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A
ABBSSTTRRAACCTT
Trefoil Factor-1 (TFF1) belongs to the family of trefoil factor peptides. Trefoil factors
protect the gastrointestinal tract against mucosal injury. Trefoil peptides are upregulated
and secreted in an autocrine and paracrine fashion in response to gastrointestinal injury.
They facilitate cell migration and prevent anoikis. TFF1 is also expressed in various
tissues and regulated by multiple cellular processes. Several studies have also
demonstrated increased expression of TFF1 in a high percentage of mammary and
prostate carcinoma cases. However, the functional role of autocrine TFF1 in mammary
and prostate carcinoma has not been previously elucidated. Herein, I demonstrate that
forced expression of TFF1 in mammary carcinoma cells resulted in increased total cell
number as a consequence of increased cell proliferation and survival. Forced expression
of TFF1 enhanced anchorage-independent growth and promoted scattered cell
morphology with increased cell migration and invasion. Moreover, forced expression of
TFF1 increased tumor size in xenograft models. Conversely, depletion of TFF1 by RNA
interference (RNAi) in mammary carcinoma cells significantly reduced anchorageindependent growth and migration. Furthermore, neutralization of secreted TFF1 protein
by polyclonal antibody decreased mammary carcinoma cell viability in vitro and resulted
in regression of mammary carcinoma xenografts. In prostate carcinoma cell lines utilized
herein, I demonstrate that forced expression of TFF1 did not affect proliferation and
anchorage-independent growth. However, forced expression of TFF1 enhanced prostate
carcinoma cell migration and invasion. Additionally, functional inhibition of TFF1 by
RNAi or polyclonal antibody abrogated prostate carcinoma cell invasion. I have therefore
demonstrated that TFF1 possesses oncogenic functions in mammary carcinoma cells and
enhances prostate carcinoma cell invasion. Functional antagonism of TFF1 can therefore
be considered as a novel therapeutic strategy for mammary carcinoma.
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“there is a time in every man's education when he arrives at the
conviction that envy is ignorance; that imitation is suicide; that he
must take himself for better, for worse, as his portion; that
though the wide universe is full of good, no kernel of nourishing
corn can come to him but through his toil bestowed on that plot of
ground which is given to him to till. The power which resides in him is
new in nature, and none but he knows what that is which he can do,
nor does he know until he has tried”

-Ralph Waldo Emerson
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1.1 Mammary gland development and cancer
1.1.1 Prenatal and postnatal mammary development
The embryonic development of the mammary gland is comparable in all species [1].
During the embryonic development of the female mammary gland, invaginations of the
ectoderm layer results in formation of individual globular structures known as buds [1]. The
prenatal female mammary gland development is characterized by 10 stages of growth that
gives rise to preliminary ducts ending in short ductules, which are comprised of a colostrum
containing monolayer of epithelium [2]. The embryonic branching does not require hormonal
signals as evidenced by normal growth patterns in the absence of Estrogen Receptor-α and -β
(ER-α and ER-β), Progesterone Receptor (PR), or the receptors for Growth Hormone (GH) or
Prolactin (PRL) [3, 4].
The mammary gland development is not limited to the prenatal stages; dramatic
postnatal changes during early puberty, pregnancy, parturition, lactation, and involution also
cause extensive changes in size, shape and function of the mammary gland [5, 6]. Puberty
marks the first major postnatal change in the mammary gland [2]. The orchestrated
interaction of systemic and locally produced hormones with the tissue microenvironment
recommences branching morphogenesis in puberty [7]. The child preliminary ducts grow and
divide through the formation of Terminal End Buds (TEB) [FIGURE 1], which give rise to
new branches and form a duct network expanding in from the nipple [2]. Growth of the
epithelium starts after the first menstrual cycle and results in the development of four distinct
types of lobules (FIGURE 1) [2]. These lobules are classified according to their degree of
development; Type I are the most premature lobules whereas Type IV lobules, also known as
acini or Terminal Duct Lobulo-alveolar Units (TDLUs) are mainly formed after a full term
pregnancy and contain colostrum or milk [2].

Figure 1: Stages of mouse mammary gland development during puberty, pregnancy and
lactation.
An undeveloped ductal structure within the mammary fat pad is evident at birth. During puberty,
production of ovarian estrogen and progesterone promotes ductal outgrowth (Aa, Ba) and the
formation of TEB. In the mature virgin, further development of the mammary ducts leads to formation
of primary and secondary ducts branches (Ab, Bb). Hormonal changes during pregnancy increases
cell proliferation and results in the formation of alveolar buds (Ac, Bc). Ad and Bd represent alveolar
bud growth and differentiation at the end of pregnancy. Reproduced with permission from [8]
(Appendixc C).

Key drivers of branching morphogenesis are pituitary GH, ovarian estrogens and
Insulin-like Growth Factor-1 (IGF-I), which also acts downstream of both GH and estrogens
[9, 10]. Tissue geometry also plays a crucial role in branching morphogenesis. For instance,
experimental models have demonstrated that branching fail to initiate at sites where the
concentration of autocrine inhibitory morphogens such as Transforming Growth Factor–ß
(TGF- ß) is high [11].
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Figure 2: Hormonal control of mammary gland during different stages of development.
Reproduced with permission from [12].

Pregnancy and lactation together, represent the second major event in mammary gland
differentiation [13, 14]. It is initiated by alveolar morphogenesis that is comprised of three
sub-stages: proliferation, lactogenesis 1 and lactogenesis 2 [12]. The proliferative stage of
alveolar morphogenesis occurs early in pregnancy [13]. This stage is characterized by breast
growth due to combined epithelial cell proliferation and cell size increase, and is dependent
on progesterone and prolactin (FIGURE 2) [12, 13]. Lactogenesis 1 starts in mid-pregnancy
and is characterized by formation of lipid droplets within the murine mammary cell
cytoplasm [12]. Detection of the milk protein alpha-lactalbumin in the blood identifies the
beginning of lactogenesis 1 in humans [15]. The most important candidate hormones at this
stage are placental lactogen and progesterone [12, 15]. Other hormones also seem to play
important roles in lactogenesis 1; for example, participation of PRL, GH and corticosteroids
have also been demonstrated in some studies [12, 15]. Lactogenesis 2 occurs at around
parturition and leads to the secretion of colostrum followed by milk. The key indicator of
hormonal changes in lactogenesis 2 is high levels of PRL and progesterone withdrawal [12,
3

15]. Lactation takes place postpartum with direct involvement of two hormones; PRL acts on
the luminal epithelial cells to continue milk secretion and oxytocin promotes the contraction
of myoepithelial cells resulting in milk ejection [12, 16]. No major morphological changes in
the mammary gland are observed during lactation. Regular stimulation of the mammary
tissue by offspring suckling results in oxytocin release and ensures that milk is continually
produced so long as it is removed from the mammary gland [12, 17]. Cessation of the
lactation stage is caused by the accumulation of milk in the mammary gland and decreased
PRL levels. This initiates a series of changes termed involution [12, 17]. Remodelling of the
mammary tissue during involution is performed through alveoli and secretary duct collapse
and reduction in the number of endothelial cells, which are all mediated by various forms of
cell death [18, 19] .
Depletion of follicles in the ovaries results in complete cessation of ovarian estrogen
and progesterone production in a process referred to as menopause. As a consequence, the
mammary gland undergoes morphological regression with an increase in the number of Type
I lobules and loss of Type II and III lobules [2].

Figure 3: The human mammary gland anatomy (Left) and representation of the lobular
structure (Right).
Reproduced with permission from [20] & [2].
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1.1.2 Breast cancer
1.1.2.1 Epidemiology and risk factors
New Zealand has one of the highest rates of breast cancer among the OECD countries
and it is estimated that one in eight females will develop breast cancer in their lifetime [21,
22]. Breast cancer is the most common cancer in females and has the second highest
mortality rate [23]. 95% of breast cancer cases are diagnosed in women older than 40 and the
median age of diagnosis is 61 [24].

Although the exact aetiology of breast cancer is

unknown, the interplay of genetic and environmental influences determines the risk factors
[23].
Hereditary breast cancer accounts for less than 15% of cases and is caused by
germline mutations in high-penetrance cancer susceptibility genes such as BRCA1, BRCA2
and TP53 [25, 26]. In addition to genetic factors that predispose a person to breast cancer,
certain factors such as age, anatomy, lifestyle and environment are also associated with breast
cancer risk. These factors include body weight, height, breast size, early menarche, late
menopause, alcohol and fat consumption, exposure to carcinogens and hormones (particularly
estrogens and exogenous synthetic estrogens), hormone replacement therapy and use of oral
contraceptives. In contrast, several factors such as physical exercise, lower age of first
pregnancy, having more children and prolonged breastfeeding is associated with a reduced
risk [27].

1.1.2.2 Breast cancer development
Histological examinations of tumor tissues have proposed a multistage progression of
breast cancer in majority of cases (FIGURE 4) [28]. Dramatic epigenetic and genetic changes
cause a transition from normal mammary to in situ carcinoma [29]. In situ carcinomas are
broadly divided into either Ductal Carcinoma In Situ (DCIS; 85 - 90% of all cases) that
originate from the milk ducts, or Lobular Carcinoma In Situ (LCIS; 8% of all cases) that
originate from the milk-producing glands [30-34]. While only 30% of DCIS tumors become
invasive and develop into Invasive Ductal Carcinoma (IDC), most LCIS develop into ILC
[41]. IDC is the most common form of invasive breast carcinoma (IBC) representing 70-85%
of cases while Invasive Lobular Carcinoma (ILC) is the second most common IBC
representing 5-10% of cases [35-39].
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Figure 4: Mammary carcinoma progression.
Mammary carcinoma progression is generally a multistep process. Normal mammary TDLU includes
lobules and ducts that consist of a bi-layered epithelium of luminal and myoepithelial cells. Perturbed
genetic/epigenetic/hormonal mechanisms lead to formation of Atypical Ductal Hyperplasia (ADH),
which is a premalignant lesion. ADH is thought to be the precursor of DCIS. Further neoplastic
progression of DCIS may give rise to IBC and Metastasis (MET). Mammary carcinoma progression is
also dependent on the interaction of tumor cells with their microenvironment through autocrine,
paracrine and tissue architecture mechanisms. Reproduced with permission from [40].
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As the disease progresses, interaction of tumor cells with their microenvironment
results in infiltration of tumor cells into the lymphatic or blood vasculature [41]. The sentinel
lymph nodes are the primary site for breast cancer metastasis [42]. Additionally,
establishment of distant metastasis in other organs including bone, lungs and liver is also
common in advanced breast cancer [41].

