinsed in 400 ml distilled water to remove excess stain. At least 100 comet images from each 

slide were examined. Comet tail length and tail moment were analysed using Tritek 

CometScore software (Version 1.5). 

14 Clonogenic assay 

Forced and depleted expression of ARTN cells of MDA-MB-231 and BT549 were irradiated 

with 4 Gy IR. After 24 hours, cells were trypsinised and plated in 6- well plates in triplicate at 

400 cells per well and cultured in full serum containing media for 2 weeks. After 14 days, the 
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cells were washed with 1 ml PBS and then fixed in 500 µl Methanol for 20 minutes. The 

colonies were stained with 0.1% Crystal violet in 20% Ethanol (in PBS) for 30 minutes at 

room temperature.  Colonies of over 50 cells were counted. Surviving fractions were 

normalized by the plating efficiency of unirradiated controls (251). 

15 Mammosphere assay 

Monolayer cells were harvested in trypsin-EDTA and carefully resuspended in Dulbecco‟s 

modified Eagle's medium (DMEM) F12 (Invitrogen) supplemented with 20 ng/mL 

recombinant human epidermal growth factor (EGF), 20 ng/mL recombinant human basic 

fibroblast growth factor (bFGF), B27 supplement, 0.4% FBS, penicillin-streptomycin, L-

glutamine (all from Gibco), and 5 μg/mL bovine insulin (Sigma). The suspensions were 

passed through a 35 μm nylon filter and assessed under a light microscope to confirm cell 

disaggregation. The suspensions were passed through a 35 μm nylon filter and assessed under 

a light microscope to confirm cell disaggregation. Single cells were plated in ultra low 

attachment plates (Corning, MA, USA) at a density of 2X10
3
 cells/100µl in a 96 well plate 

format and subsequent passages were grown as 1000 cells/100µl and viability was measured 

by  alamarBlue (Invitrogen, Auckland, NZ) as described previously (Pan et al., 2010).   

16 Aldefluor assay 

ALDEFLUOR assay was performed as per the manufacturer‟s instruction. In brief, surviving 

cell population were harvested in 0.25% trypsin and collected by gentle centrifugation. Cell 

pellets were then washed twice in PBS and subsequently resuspended in Aldefluor assay 

buffer containing ALDH substrate BODIPY
®
 aminoacetaldehyde (BAAA, 1 μmol/L per 

1X10
6
 cells) and incubated 40 minute at 37˚C. As negative control, for each sample of cells 

an aliquote was treated with 50mM/L diethylaminobenzaldehyde (DEAB), a specific ALDH 

inhibitor. Flow cytometry was performed using FACScan instrument equipped with 488nm 

argon laser (BD Biosciences, San Jose, USA). 
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17 Tumour xenografts in nude mice 

The tumour xenografts were established by Professor Tao Zhu‟s Laboratory at the University 

of Science and Technology of China. All animal work was done in accordance with a 

protocol approved by the institutional animal care and ethics committee. Tumor growth and 

metastasis assays were performed as mentioned earlier (33, 214, 215). For direct tail vein 

injection, Balb/c nude mice (Shanghai Slaccas Co., Shanghai, China) (4-6 weeks old) were 

used. 1.5 x 10
6 

viable BT549-VEC and BT549-ARTN cells (n=7 for each group) were 

washed and harvested in PBS and subsequently injected into the lateral tail vein in a volume 

of 0.1 ml. 3 x 10
6 

viable MDA-MB-231-VEC and MDA-MB-231-ARTN cells were injected 

subcutaneously into the mammary fat pad of immunodeficient nude mice (n=6 for each 

group). After four weeks, mice were euthanized and lungs and livers were surgically resected 

for histology. Tissue samples were either fixed in 4% PFA-PBS (pH=7.4), embedded in 

paraffin and 6 μm-thick sections cut (for histological studies with hematoxylin and eosin) or 

were frozen at -80ºC in RNALater (Ambion, TX, US) for RNA extraction and qPCR 

analysis. 