1.1.2.3 Histological and molecular grading systems in mammary carcinoma
For decades, tumor histology has provided a grading system to distinguish welldifferentiated tumors from poorly-differentiated ones. Tumor grade is determined by
combining the scores for mitotic index, nuclear grade and tubule formation [43]. Grade 1
refers to tumors that are well-differentiated and indicates a good prognosis, whereas Grade 3
tumors are poorly differentiated and more likely to spread [43]. However, the histologicalbased grading system is not clinically informative for Grade 2 tumors that constitute (30% –
60%) of cases [44]. Recent advances in high throughput gene expression profiling of tumors
has shed new lights on Grade 2 tumors. For example, a comprehensive microarray analysis
of ER+ tumors and cross-correlation of data to Grade 1 and Grade 2 tumors has identified 97
genes that could be utilized to reclassify Grade 2 tumors into two subsets: high expression
grade of these 97 genes are associated with a higher risk of recurrence whereas low
expression grade correlated to a better prognosis [44]. This study was limited to ER+ tumors
which account for approximately 65% of breast cancer cases [45, 46]. Further microarraybased classification of breast cancer tumors regardless of ER status has also identified four
groups of tumor subtypes; Luminal A and Luminal B subtypes possess gene expression
pattern similar to that of normal lumen cells and are ER+ with a low mitotic index, the human
Epidermal Growth Factor Receptor-2 (EGFR-2, also known as HER-2/neu) positive subtype
that overexpress HER-2, and the basal subtype that express normal amount of HER-2 and
lack estrogen and progesterone receptors and proliferate rapidly [47-49].
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1.1.3 An overview of key molecules and treatment modalities in breast
cancer
1.1.3.1 Estrogen and hormone therapy
Estrogen, the female sex hormone, is required for normal breast development during
puberty [3]. In premenopausal women estrogen is primarily supplied by the ovaries [50, 51]. In
postmenopausal women, estrogen is supplied by the conversion of androgens in liver, muscle
and fat [52]. The role of estrogen in breast cancer was first noted when oophorectomies in
premenopausal women resulted in tumor regression [53]. Now, it is widely recognized that
breast cancer risk is directly associated with levels of estrogen exposure throughout life [54].
Excessive and cumulative hormonal stimulation of the mammary gland which normally is
under endocrine control provides a platform for genetic lesions to occur. Estrogen stimulates
mitogenesis through the activation of autocrine/paracrine signals [55, 56]. Upon ER activation,
the ligand-receptor complex activates response elements in target genes including, cyclin D1,
cyclin E1 and MYC (FIGURE 5) [57]. In the context of cancer, estrogen has the ability to
activate oncogenes, cause genotoxicity, stimulate nucleic acid synthesis and induce the
production of autocrine/paracrine growth factors including Vascular Endothelial Growth Factor
(VEGF) [58, 59].
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Figure 5: An overview of ER-regulated gene transcription and cross-talk with Receptor
Tyrosine Kinases (RTKs) signaling.
Estrogen signaling is mediated by the ER-α and ER-β receptors. In the classic pathway (a), ligandbound ER-α and ER-β form homo- or hetero-dimers at an Estrogen Response Element (ERE) and
gene transcription is regulated via co-regulatory proteins including Co-Activators (CoAs), Histone
Acetyl Transferases (HATs) or through interaction with other transcription factors such as Activation
Protein-1 (AP-1) and specificity protein 1 (Sp1). Phosphorylation of ERs as a consequence of
activation of RTKs such as EGFR and IGFR also modulates transcriptional activity (b). Other modes
of estrogen signaling through membrane-bound or cytoplasmic ER (c) via ligand- induced
methylation (M) of ER and formation of an ER–PI3K–Src–Focal Adhesion Kinase (FAK) complex
activates Akt (d). One other form of estrogen signaling through membrane-bound or cytoplasmic ER
activates Erk (Extracellular signal-regulated kinase) by ER–Src–PELP1 complexes (e). Akt and Erk
activate intracellular signaling cascades, resulting in Transcription Factor (TF) activation. Reproduced
with permission from [57].
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For decades, Tamoxifen has been the frontline treatment for ER+ premenopausal
breast cancer patients [60]. Tamoxifen is a Selective Estrogen Receptor Modulator (SERM)
that binds to estrogen receptor and produces a nuclear complex that inhibits estrogen‟s effects
[57, 60]. Tamoxifen along with lumpectomy and radiation therapy have proved effective in
the treatment of DCIS [61] and in the prevention of invasive mammary carcinoma [62].
However, Tamoxifen acts as a partial agonist and increases the likelihood of developing
endometrial cancer [63, 64]. Additionally, some patients do not respond well to Tamoxifen or
develop resistance following long term treatment [57, 65]. As a result, aromatase inhibitors
have become the second-line hormone therapy in postmenopausal women [66]. Aromatase
inhibitors block the activity of aromatase cytochrome P450, which converts androgens into
estrogens [67, 68]. Aromatase activity increases with age and obesity in postmenopausal
women and aromatase inhibitors have demonstrated superior response rates and progressionfree survival compared to Tamoxifen [67, 68]. Examples of aromatase inhibitors include
Anastrozole, Letrozole and Exemestane [69].

1.1.3.2 HER-2
HER-2, also known as EGFR2, belongs to the EGFR receptor tyrosine kinase family
[70-72]. Ligand binding induces a conformational change in the extracellular domain of
EGFR, induces the active conformation and promotes dimerization and consequent
transphosphorylation of the receptor [70-72]. The HER-2 receptor is also phosphorylated
upon ligand binding to other EGFR members. Activation of HER-2 receptor results in a
series of downstream phosphorylation events that lead to the activation of the Mitogen
Activated Protein Kinase (MAPK) and Phosphoinositide 3-Kinase (PI3K) signaling pathways
[70-72]. Activation of these pathways regulates multiple cellular functions including
mitogenesis, apoptosis, motility, angiogenesis and differentiation [70-72]. HER-2 is
overexpressed and constitutively activated in 20-30% breast cancers, predominantly via gene
amplification and is an independent adverse prognostic factor [70-72]. Two common
treatments for HER-2 positive patients include Trastuzumab, a humanized monoclonal
antibody that binds to HER-2 receptor, and Lapatinib, an orally administered tyrosine kinase
inhibitor of both HER-2 and the EGFR [70-73]. The use of Trastuzumab as a single-agent
and in combination with chemotherapy has shown significant efficacy in improving the
median time to disease progression in patients with advanced breast cancer [70-73].

10

1.1.3.3 Current drug treatments for breast cancer
The required systemic treatment modality for breast cancer patients is usually
determined based on the stage and tumor profile [74]. In addition to treatment modalities that
were discussed above (i.e. hormone and HER-2 treatment), treatment of breast cancer
patients using cytotoxic chemotherapeutic agents is also common. ER- tumors and patients
whose tumors have relapsed on hormone therapy are candidates for cytotoxic chemotherapy
[75]. Different classes of cytotoxic chemotherapy exists that show activity in metastatic
breast cancer. For example, Anthracyclines such as Doxorubicin and Mitoxantrone inhibit
DNA and RNA synthesis by intercalation of the DNA/RNA base pairs [76, 77]. Additionally,
Anthracyclines inhibit the topoisomerase II enzyme thus blocking DNA replication [76]. It
also creates free oxygen radicals that damage the DNA. Other classes of cytotoxic drugs
include

Taxanes

(e.g.

Paclitaxel

and

Docetaxel)

[76],

Alkylating

agents

(e.g.

Cyclophosphamide) [78, 79], Fluoropyrimidines (e.g. Capecitabine and 5-FU) [80], Vinca
alkaloids (e.g. Vinblastine and Vincristine) [81], and Platinum (e.g. Carboplatin and
Cisplatin) [82]. Depending on the disease context, single-agent or combination chemotherapy
is used in breast cancer treatment [83].

1.2 Prostate gland development and cancer
1.2.1 Prenatal and postnatal prostate
The prostate gland is a walnut-sized male sex-accessory gland found only in
mammals [84, 85]. It surrounds the urethra at the base of the bladder. The prostate secretes
proteins such as Prostate Specific Antigen (PSA) and prostatic acid phosphatase into the
seminal fluid [84]. The prostate develops from the urogenital sinus (UGS), which is of
endodermal origin [85, 86]. Development of UGS in both male and female mice occurs at
approximately 13 days post conception (7 weeks of gestation in humans) [84, 85]. UGS
between male and female mammals is morphologically indistinguishable until 17.5 days post
conception [87]. In response to fetal testicular androgens, endodermal cells outgrow from the
UGS into the surrounding urogenital sinus mesenchyme (UGM) in a precise spatial pattern
[85, 88].
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Androgens act on the androgen receptors expressed on the mesenchyme and causes
trans-differentiation of endodermal cells into the glandular epithelium of the prostate.
Androgens play a pivotal role in prostate development [84, 85]. In the absence of androgens,
the UGS forms the lower portion of the vagina and urethra [84, 85, 89]. In addition, exposure
of the female UGS to androgens initiates prostate development [84]. During early
development of the prostate, androgens control cell proliferation, differentiation, apoptosis,
lipid metabolism and secretory action [84, 90]. Further development of the prostate after the
initial androgen-dependent stage is mediated through paracrine epithelial–mesenchymal
interactions that result in cell differentiation and branching morphogenesis [89].
Morphological and gene-expression changes during prostate development can be broadly
divided into four stages: initiation, growth, branching morphogenesis, and differentiation and
maturation. These processes are highly conserved and tightly regulated by several key genes
(FIGURE 6) [87].

Figure 6: Control of morphological changes during prostate development.
Development of prostate gland is a multistep process with co-ordinated interaction of several genes
during each stage of development. Reproduced with permission from [87].
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After initiation of prostate development, expression of Sonic hedgehog (SHH) is
increased [86, 91, 92]. SHH promotes further growth of the prostatic ducts by upregulating
the homeobox genes NKX3.1, HOXA13 and HOXD13. Nkx3.1 is an androgen-inducible
transcription factor and the earliest prostatic marker, such that its expression is evident in
UGS of male fetuses 48h before prostatic buds emerge [87, 93]. Most prostatic ducts remain
unbranched until birth in rodents after which epithelial–mesenchymal interactions results in
an orchestrated pattern of further elongation and branching morphogenesis [84, 87]. Ductal
branching and budding is inhibited by the mesenchymal signaling factors Bone
Morphogenetic Proteins BMP4 and BMP7, and stimulated by Notch, an antagonist of BMP4
and BMP7 [87, 94]. Expression of SHH is maintained by secretion of FGF7 (Fibroblast
Growth Factor 7) and FGF10 from the mesenchyme and their binding to FGFR2 on epithelial
cells [95]. Differentiation and maturation occur in a proximal to distal direction when
transcription factors such as p63 and Forkhead box A1 (FOXA1) act on different epithelial
cell types [87].

Figure 7: A schematic representation of human prostate anatomy and its division into multiple
zones.
The gross anatomy of adult human prostate consists of three major zones: the peripheral zone (7075%), the central zone (20-25%) and the transitional zone (5-10%). However, according to the
development of various pathologies in the prostate, two additional zones have also been identified: the
fibromuscular zone and the periurethral gland region. Reproduced with permission from [96].
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The prostate tissue is comprised of three major compartments: stromal, epithelial and
acinar luminal [97, 98]. Epithelial compartments of the prostate are comprised of three
different types of cell lineages (FIGURE 8) [97, 98]. The secretary luminal cells form a single
layer and produce the secretory components of the prostate [97, 98]. The basal cells are
located between luminal cells and the basement membrane and form a continuous layer in the
human prostate [97, 98]. The neuroendocrine cells are located throughout the basal layer and
believed to provide paracrine signals to support luminal cell growth [97, 98]. Each cell
lineage could be identified via their characteristic phenotypes, functional roles and expression
of specific cytokeratins [97, 98].

Figure 8: Schematic depiction of the cell types within the human prostatic duct.
Reproduced with permission from [99]

1.2.1 Prostate cancer
1.2.1.1 Prostate cancer epidemiology
Prostate cancer is the most common non-cutaneous neoplasm and the second leading
cause of cancer death among men [100, 101]. In New Zealand, it is estimated that prostate
cancer will cause the death of 844 men in 2012, and will account for 22% of all male cancers
in 2011, which is an increase of 33% in incidence since 1996. [22] The aetiology of prostate
cancer is largely unknown and only age, race and a family history have consistently been
established as risk factors [100, 101]. Other factors such as exposure to androgens, diet,
obesity, physical activity have also been implicated, but their roles in prostate cancer etiology
remain unclear [100, 101] .
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1.2.1.2 Prostate cancer development
The majority of prostate cancers are derived from epithelial cells [97, 102].
Histopathological studies of prostate cancer have demonstrated that prostate cancer
progression is generally a multistep process (FIGURE 9) [97]. Accordingly, four stages of
prostate cancer development have been identified: Benign Prostatic Hyperplasia (BPH),
Prostate Intraepithelial Neoplasia (PIN), low grade and high grade Prostate Carcinoma
(PCA), and metastatic PCA [103]. Majority of BPH, PIN and PCA originate from the
peripheral and transitional zones of the prostate [104].
BPH is a non-malignant gradual increase of stromal and epithelial cell number in the
prostate gland, often seen in middle-age and elderly men [105]. The exact mechanism of BPH
initiation and progression is not fully elucidated [105]. Nevertheless, perturbed balanced
between cell proliferation and apoptosis is believed to be a predominant factor in causing
BPH [105]. Dihydrotestosterone (DHT), a testosterone metabolite, is a critical mediator of
BPH [106, 107].

Figure 9: Histological demonstration of prostate carcinoma progression.
Progression of benign prostate hyperplasia to advanced stages of carcinoma is accompanied by drastic
modulation of glandular architecture. Reproduced with permission from [103].

PIN is a preneoplastic lesion of the prostate comprised of atypical epithelial cells
within structurally normal glands and ducts [108, 109]. Histological examinations at low
magnifications characterize PIN by the presence of a darker and thicker lining of the ductal
structure [109, 110]. At high magnification, changes associated with PIN include nuclear
enlargement with stratification, hyperchromasia, and nucleolar prominence [109, 110].
Clinical studies suggest that PIN predates a carcinoma by 10 years or more [109, 111].
Depending on the histomorphology of cells, PIN can be classified as low grade PIN1,
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medium grade PIN2 and high grade PIN3. Due to the difficulty in differentiating between
PIN2 and PIN3 lesions, both stages are now classified as High Grade PIN (HGPIN) [109].
According to clinical studies, HGPIN is a major risk factor for development of PCA [109].
PCA is characterized by the presence of heterogeneous small glands infiltrating larger
benign glands with possible nuclear anaplasia, perineural and vascular or lymphatic invasion
[112]. The sequential process of metastasis involves tumor neoangiogenesis or
lymphangiogenesis, loss of local cell adhesion and detachment of tumor cells, local invasion
to tissues such as seminal vesicles and urinary bladder, and distant metastasis, particularly to
bones [113]. Loss of several genes including NKX3.1, PTEN and TP53 has also been
implicated in different stages of PCA progression [97].

Figure 10: Pathway for prostate cancer progression.
Modified from [97, 114].

1.2.1.3 The Gleason grading system of prostate tumor histology
The Gleason grading system is the most commonly used system of classifying
histological characteristics of PCA (FIGURE 11) [115, 116]. The Gleason score is determined
by using the glandular architecture within the tumor [115]. The predominant tumor
morphology pattern and the second most common pattern are graded from 1 to 5 and the sum
of these two grades is referred to as the Gleason score. A score of 2-4 is considered low grade
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(well differentiated), 5-7 is considered medium grade (moderately differentiated), and 8-10 is
considered high grade (poorly differentiated) [115].

Figure 11: The Gleason grading system for PCA.
Five major grades are assigned according to the glandular architecture. Grade 1 is characterized by the
presence of medium-sized acini that are closely circumscribed. Grade 2 is similar to Grade 1 with
more loosely arranged and less uniform ducts. In Grade 3, ducts are smaller than those in Grade 1 or
2. Grade 3 tumors display marked variation in size and shape and are associated with infiltration of
non-neoplastic acini. Grade 4 tumors display fused microacini with disorganized lumen. Grade 5
tumors are characterized by the absence of differentiated ducts and presence of solid sheets or single
cells. Reproduced with permission from [115].
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1.2.1.4 Molecular profiling of prostate cancer
Advances in gene expression profiling of prostate tumors have provided several gene
signatures to distinguish relatively indolent tumors from aggressive metastatic disease. In
2004, Lapointea et al. published a study in which the authors investigated molecular variation
underlying the clinical heterogeneity of prostate cancer [117]. Distinct patterns of gene
expression in 62 primary prostate tumors and nine lymph node metastases, and comparison to
the expression profile of 41 normal prostate specimens identified three subclasses of prostate
tumors [117]. High-grade and advanced stage tumors were characterized by high expression
of MUC1 (Mucin 1), which correlated to an elevated risk of recurrence, whereas high
expression levels of AZGP1 (alpha-2-glycoprotein 1, zinc-binding) correlated to a decreased
risk of recurrence [117]. Multivariate analysis demonstrated that MUC1 and AZGP1 were
strong predictors of tumor recurrence independent of tumor grade, stage, and preoperative
PSA levels [117]. More recently, Tomlins et al. generated an integrative molecular model of
prostate cancer progression to discriminate critical transitions during cancer progression
[103]. This study identified E26 Transformation-Specific (ETS) family transcriptional
targets, and components of androgen signaling and cell proliferation as the main molecules
associated with cancer transition [103].

1.3.1 An overview of key molecules and treatment modalities in prostate
cancer
1.3.1.1 Prostate Specific Antigen (PSA)
PSA is a serine protease produced by prostate cells. Serum PSA is often elevated in
prostate cancer, prostate inflammation and BPH [118, 119].

Higher serum PSA levels

correlate with the risk, grade and stage of prostate cancer; hence PSA levels are also used to
monitor treatment response, prognosis and progression of PCA [119]. Currently,
measurement of PSA levels is the most popular diagnostic tool in detection and monitoring of
PCA [120]. However, some prostatic disease such as BPH and inflammation with high PSA
results in a false positive diagnosis [118, 119]. In contrast, PSA levels do not increase in
some patients with prostate cancer leading to a false negative diagnosis [118, 119]. Therefore,
other tumor markers such as serine protease Hepsin and serine protease inhibitor Maspin
have been proposed to replace PSA as a diagnostic marker of PCA [121]. Additionally,
epigenetic loss of Glutathione S-Transferase Pi (GSTP1) expression is predominantly specific
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to PCA [122, 123]. As a result, detection of GSTP1 in urine or seminal fluids has also been
proposed as a marker of PCA [123].

1.3.1.2 Androgens
As mentioned previously, androgens play a pivotal role in prostate development such
that loss of androgens or Androgen Receptor (AR) during embryogenesis results in
termination of prostate development [87]. In addition to initiation of prostate development,
androgens are also required for growth, differentiation and regulation of secretory activity. In
adult life, androgens are required for the homeostasis of the prostate gland [104, 124]. The
main androgen produced by testis is testosterone, which can activate AR directly or through
conversion of testosterone to its active metabolite, dihydrotestosterone (DHT) [84, 104].
Conversion of testosterone to DHT is mediated by the 5α-reductase enzyme and DHT
demonstrates a 5- to 10-fold higher affinity for the AR [104]. DHT binds to nuclear AR and
induces dissociation of heat shock proteins from AR (FIGURE 12) [84, 104]. The AR
dimerizes and can bind to androgen-response elements in the promoter regions of target
genes [84, 104]. Subsequently, recruitment of co-activator molecules at the promoter region
leads to the activation of genes involved in cell growth, survival, and production of PSA
[104].
Most PCAs are androgen-dependent and respond to anti-androgen treatment [104].
Androgen ablation is the major treatment option for patients with locally advanced or
metastatic PCA [104]. Initially, 80-90% of patients respond well to this treatment as evident
by decreased PSA levels in the blood, and remission resulting in a median progression-free
survival of 12 to 33 months [104, 125]. Several different hormonal treatments can benefit
men in various stages of prostate cancer. These treatments include bilateral orchiectomy,
Luteinizing Hormone-Releasing Hormone (LHRH) agonists, and anti-androgens [126].
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Figure 12: Pathway of androgen action via nuclear androgen receptors [87].
Circulating testosterone detaches from its carrier molecule, Sex-Hormone-Binding Globulin (SHBG).
Free testosterone enters the cell and gets converted to DHT by 5α-reductase enzyme. Binding of
DHT to AR induces the dissociation of AR from heat-shock proteins (HSPs), receptor
phosphorylation and subsequent dimerization of AR. Dimerized AR-DHT complex enters the nucleus
and binds to androgen-response elements of target genes. Recruitment of co-activators leads to the
activation of target genes involved in growth, survival and PSA expression. Reproduced with
permission from [104].
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1.3.1.3 Other chemotherapeutic treatments
Despite initial response of majority of prostate tumors to androgen ablation treatment,
most tumors eventually become androgen-refractory and do not respond to hormonal
treatment [104, 125, 127]. At this point, treatment options are limited to combination of
steroids and Mitoxantrone (a type II topoisomerase inhibitor), Doxorubicin, Vinblastine,
Paclitaxel and Etoposide [128-131].