18 Immunohistochemical analysis of ARTN, TWIST1, VEGFA and CD34 

protein expression in primary human mammary carcinoma 

Immunohistochemical analysis of ARTN protein expression in breast cancer tissue samples 

was performed by Professor Tao Zhu‟s Laboratory at the University of Science and 

Technology of China. Tissue samples were collected from 94 ER- negative female mammary 

carcinoma patients attending the First Affiliated Hospital of Anhui Medical University 

(Hefei, P. R. China) presenting between 2001 and 2002. Institutional ethics committee 

approval for the project was obtained before commencement of the study and was in 

compliance with the Helsinki Declaration. Written informed consent was obtained from all 

patients. 33 out of 94 patients were HER-2/neu positive and remaining 61 were HER-2/neu 
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negative as described in the supplementary data5. All 94 patients underwent radical 

mastectomy.  All patients had no previous diagnosis of carcinoma, no distant metastasis at the 

time of diagnosis, and no evidence of disease within one month after primary surgery. All 

patients received adjuvant chemotherapy (CMF regimen: cyclophosphamide, 600 mg/m
2 

iv 

bolus, d1,8; methotrexate, 40 mg/m
2
 iv bolus, d1,8; 5-fluorouracil, 600 mg/m

2
 iv infusion, 

d1,8; every 4 weeks × 6 cycles). Patients who had undergone chemotherapy or radiation 

therapy before surgery were excluded from this study. 76 out of 94 patients possessed full 

follow up data ranging from 5 months to 64 months, with a median time of 60.0 months and a 

mean time of 44.7 months. 

Immunohistochemical analysis of paraffin-embedded specimens was performed as described 

previously (33). In brief, 3 µm thick TMA (tissue microarray) sections were deparaffinised in 

xylene, rehydrated in a graded series of ethanol solutions, and heated in a microwave oven in 

0.01 M sodium citrate buffer (pH 6.0) for 10 min for antigen retrieval. Anti-ARTN antibody 

(rabbit) (Abcam,UK) was used at 1:100 dilution. The sections were scored as previously 

described (324, 325) on the basis of the staining intensity and the percentage of stained cells 

relative to the background.  The staining intensity was scored as 0 ( 0% staining ), 1 ( <25% 

staining), 2 ( <75% staining ), and 3 ( >75% staining ) relative to the internal positive control; 

and the percentage of positive cells was scored as 0 (0%), 1 (1–25%), 2 (26–50%), 3 (51–

75%), and 4 (>75%) of positive tumor cells. The staining score was calculated as the sum of 

staining intensity and percentage of positive tumor cells. For ARTN and HER-2 expression, 

tumors having final staining score of 0-1, 2-3, 4-5 and 6-7 considered as -, +, ++ and +++, 

respectively. TWIST1 antibody (SantaCruz, USA) was used at 1:200 dilution for 

immunohistochemistry. For TWIST1 expression, tumors with a final staining score of 6 or 

higher were considered to be high expression. ER expression was graded to negative (-) and 

positive (+), based on an assessment of the intensity of the reaction product and the 
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percentage of positive cells: score –, no reactivity or nuclear reactivity in < 10% of tumor 

cells; +, nuclear reactivity is detected in > 10% of tumor cells as previously described 

(326).The scoring of sections was performed by two independent pathologists blinded 

towards clinicopathological data. 

19 Statistics 

All experiments were repeated at least 3 times. All numerical data were expressed as 

mean±S.E.M. from a representative experiment performed in triplicate, and statistical 

significance was assessed by Student‟s t-test (P<0.05 was considered as significant) using 

Microsoft Excel XP unless otherwise indicated (χ2
 
test). Cox regression analysis was 

performed to determine the association of ARTN and TWIST1 expression to the risk of 

relapse and death 
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