1.4 Recent advances in mammary and prostate cancer research
1.4.1 Differential expression of microRNAs in mammary and prostate
carcinomas
MicroRNAs (miRNAs) are evolutionary conserved small non-coding RNAs that
suppress gene expression at post-transcriptional levels [132, 133]. Several recent studies have
established a central role for miRNAs in the establishment and progression of human tumors
such that the expression levels of miRNAs with oncogenic effects are upregulated while
those with tumor suppressive effects are downregulated [133]. Comparison of miRNA
expression profile between normal and neoplastic mammary tissue has identified a number of
deregulated miRNAs. For example, miR-373 is upregulated in primary mammary carcinomas
and even to a higher level in those with lymph node metastasis [134]. Forced expression of
miR-373 in MCF-7 cells enhances cell migration/invasion in vitro and results in development
of multi-organ metastasis in xenograft models [134]. In contrast, miR-31 is downregulated in
metastatic mammary tumors and forced expression of miR-31 in aggressive mammary
carcinoma cells suppresses metastasis [135]. Similar differential expression of miRNAs has
also been observed in prostate cancer. An example is miR-125b whose expression is
increased in response to androgen stimulation [136]. Additionally, forced expression of miR125b stimulates androgen-independent growth of LNCaP prostate carcinoma cells in vitro,
suggesting an oncogenic role for miR-125b [136]. Oligonucleotide microarray analysis of
miRNA on several BPH and PCA tumors samples have also identified a signature of 51
differentially regulated miRNAs between benign and malignant samples [137]. Furthermore,
clustering of the tumor samples according to the type and level of miRNA expression has
subdivided tumors into androgen dependent and hormone refractory, indicating the potential
of miRNAs as a novel diagnostic and prognostic tool for PCA [137].
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1.4.2 Identification of cancer stem cells in mammary and prostate carcinoma
Despite decades of research on identification of causes and treatments for cancer,
tumor relapse and eventual metastasis render current treatments inefficient. There is a
growing body of evidence that suggest most tumors contain a small population of cells that
proliferate slowly and are thus non-responsive to major chemotherapeutic treatments that
target rapidly proliferating cells (i.e. majority of tumor cells) [138]. This small population of
cells possesses self-renewal capabilities and reinitiates tumor progression [139, 140]. Tumor
cells with these stem cell-like properties, such as dormancy, differentiation capabilities and
self renewal, are referred to as Cancer Stem Cells (CSCs) [139, 140]. The origin of CSCs is
controversial [141]. It is suggested that CSCs may derive from the population of normal stem
cells due to epigenetic and genetic alterations, or originate from differentiated population of
progenitor cells that have acquired abilities to self-renew (FIGURE 13) [139-141].
The existence of stem cells in hematologic malignancies prompted further research
into several solid tumors and multiple studies have reported the identification/isolation of
CSCs from colon [142], pancreas [143], mammary [144] and prostate cancer [145, 146].
Mammary and prostate CSCs have been identified as possessing specific antigenic markers
CD44high/CD24low [144] and CD44+/α2β1high/CD133+ [147], respectively. CD44high/CD24low
mammary carcinoma cells demonstrated high expression levels of motility and angiogenic
associated genes [148]. CD44+/α2β1high/CD133+ prostate carcinoma cells exhibited resistance
to chemotherapy and radiotherapy [146]. Therefore, evidence suggests that mammary and
prostate CSCs may contribute to tumor metastasis and resistance to anti-cancer therapies.
Currently, development of specific therapies targeted at CSCs is a rapidly developing area of
drug discovery to improve treatment outcome.
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Figure 13: Origins of CSCs.
CSCs may originate as a consequence of epigenetic and genetic alterations occurring in different stem
or progenitor cells. CSCs are capable of self-renewal and cause tumor progression. Reproduced with
permission from [141].
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2.1 An overview of TFF1 in physiological and pathological
conditions
2.1.1 TFF1 biology
2.1.1.1 Introduction
The trefoil factor family (TFF) is comprised of three peptides (TFF1, TFF2 and TFF3)
-also known as pS2, SP and ITF, respectively. TFFs posses one or more structurally
conserved trefoil domain that consist of six cysteine residues that form intrachain disulfide
bonds resulting in a characteristic three-loop structure called the trefoil or P domain, which
resembles a trefoil or clover leaf [149]. TFFs are predominantly expressed in the
gastrointestinal tract (GI) and play an important role in maintaining the integrity and
continuity of the GI epithelium against potentially damage-inducible chemicals including
acid and bacterial secretions [150, 151]. TFF1 and other members of the trefoil family are part
of a fast-response repair system that is necessary for organizing the movement of cells at the
edge of the damaged epithelial cell layer in a process termed “restitution” (FIGURE 14) .
Restitution ensures that the GI integrity is maintained while epithelial cells undergo mitosis
to replace the lost cells [150, 151]. TFF1 and other TFFs are upregulated and secreted in an
autocrine and/or paracrine manner and act as motogens to induce movement of migratory
epithelial cells across the damaged area [150, 151]. In addition to the motogenic effects of
TFFs, they protect the migratory epithelial cells against anoikis, a form of cell death that
occurs when epithelial cells lose contact with other cells or the substratum [152] .
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Figure 14: Schematic representation of restitution.
In response to injury-induced cell death in the GI tract expression of motogenic factors is elevated in a
paracrine and autocrine fashion. Motogens concomitantly induce migration of neighboring epithelial
cells and prevent anoikis to restore the epithelial continuity. Reproduced with permission from [150].

2.1.1.2 Identification of TFFs, their structural similarities and differences
In the 1980‟s, TFF1 and TFF2 were identified and isolated from and MCF-7, a human
mammary carcinoma cell line, and pig pancreas, respectively [153, 154]. Subsequently, TFF3
was identified for possessing the trefoil domain [155, 156]. The trefoil proteins have also
been identified in other mammals including rat, mouse and chimpanzee [157]. TFF1 and
TFF3 possess one trefoil domain, while TFF2 contains two domains (FIGURE 15) [158-161].
TFF1 and TFF3 proteins form homodimers via their respective extra seventh cysteine residue
at the C-terminus [162, 163]. TFF2 contains two extra cysteine residues that have the
potential to form heterodimer with other proteins [162, 163]. In the trefoil domain, the three
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disulphide bonds pack three striking loops closely and give the trefoil domain a compact
structure that is believed to be responsible for resistance against proteolytic degradation by
GI proteases and stomach acid [162, 163]. Within the trefoil domain, there are significant
differences in spatial arrangement of each TFF domain. The differences in distances and
relative angles between corresponding structural elements as well as post-translational
modifications in each TFF suggest that individual TFFs possess different functional roles and
unique targets [164].

Figure 15: Structure of human TFFs.
Both TFF1 and TFF3 contain one trefoil domain while TFF2 contains two. Reproduced with
permission from [160]

2.1.1.3 Expression pattern of TFFs in the gastrointestinal (GI) tract
All TFFs and TFF-related proteins are normally expressed in tissues expressing
mucins such as the GI tract mucosa [165]. Although TFFs are predominately expressed in the
GI tissues, they are also expressed in other tissues such as the bronchial and urogenitary tracts
[164, 166, 167]. Individual TFFs demonstrate a distinct pattern of expression by different
cells of the GI tract (FIGURE 16): TFF1 is predominantly expressed in the superficial cells of
the gastric tissue [168], whereas basal cells of the gastric tissue express TFF2 [169]. TFF2 is
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expressed in Brunner‟s glands of the duodenum while there is no expression of TFF1 in
Brunner‟s glands [161, 170]. The expression of TFF3 is predominantly restricted to the small
and large intestines [150].

Figure 16: Pattern of TFFs expression in the GI tract.
TFF1 is expressed in the stomach (red), TFF2 in stomach and duodenum (yellow), and TFF3 in the
small and large intestines (blue). Reproduced with permission from [171].

2.1.1.4 Evolution of TFFs
TFFs are evolutionary conserved molecules (FIGURE 17). TFFs orthologues from
eggshell proteins in teleost fish to frog and human possess highly conserved trefoil domains
[164, 172]. Sequencing TFF1 protein from different species has demonstrated a high degree
of conservation such that 52% of amino acids, which accounts for 31 out of 60 amino acids
are completely identical [164]. While there is a higher degree of conservation in the trefoil
domain (57% of amino acids), the rest of the TFF1 protein shows 33% conservation of amino
acids [157]. High conservation of the TFF1 protein is not limited to the TFF1 domain: TFF1
proteins from different species have all been shown to contain a highly acidic C-terminus.
For example, in the C-terminus of human TFF1 protein which consists of six amino acids,
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four amino acids are glutamic acid residues [164]. A comparison of conservation among the
three TFFs from all species sequenced thus far has shown that there is higher conservation of
the trefoil domain in TFF2 than TFF1 [164]. While TFF1 shows 57% conservation of amino
acids, TFF2 demonstrated 60% and 71% conservation of domains 1 and 2, respectively [164].
Similar to the conservation of the trefoil domain in TFF1 and TFF2, TFF3 also demonstrate
67% conservation, whereas the N-terminus region of the TFF3 protein is only 22% conserved
among different orthologues [157]. Interestingly, the high degree of conservation (63%) in
the C-terminus end of TFF3 among different species also demonstrates an important
functional conservation for this portion of the TFF3 protein. It is an indication that for TFF3
the high degree of conservation in the trefoil domain and C-terminus region but not the Nterminus portion is important for its biological functions [157].
Overall, the three mammalian TFFs demonstrate a higher degree of conservation
within the trefoil domain than other parts of the protein and only TFF3 demonstrate high
conservation of the C-terminus domain [157]. Therefore, it is plausible to suspect that the
trefoil domain plays an important biological function as demonstrated by its high degree of
conservation among all TFFs from different species.

Figure 17: Sequence similarity among TFFs.
The top panel represents the sequence alignment of mammalian TFF1 from different species and the
bottom panel represents the sequence alignment of the trefoil domains in human TFFs. Residues
completely conserved between the orthologues are shown in green and those with substitutions are
shown in purple. Reproduced with permission from [164].
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2.1.1.5 Expression of TFF1 in embryogenesis
First evidence for expression of TFF1 in mouse embryos appears at day 17 in the
epithelial cells lining the surface of the emerging stomach pits and glands [173]. 18d embryos
show expression of TFF1 in areas of the developing gastric tissue that corresponds to
Brunner‟s glands in later stages of development [173]. In human and mouse adult tissues,
TFF1 expression is normally restricted to the stomach and plays a crucial role in cell
differentiation [174, 175]. Expression of TFF1 mediates the differentiation of epithelial cells
into specialized cells that secrete mucus [174, 175]. It is interesting to note that TFF1 is not
expressed in any stage of prenatal and postnatal mouse mammary development [173].
Furthermore, transgenic models of TFF1-deficient mice demonstrate no detectable change in
the mammary glands compared to wild type animals indicating that TFF1 possesses no role in
embryonic and postnatal mouse mammary gland organogenesis and differentiation [176].

2.1.1.6 Gene structure and regulation of TFF1 expression in human
All three members of the trefoil peptide family are located on locus q22.3 of the
human chromosome 21, encompassing about 55 Kb of the DNA sequence (FIGURE 18) [171].
The TFF1 gene occupies approximately 4.5 kb of the DNA and consists of three exons that
encode the amino-terminal signal peptide, the TFF domain, and a carboxy-terminal acidic
motif, respectively [171].

Figure 18: Arrangement of TFFs genes on human chromosome 21q22.3
TFFs genes encompass about 55 Kb of the DNA sequence. E boxes represent exons. Reproduced
with permission from [160].
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The regulation of the TFF1 gene expression has been extensively investigated in
gastric and mammary cell line models. The promoter region that lies 332–428 base pairs
upstream of the TFF1 transcriptional start site contains an ERE [171, 177, 178]. It is believed
that the ERE is the main regulator of TFF1 expression in many ER+ breast cancer tissue
specimens [179]. In fact, discovery of TFF1 in MCF-7 cells was made possible in a study that
investigated the expression profile of estrogen-inducible genes [154]. In hormone-dependent
mammary carcinoma cell lines estrogen acts in a synergistic manner with the Steroid
Receptor Coactivator-1 (SRC-1), via the AP-1 and ERE in the TFF1 promoter and drives the
expression of TFF1 [180, 181].
In the epithelium of the surface pits of the stomach where there is the highest
expression level of TFF1, conflicting results have been reported regarding the expression of
the two estrogen receptors ERα and β and therefore the regulation of TFF1 by estrogen [182,
183]. Nevertheless, the presence of other regulatory elements may contribute to expression of
TFF1 in the stomach. One example is GATA-6, a transcription factor that is expressed in
endoderm-derived tissues including liver, lung, pancreas and gut [184]. GATA-6 activates
the expression of TFF1 and TFF2, which are predominantly expressed in stomach, whereas
expression of TFF3 that is predominantly expressed in the intestine is not affected by GATA6 [184].
Presence of other regulatory elements within a complex enhancer region at -428 to 332 5' flanking sequence of the TFF1 gene may also control the expression of TFF1. These
regulatory elements are responsive to EGF, tumor promoter TPA and the proto-oncoproteins
c-Ha-ras and c-jun [178, 185]. In addition, a functional AP-1 site at -332 to -338 in the TFF1
promoter [186], and FGF regulation of TFF1 have also been described [187]. As previously
mentioned, the cluster of human TFF genes on chromosome 21q22.3 is confined within a
single 55 kb genomic DNA fragment. Interestingly, similar observations have been made in
mouse where the TFF gene cluster on mouse chromosome 17 resembles the human TFF gene
[188]. Conservation of TFF gene cluster between different organisms (mouse and human)
could also mean that TFF expression is partially regulated by a locus activation region [157].
In addition to the genetic regulation of TFF1 expression, epigenetic mechanisms also
modulate TFF1 expression levels [189]. The proximal promoter/enhancer region of the TFF1
gene contains several CpG islands (FIGURE 19). These CpG islands are methylated in a tissue-
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specific manner such that specific sequences are methylated in non-expressing tissues and
cell lines but unmethylated in those which express TFF1 [190].

Figure 19: TFF1 gene structure. (A) Gene organization and regulatory elements (e.g. ERE and
AP-1).
Circles indicate CpG islands. Black circles are CpGs whose methylation is correlated with TFF1
expression. Reproduced with permission from [171].

2.1.1.7 TFF1 protein
The human TFF1 gene encodes a pre-protein of 84 amino acids that contains an
amino terminal signal peptide, which is characteristic of secreted proteins [171, 191]. The
signal peptide is removed by proteolysis during passage through the endoplasmic reticulum
[171]. The secreted form of TFF1 is 60 amino acids long (FIGURE 20) and has a molecular
weight of 6.5 kDa [171]. Characterization of TFF1 secreted from MCF-7 and EFM-19
mammary carcinoma cells in cell culture media has resulted in identification of three
molecular forms: TFF1 monomer, TFF1 homodimer and a heterooligomer of around 65 kDa,
which was found to be stabilized by a disulphide bond [192, 193]. In stomach, TFF1
predominantly exists as a 21-25 kDa compound molecule, disulfide bonded to a thiol
containing protein named GKN2 (also known as TFIZ1) [194] and less so as a dimer and
monomer [195, 196].
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Figure 20: Human TFF1 monomer and its trefoil domain.
Six cysteine residues form the trefoil domain while the seventh cysteine at the C-terminus is used for
formation of homo- and hetero-dimers. Reproduced with permission from [171].

2.1.1.8 Functional aspects of different molecular forms of TFF1
The biological activities of the TFF1 monomer and dimer are distinct from each other.
The TFF1 homodimer is formed by covalent linkage of two TFF1 molecules via formation of
a disulphide bond between the Cys58 residues [157]. TFF1 dimer was able to increase
migration of the human colorectal cell line HT29 [197] and MCF-7 [193] cells more than
TFF1 monomer. Additionally TFF1 dimer was found to be more effective in inhibiting the
growth of the human gastric cell line AGS than the TFF1 monomer [198]. A study on an
animal model of gastric damage where both TFF1 monomer and dimer was utilized has
shown that the TFF1 dimer reduced gastric damage by 70%, whereas monomeric TFF1 was
significantly less effective [197]. Similar results have been observed in an animal model of
colitis in which TFF1 dimer was more protective against the induction of colitis than its
monomeric counterpart [197].
A recent study has shown that the TFF1 dimer but not the monomer binds directly to
Helicobacter pylori bacteria [199]. Binding of TFF1 dimer to the bacterium was rapid and
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specific with a high degree affinity. The authors suggested that there might be a receptor-like
protein on the surface of Helicobacter pylori that specifically and directly interacts with the
dimeric form of TFF1. Furthermore, they showed that binding of Helicobacter pylori to
gastric mucin was dependent on the presence of TFF1, which may provide an explanation for
tropism of this bacterium to colonize the human stomach [199, 200].

2.1.1.9 Interactions of TFF1 with mucins
TFFs also interact with specific mucins [164]. Mucins are large, heavily glycosylated
proteins that are rich in cysteins [201]. The cysteine residues participate in forming disulfide
bonds with other mucin monomers or thiol containing proteins. Mucins are expressed in a
tissue specific manner in several organs of the body including the GI tract [202]. Two main
classes of mucins exist: secreted and membrane-associated mucins. To date, 19 human mucin
genes have been cloned and five of them have been classified as secretory [201].
Analysis of mucins and TFFs localization in the GI tract has shown that individual
TFFs co-localize distinctly with different mucins: TFF1 is co-localized with MUC5AC [203],
TFF2 is co-localized with MUC6 and TFF3 is co-localized with MUC2 [204]. These
observations indicate that specific TFFs have specific mucin partners. Specific interaction of
individual TFFs with mucins has suggested that mucins and trefoil factors interact with each
other to protect the mucosa [204]. In one study, rat TFF3 in combination with rat colonic
mucin that normally consist mainly of MUC2, was more effective than rat TFF3 in
combination with rat gastric mucin, which consists mainly of MUC5AC and MUC6 [205,
206]. Although optimal biological functions of TFFs depend on their co-localization with
their specific mucin partner, different trefoil factors may to a certain degree be able to act as a
substitute for each other [164]. This alteration of Co-localization of TFFs with mucins is
observed in diseased conditions such as Barrett‟s esophagus and inflammatory bowel disease
[207, 208].

2.1.2 TFF1 signaling
The signaling pathway(s) activated by TFF1 are not fully elucidated, mainly due to
the paucity of data on identifying a functional receptor [164]. However, a number of studies
have implicated several signaling pathways in mediating the effects of TFF1 on invasion and
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angiogenesis. Pharmacological inhibition of cyclooxygenase COX-1 and COX-2 pathways
abrogates the effects of TFF1 on invasion of kidney and colon cancer cells in a thromboxane
A2 receptor (TXA2-R)-dependent manner [209]. Furthermore, transactivation of EGFR by
TFF1 plays an important role in mediating the pro-invasive and pro-angiogenic effects of
TFF1, such that inhibition of the EGFR activity by an EGFR tyrosine kinase inhibitor (Iressa)
and the dominant negative mutant of the EGFR abrogate these effects [210, 211]. A number
of mechanisms for transactivation of EGFR by TFF1 have been proposed. TFF1 may induce
secretion of EGFR ligands and/or cross-talk between TFF1 receptor signaling and
intracellular domains of EGFR [163].

2.1.3 TFF1 expression in cancer
Ectopic expression of TFFs has been observed in a number of carcinomas. TFF1 is
expressed in a variety of carcinomas including stomach [212], pancreas [213], large intestine
[214], endometrium [215], ovary, uterus [216], bladder [217], breast [218], and prostate
[219]. Although there is no consensus on the role of TFF1 in cancer, the widespread
expression in malignant tissues and organs which are normally TFF1-negative suggests that it
plays a role during malignant processes.

2.1.3.1 TFF1 in gastric carcinoma
The human TFF1 protein is expressed predominantly in the foveolar epithelial surface
cells of the gastric mucosa [199, 220]. TFF1 has been proposed as a tumor suppressor gene in
gastric cancers based on a study on a TFF1- knockout mouse model in which all mice
demonstrated loss of expression of gastric mucus and showed markedly elongated pits,
occupying the whole mucosa. Approximately 30% of mice developed gastric adenoma with
some progressing to gastric adenocarcinoma [176]. One study found that TFF1 protein
expression was lower in gastric adenomas and carcinomas than in the adjacent normal gastric
mucosa and hyperplastic polyps and its expression was lost in 50% of gastric carcinomas
[221, 222]. While some attributed the loss or reduction of TFF1 expression in gastric
carcinoma to mutations in the TFF1 gene [223], others have reported loss of heterozygosity
and promoter methylation to be responsible for this phenomenon [190].
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Further evaluation of TFF1 expression in different stages of cancer has resulted in
some controversies over its role in gastric cancer. Expression of TFF1 was associated with
the diffuse histological type of gastric carcinoma and although some studies have shown no
correlation with prognosis, others have shown a significant association between TFF1
expression and tumor staging [212, 224]. In contrast to reports on loss or reduction of TFF1
expression in gastric carcinomas, other studies have reported increased TFF1 expression in
advanced stages of gastric carcinoma and correlated the level of TFF1 expression with poor
prognosis. Expression of TFF1 protein was lost in poorly differentiated or intestinalized
gastric cancer [225] with higher TFF1 protein observed in diffuse as opposed to intestinal
carcinoma [212, 224]. TFF1 protein was increased in gastric carcinoma with nodal metastases
compared to those without [212, 224]. TFF1 was identified by gene expression profiling to be
significantly increased in schirrhous gastric cancer cells with high metastatic potential
compared with their low metastatic counterpart [226]. TFF1 was also one of two genes used
to predict lymph node micrometastasis in gastric cancer and TFF1 mRNA alone was a useful
marker for detection of lymph node micrometastasis [227]. Additionally, five genes selected
by gene expression array, including TFF1 predicted minimal residual disease in cytology
negative peritoneal washings of patients with gastric carcinoma associated with worse
prognosis [228, 229].
It appears that there is no consensus over the oncogenic/tumor suppressive role of
TFF1 in gastric carcinoma. However, a recently published study may reconcile these
contradictions. TFF1 forms a heterodimer with TFIZ1 (GKN2) [194]. In normal human
gastric mucosa, TFF1 and TFIZ1 are co-expressed by the surface mucus secretory cells
throughout the stomach. Loss of TFIZ1 expression occurs early and consistently in gastric
carcinoma while TFF1 is sometimes expressed in the absence of TFIZ1 and this expression is
associated with lymph node metastasis [230]. Thus, it could be argued that the tumor
suppressive role of TFF1 is due to its interaction with TFIZ1. Additionally, TFF1 acts as a
protective agent against mucosal injury and inflammation [149]. Persistent inflammation has
been linked to carcinoma initiation and progression [231, 232]. Therefore the observed
development of adenoma in TFF1 knockout mice may have been caused by lack of TFF1mediated protection against inflammation and not because TFF1 is a tumor suppressor per se.
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2.1.3.2 Expression of TFF1 in mammary carcinoma
TFF1 mRNA is focally expressed in normal duct luminal cells of the human
mammary gland and exhibits a pattern of increased expression in different stages of human
mammary carcinoma [233]. Analyzing the pattern of TFF1 expression in mammary tissue
using in situ hybridization demonstrated that TFF1 protein is co-expressed with TFF3 in in
situ, invasive lobular and ductal carcinomas [234]. Expression of TFF1 mRNA or protein has
been detected in 29-77% of mammary carcinomas depending on the study and utilized
techniques [235]. High incidence of increased TFF1 expression correlates positively with ER
status due to strong estrogenic regulation of TFF1 expression. There is also growing evidence
for high expression of TFF1 in cases of hormone independent interval breast cancers [236].
Interval tumors refer to a class of tumors that become symptomatic in the screening interval
and are associated with rapid progression of cancer. The expression level of ER is lower in
interval cancers suggesting that they may have reduced hormonal responsiveness [236].
Measurement of the expression of the ER and three estrogen-responsive genes including
TFF1 in screen-detected and interval breast cancers has resulted in interesting findings;
expression of TFF1 mRNA directly correlated with ER in screen-detected but not interval
cancers and TFF1 mRNA was expressed at markedly higher levels in interval breast tumors
[236].
Additionally, TFF1 is significantly overexpressed in micrometastatic breast tumor
samples and has been suggested as the most informative marker of micrometastaic disease
[237]. There is also increasing evidence for the role of TFF1 in development of bone
metastases [238]. Bone metastasis develops in 60 to 80 percent of patients with metastatic
breast cancer [239]. A panel of 69 genes was characteristic of breast cancer that relapsed to
bone. In particular, TFF1 was highly expressed in samples from patients with bone metastasis
[238]. This finding was consistent with an earlier study of 610 breast tumors from both nodenegative and node-positive patients that also found higher expression of TFF1 in patients
with bone relapse [238].

2.1.3.3 Expression of TFF1 in prostate carcinoma
TFF1 mRNA and protein have also been demonstrated to be differentially expressed
between human benign and malignant tissue with 92% of prostate cancer positive for TFF1
[240, 241]. TFF1 expression significantly correlates with histological grade and
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neuroendocrine differentiation [240, 241]. Additionally, patients with advanced prostate
cancer had significantly higher plasma concentrations of TFF1, compared with patients with
localized disease [242].

2.1.3.4 TFF1 expression in colon carcinoma
Expression of TFF1 mRNA and protein has been demonstrated in colon cancer [243245]. TFF1 protein was not expressed in normal colon mucosa but 89% of colorectal
carcinomas expressed the protein [245]. Additionally, one study that measured cytosolic
TFF1 levels in 178 patients showed significantly higher TFF1 levels in colorectal tumors
[246]. A recent comprehensive in vitro and in vivo study has also demonstrated that TFF1
stimulated colorectal adenocarcinoma progression by promotion of cell survival, anchorageindependent growth and conferment of an invasive phenotype [247]. It was shown that TFF1
may be involved in the neoplastic progression of colon epithelial cells at two levels: the
adenoma-carcinoma transitions and in established adenocarcinoma cells [214].

2.1.3.5 TFF1 expression in other cancers
Ectopic expression of TFF1 is observed in several cancers including human medullary
thyroid carcinoma [248] and mucinous epithelial ovarian cancer [249]. TFF1 is also
expressed in low stage and low grade gallbladder carcinoma [250]. There is also evidence for
ectopic expression of TFF1 in more than 50% of pancreatic carcinomas [251]. Overall, these
observations may suggest that TFF1 may play an important role in the progression of several
types of malignancies [251].

2.1.4 Oncogenic potential of TFF1
Hanahan and Weinberg have suggested six categories of alterations in cell
homeostasis that are representative of malignant cells [252]. These are self-sufficiency in
growth signals, insensitivity to growth-inhibitory signals, evasion of programmed cell death,
limitless replicative potential, sustained angiogenesis, tissue invasion and metastasis. TFF1
protects cells from apoptosis, increases cell migration/invasion and stimulates angiogenesis
[163, 210, 253, 254]. Thus, it is likely that deregulation of these functions by TFF1 may
contribute to oncogenesis. The experimental evidence for possible oncogenic actions of TFF1
is discussed below.
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2.1.4.1 Proliferation
Despite general consensus on the role of TFF1 in mediation of cell survival,
migration, and angiogenesis, reports on the regulation of cell cycle progression by TFF1 are
often contradictory. One study in colon carcinoma cell lines, HCT-116, indicated a decrease
in cell proliferation by TFF1 as a result of G1-S delay conferred by increased expression of
cyclin-dependent kinase inhibitors, increased pRb activity and decreased E2F activity [255].
In contrast, Rodrigues et al. showed that TFF1 induced cell cycle progression by upregulation
of the nuclear phosphatases Cdc25A and B [214], which are potential oncogenic proteins
associated with cell proliferation, foci formation, hypergrowth activity, and control of the
G2/M checkpoint in response to DNA damage [256].

2.1.4.2 Apoptosis and anoikis
Several studies on cells derived from different tissues have demonstrated TFF1 protection
against apoptosis and/or anoikis. TFF1 stimulated cell survival in human colonic and gastric
carcinoma cell lines [163, 174]. TFF1 protected AGS gastric carcinoma cells from three
forms of apoptosis: chemically induced apoptosis (butyrate treatment), apoptosis by forced
expression of BAD, and anoikis. Subsequently, the authors demonstrated that inhibition of
apoptosis by TFF1 was mediated via reduction of caspase 3, 6, 8 and 9 activities [255].
Similarly, treatment of AGS cells with recombinant TFF1 inhibited induction of apoptosis by
etoposide [257]. A recently published study has also demonstrated that forced expression of
TFF1 in conjunctival cells protected them from apoptosis induced by UV irradiation and
BAK [258]. A detailed examination of signaling pathways that inhibited UV- and BAKinduced apoptosis in this model demonstrated that TFF1 mediated cell survival at two levels:
TFF1 prevented caspase 8 activation at the level of the Fas receptor in plasma membrane rafts
and in turn decreased the mitochondrial release of cytochrome c [258]. Additionally, TFF1
increased the expression levels of XIAP (X-linked inhibitor of apoptosis protein) through an
NF- B (nuclear factor kappa-light-chain-enhancer of activated B cells)–mediated mechanism
and interfered with caspase 9 and caspase 3 activation [258]. There is also a report on
coordinate late expression of TFF1/3 in response to radiation which may propose a role for
TFF1 as a survival stimulus against radiation-induced apoptosis [259].
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2.1.4.3 Migration/invasion
A hallmark of cancer cells is their enhanced ability to migrate and invade [260]. TFF1
acts as a potent motogen for both normal and cancer cells [261]. There is a strong correlation
between TFF1 expression and tumor aggressiveness in some cancers. Autocrine expression of
TFF1 is sufficient to induce a constitutively invasive phenotype in human colon carcinoma
cells [262]. Similar migratory effects of TFF1 have also been observed in human mammary
carcinoma cells in vitro [193]. TFF1 utilizes several signal transduction pathways
downstream of the EGFR and also independent of the EGFR to stimulate cell migration.
Migration and invasion of human gastric carcinoma cells is stimulated by TFF1 in a PI3Kdependent manner [257]. Also, TFF1-stimulated invasion was Rho independent and COX
and TXA2-R dependent [263].

2.1.4.3 Angiogenesis
Growth and establishment of tumor mass requires formation of new blood vessels in a
process termed angiogenesis. TFF1 has been demonstrated to be a potent angiogenic factor
both in vitro (Human Umbilical Vein Endothelial Cells, HUVEC) and in vivo (the chick
chorioallantoic membrane assay), such that the observed angiogenic response was
comparable to VEGF and TGF-α [264].

2.1.5 Conclusion and the rationale for this study
Mammary and prostate carcinomas are among the leading causes of cancer death
worldwide. Despite advances in chemotherapeutic treatments the overall 5-year survival rate
remains poor. Targeted therapies such as hormone ablation have significantly improved the
survival rate and quality of life in mammary and prostate cancer patients. However, tumors
develop resistance against various treatments resulting in relapse and metastasis. Therefore,
identification of molecular and tissue-specific signatures for mammary and prostate
carcinoma progression and metastatic extension is crucial for the design of new therapeutic
agents. The widespread expression of TFF1 in carcinomas derived from tissues which are
normally TFF1-negative suggests that it may possess a function in neoplastic progression
[175, 253]. This notion is reinforced by the pro-survival, pro-invasive, and pro-angiogenic
activities of TFF1 [163, 210, 253, 254]. Despite evident expression of increased TFF1 in a
high percentage of mammary and prostate carcinoma cases, correlation of TFF1 expression
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with disease and prognosis is ill-defined and often contradictory in previously published
literature [253, 265-268]. Thus, the main purpose of this study is to address these
discrepancies by utilizing in vitro and in vivo models to elucidate the functional role(s) of
TFF1 in mammary and prostate carcinoma. Furthermore, using available preclinical models I
aim to evaluate whether functional inhibition of TFF1 comprises a therapeutic strategy for
mammary and prostate carcinomas.
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3.1 Materials
All water was purified through Milli-Q purification system (Millipore Corporation, Billerica,
MA, USA) and all solutions were either autoclaved or filtrated through 0.2 µm membrane,
unless otherwise stated.

3.1.1 Chemicals, reagents and antibodies

Material
1Kb plus DNA ladder
3-[4,5-dimethyl-thiazol-2-yl]-2,5diphenyl tetrazolium bromide (MTT)

Source
Invitrogen Life Technologies, Carlsband, CA, USA

Sigma Chemical Company, St Louis, MO, USA

Acrylamide/Bis solution (40%)

Biorad laboratories, Inc., Hercules, CA, USA

Agarose (ultra pure)

Invitrogen Life Technologies, Carlsband, CA, USA

AlamarBlue

Biosource International, Camarillo, USA

Ammonium persulfate (APS)

Serva Electrophoresis GmbH, Heidelberg, Germany

Ampicillin

Sigma Chemical Company, St Louis, MO, USA

Anti-β-actin mouse monoclonal Ab

Sigma Chemical Company, St Louis, MO, USA

(Cat No.A5316)
Bacto TM tryptone

BD Biosciences, Franklin lakes, NJ, USA

Bacto TM Yeast extract

BD Biosciences, Franklin lakes, NJ, USA

Bromophenol Blue

Sigma Chemical Company, St Louis, MO, USA

Bovine serum albumin (BSA)

Immuno Chemical Products Ltd, Auckland, New

Bradford reagent concentrate

Zealand
Biorad laboratories, Inc., Hercules, CA, USA

Chloroform

Scharlau Chemie SA, Barcelona, Spain
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Complete Minitab protease inhibitor

Roche Diagnostics GmbH, Mannheim, Germany

Dimethyl-sulphoxide (DMSO)

Sigma Chemical Company, St Louis, MO, USA

Disodium Phosphate

Sigma Chemical Company, St Louis, MO, USA

Dithiothreitol (DTT)

Sigma Chemical Company, St Louis, MO, USA

DC protein assay reagents

Biorad laboratories, Inc., Hercules, CA, USA

Doxorubicin hydrochloride

Sigma Chemical Company, St Louis, MO, USA

EDTA

Sigma Chemical Company, St Louis, MO, USA

Ethanol (absolute, analytical grade)

Scientific Supplies Ltd, Auckland, New Zealand

Ethidium bromide

Sigma Chemical Company, St Louis, MO, USA

Falloidin-TRITC dye

Sigma Chemical Company, St Louis, MO, USA

F-12K, Kaighn‟s Modification

Gibco New Zealand Ltd., Auckland, New Zealand

Fetal bovine serum (FBS)

Gibco New Zealand Ltd., Auckland, New Zealand

FuGENE 6 Transfection reagent

Roche Diagnostics GmbH, Mannheim, Germany

Geneticin (G418)

Invitrogen Life Technologies, Carlsband, CA, USA

Glycerol

Sigma Chemical Company, St Louis, MO, USA

Glycine

Applichem GmbH, Darmstadt, Germany

Hoechst 33258

Sigma Chemical Company, St Louis, MO, USA

Hydrochloric acid

Scientific Supplies Ltd, Auckland, New Zealand

Hygromycin B

Sigma Chemical Company, St Louis, MO, USA

Isopropanol

Scientific Supplies Ltd, Auckland, New Zealand

L-glutamine

Gibco New Zealand Ltd., Auckland, New Zealand

Magnesium Chloride

Scientific Supplies Ltd, Auckland, New Zealand

Matrigel

BD Biosciences, Franklin lakes, NJ, USA

Methanol

Scientific Supplies Ltd, Auckland, New Zealand
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Mercaptoethanol

Sigma Chemical Company, St Louis, MO, USA

NP-40

Sigma Chemical Company, St Louis, MO, USA

Paraformaldehyde

Sigma Chemical Company, St Louis, MO, USA

Paclitaxel

Sigma Chemical Company, St Louis, MO, USA

Penicillin (1000 U/mL)

Gibco New Zealand Ltd., Auckland, New Zealand

Streptomycin (1000µg/mL)
Poly-HEMA

Sigma Chemical Company, St Louis, MO, USA

PVDF membrane

Biorad laboratories, Inc., Hercules, CA, USA

Qiagen OneStep RT-PCR kit

Biolab Scientific Ltd, NewZealand and Australia

Qiagen plasmid maxi kit

Biolab Scientific Ltd, NewZealand and Australia

RPMI 1640 medium

Invitrogen Life Technologies, Carlsband, CA, USA

Saint mix transfection reagent

Synvolux Therapeutics B.V., Groningen, The

Seeblue plus2 protein marker

Netherlands
Invitrogen Life Technologies, Carlsband, CA, USA

Sodium dodecyl sulfate (SDS)

Invitrogen Life Technologies, Carlsband, CA, USA

Sodium Phosphate

Scientific Supplies Ltd, Auckland, New Zealand

Supersignal west Dura extended
duration substrates

Pierce Biotechnology, Inc., Rockford, Illinois, USA

T4 DNA ligase

Roche Diagnostics GmbH, Mannheim, Germany

Tetramethyl-ethylendiamin (TEMED)

Sigma Chemical Company, St Louis, MO, USA

TRIzol reagent

Invitrogen Life Technologies, Carlsband, CA, USA

Tris

Serva Electrophoresis GmbH, Heidelberg, Germany

Triton X 100

Sigma Chemical Company, St Louis, MO, USA

Trypan Blue

Gibco New Zealand Ltd., Auckland, New Zealand

Trypsin

Gibco New Zealand Ltd., Auckland, New Zealand

Tween-20

Serva Electrophoresis GmbH, Heidelberg, Germany

43

Vectashield (DAPI)

Vector Laboratories, Burlingame, USA

Wizard SV gel and PCR clean-up
system

Promega Corporation, Madison, WI, USA

Table 1: List of chemicals, reagents and their suppliers.

Antibody

Supplier

β-actin (sc-47778)

Santa Cruz Biotechnology

E-cadherin (sc-8426)

Santa Cruz Biotechnology

Goat anti-mouse Alexa-488

Molecular Probes

Sheep anti-mouse

Sigma

Goat anti-mouse Alexa-568

Molecular Probes

Rabbit anti-goat peroxidase

DAKO, Denmark

Table 2: List of antibodies and their suppliers.

3.2 Cell biology methods
3.2.1 Passaging human cell lines
The Human carcinoma cell lines MCF-7, T47D, MDA-MB-231, DU145 and PC3
were obtained from the American Type Culture Collection (Manassas, VA, USA). MCF-7,
T47D, MDA-MB-231 and DU-145 cell lines were cultured at 37°C in 5% CO2 in RPMI 1640
media supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL
penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine. PC3 cells were cultured in F12K Nutrient Mixture Kaighn's Modification (Invitrogen, Carlsbad, CA) supplemented with
10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine.
All cell lines were grown in 75 cm2 culture flasks containing approximately 20 mL of
recommended growth medium in a 37 ºC/5% CO2 incubator. Continual passaging of cell lines
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was maintained by splitting a portion of cells into a new flask once cells were 70-80%
confluent. To passage cells, Media was removed from T75 culture flasks and cells were
washed twice with 1x PBS followed by addition of 3 mL 1x trypsin (i.e. trypsin/EDTA).
Cells were incubated for 3-5 minutes in trypsin. Following trypsinization, 15 mL of serumsupplemented media was added to each flask to neutralize the trypsin. The cell suspensions
were then transferred to 50 mL Falcon tubes and centrifuged at 350 RCF for 5 minutes. The
supernatant was discarded and cells were resuspended in 10 mL serum-supplemented media.
20 μL of each cell suspension was diluted with 180 μl of trypan blue stain, and cells were
counted using a hemocytometer

3.2.2 Establishment of stable cell lines
For stable transfection, cells were cultured to 70-80% confluence and stably
transfected with the pIRESneo3 expression vector containing the TFF1 cDNA or the empty
vector by using FuGENE 6 (Roche, Indianapolis, IN) according to the manufacturer‟s
instructions. Depending on the cell line utilized, pooled stable transfectants were selected in
varying concentration of Geneticin (G418) as indicated in TABLE 3. Stable expression was
confirmed by Real-Time PCR, Western blot and ELISA analysis.

Cell line

Concentration of G418
(µg/mL)

MCF-7

800

T47D

800

DU145

400

PC3

700

Table 3: Concentration of G418 used for selection of stable cells in different cell lines.

3.2.3 RNAi transfection
The three available validated TFF1 Stealth™ RNAi duplexes and Stealth™ RNAi
negative control duplexes (Invitrogen) were transfected into cells by Lipofectamine™ 2000
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(Invitrogen) according to the manufacturer‟s protocol. Depletion of TFF1 mRNA expression
was measured by quantitative Real-Time PCR and the most efficient RNAi duplex (TFF1HSS144256) was identified. The concentration of transfected RNAi was 50 nM. RNAi or
negative control transfected cells were incubated for 18 hours and cells were processed for
Western blot, ELISA, soft agar colony formation, migration and invasion assays as described
in this chapter.

3.2.4 Cryogenic storage of cells
Trypsinized cells were suspended in media and centrifuged. The supernatant was
discarded and cells were resuspended in cell freezing media (60% media, 30% FBS and 10%
DMSO). Aliquots of the cell suspension (1 mL) were placed into each cryogenic vial
(Nalgene, Rochester, NY, USA) with appropriate label. Vials were put into an isopropanol
containing freezing chamber (Nalgene, Rochester, NY, USA) and placed in a -80°C freezer
for 8 hours to allow gradual freezing of cells, required for cell preservation. Subsequently,
frozen cells were stored in the vapor phase of liquid nitrogen for long-term storage.

3.2.5 Reviving cells from liquid nitrogen storage
Cells from each cryogenic vial were thawed immediately in 15 mL of 37°C serumsupplemented media and then transferred into a 25 cm2 tissue culture flask and cultured at
37°C. Media was changed every day to allow growth of revived cells.

3.2.6 Cell culture procedures for RNA and protein extraction
Appropriate number of cells were plated in a culture flask containing serumsupplemented media and allowed to incubate for 24 hours to allow attachment of cells to the
culture plate. After the incubation period, media was removed and cells were washed twice
with 1x PBS to wash the residual serum-supplemented media. Then, serum-free media was
added to cells and incubated for 24 hours. After 24 hours, cells were processed for extraction
of total RNA and protein as described in this chapter.
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3.2.7 Total cell number assay over a period of 10 days
Cells were trypsinized and seeded at the appropriate density in 6-well cell culture
plates. Plates were incubated in complete media for 12 hours at 37°C to allow attachment of
cells, followed by PBS wash and addition of either media containing 0.2% FBS or 10% FBS.
Cells were incubated at 37°C incubator and total numbers of cells were counted every 2 days.
This process was repeated every 2 days to measure the change in total cell number of cells
over a 10 day period.

3.2.8 Bromodeoxyuridine (BrdU) assay
Cells were serum-deprived for 24 hours before experimentation. After the 24 hour
incubation period, BrdU was added to cells to obtain a final concentration of 10 nM BrdU
and cells were incubated for 1 hour at 37°C. Media was removed and cells were washed with
PBS.

Cells were fixed in 4% paraformaldehyde (diluted in PBS) for 30 minutes followed by

washing with PBS. A Milli-Q H2O solution containing 3% H202 was added to cells and cells
were incubated on a rocker at room temperature. H202 was drained and cells were washed
with PBS. 2 N HCl was added to cells and allowed to incubate on a rocker for 1 hour at room
temperature. HCl was removed and cells were washed twice with 0.1 M borate solution.
Borate solution was drained and washed with PBS for 5 minutes. PBS was removed and
blocking solution (10 ml PBS + 3 drops of horse serum) was added to cells for an incubation
period of 1 hour at room temperature. Then, the blocking solution was washed with PBS.
Anti-BrdU Ab (mouse anti-BrdU antibody; NA20-100UG, Oncogene Research Products)
solution (50 μL anti-Brdu in 10 mL PBS and 200 μg BSA) was added and incubated
overnight at 4°C on a rocker.
After overnight incubation in the primary antibody, cells were washed with PBS for
5 minutes. The Vectastain® Elite® ABC Kit (Vector Laboratories, Inc., Burlingame, CA,
USA) was used in the following steps. Secondary Ab (1 drop of 2° antibody, 2 μL Tween-20,
2 drops horse serum and 10 mL PBS) was added to cells and incubated for 8 hours at 4°C.
Cells were washed with PBS three times for 15 minutes. 1 mL tertiary Ab (1 drop Reagent A
and B to 10 mL PBS) was added to each well and incubated overnight at 4°C on a rocker.
After incubation in tertiary antibody, cells were washed with PBS 3 times for 15
minutes. One FAST 3, 3- Diaminobenzidine hydrochloride (DAB) tablet (Sigma-Aldrich Co.
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Ltd., St. Louis, MO, USA) and one H202 tablet (Sigma-Aldrich) was dissolved per 1 mL
Milli-Q water and added to cells. Cells were stained for 10 minutes, and then washed with
PBS. The stain was fixed in 70% ethanol briefly, followed by removal of ethanol and
washing with PBS. For each well of six-well culture plate, a total population of over 1000
cells was analyzed in 10 arbitrarily chosen microscopic fields to determine the BrdU labeling
index indicating the percentage of cells synthesizing DNA (OLYMPUS® IX71 Inverted
Laboratory System Microscope, Olympus Optical Co., Tokyo, Japan).

3.2.9 Cell cycle analysis by Propidium Iodide (PI) staining
Cells were cultured in either serum deprived or complete media for 24 hours.
Following the incubation period, cell were trypsinized and fixed in 80% ice-cold ethanol for
40 minutes. Fixed cells were treated with PBS solution containing RNaseA (50 µg/ml) and
Triton X-100 (1:1000) and incubated for 30-40 minutes at room temperature. Subsequently,
cells were incubated with PBS solution containing 10 µg/ml PI for at least 5 minutes at room
temperature and processed for cell cycle analysis by flow cytometry.

3.2.10 Apoptosis assay
Hoechst 33258 dye was utilized to identify apoptotic cell death. Hoechst 33258 is a
membrane permeable fluorescent DNA stain with low cytotoxicity that intercalates in A-T
regions of DNA [269]. Hoechst staining is often used to assess apoptosis (fragmented or
intensely-stained condensed nuclei) or to assess cell cultures for mycoplasma contamination
(extranuclear staining). Apoptotic cell death could be examined by fluorescent microscopic
analysis of cellular DNA staining patterns with Hoechst 33258, which was based on
membrane integrity, nuclear condensation, fragmentation and the higher intensity of the blue
fluorescence of the nuclei.
Cells were serum-deprived for 24 hours before experimentation. Media was carefully
removed and a PBS solution containing 4% paraformaldehyde, 1% Triton X-100 and 4
μg/mL Hoechst 33258 was added to cells. Cells were incubated at room temperature for 15
minutes. After the incubation period, solution was carefully removed and replaced with PBS.
Plates were stored at 4º C until ready to carry out counting. For statistical analysis, over 1000
cells were counted in each triplicate and nuclear morphology was examined under an UV48

visible fluorescence microscope (Carl Zeiss Axioplan). Cells were counted in 10 random
microscopic fields at 400X magnification.

3.2.11 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assay
The MTT assay is a commonly used colorimetric assay that measures the activity of
mitochondrial dehydrogenase enzymes that reduce MTT (yellow) to formazan crystals
(purple). The amount of MTT reduced is an indirect measure of cell viability and therefore
MTT assay is utilized to determine drug cytotoxicity.
MTT was dissolved in PBS at a concentration of 5 mg/ml and 20 μl was added to
each well of the 96-well plate. Plates were incubated at 37°C for 4 hours. Formazan crystals
were dissolved by lysing cells with 100 μl of 10 % SDS in 0.01 N HCl added to each well at
37°C for 12 hours. The absorbance was measured at 595 nm.

3.2.12 Colony formation in soft agar
3.2.12.1 Preparation of base agarose layer
A mixture of 0.5% W/v of agarose was melted in serum free media and added to each
well of cell culture plates (1.5 mL/well in 6-well plate and 50 μL/well in 96-well plate). The
base layer was set and allowed to cool down to room temperature before plating of the cells.

3.2.12.2 Preparation of top agarose layer
A mixture of 0.35% W/v of agarose was melted in serum free media and incubated in
a water bath at 42oC to avoid polymerization of agarose. Cells were trypsinized and
resuspended in serum free medium. Depending on the scale and the cell line utilized, specific
number of cell suspension was mixed with 0.35% agarose-media mixture and added to each
well pre-coated with 0.5% W/v of agarose (1.5 mL/well in 6-well plate and 100 μL/well in
96-well plate). The agarose-cell mixture was allowed to cool down and set. Then, serumsupplemented culture media was added to each well (2 mL/well in 6-well plate and 100
μL/well in 96-well plate) and incubated in 37ºC incubator. Depending on the cell line and
scale of the soft agar experiment cells were allowed to grow for 7-14 days with media
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replacement every second day.

Each experiment was performed in triplicate (colony

counting in 6-well plate) and sextuplicate (fluorometric measure in 96-well plate).

3.2.12.3 Crystal Violet staining of colonies in 6-well plate
Media was drained from each well and agarose was washed once with ice-cold 1x
PBS buffer. Wells were stained with 0.5 mL of 0.01% aqueous Crystal Violet reagent for 1
hour with gentle agitation. De-staining was performed three times with 1x PBS buffer
washes. Average colony formation was assessed by counting the total number of colonies at
40X magnification in each well (OLYMPUS® IX70 Inverted Laboratory System
Microscope, Olympus Optical Co., Tokyo, Japan).

3.2.12.4 Fluorometric assessment of cell viability in soft agar by alamarBlue®
AlamarBlue® is a non-toxic cell viability indicator that utilizes the metabolic activity
of living cells to convert resazurin to the fluorescent molecule, resorufin. The active
ingredient of alamarBlue® (resazurin) is blue and non-fluorescent and gets converted to
resorufin, which produces very bright red fluorescence [270]. Similar to MTT dye,
alamarBlue® provides a quantitative measure of cell viability.
Cells were grown in 96-well plate at the density of 2500 cells/well in sextuplicate or
quadruplicate as described above. After establishment of colonies in soft agar (5-7 days), the
media was drained and 100 μL of alamarBlue® 1X in serum free media was added to each
well and incubated for four hours at 37°C incubator. Cell viability was determined by the
measureing the fluorescence with excitation wavelength at 530 nm and emission wavelength
at 590 nm using Synergy2 multi-mode microplate reader and Gen5 data analysis software
(Biotek). The average of the readings of the background of three wells empty of cells was
subtracted to each reading. An extra row of cells of each type was untreated; the viability of
the cells was read one day after the seeding and used as a control of the density of cells for
each cell type.

3.2.12.5 Soft agar colony staining by MTT
Cells were grown in 96-well plate at the density of 2500 cells/well as described
above. After establishment of colonies in soft agar, the media was drained and 200 μL of
serum free media containing 5 mg/ml MTT was added to each well and incubated for 4 hours
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at 37°C incubator. MTT containing media was drained and stained colonies were
photographed at 40X magnification in each well (OLYMPUS® IX70 Inverted Laboratory
System Microscope, Olympus Optical Co., Tokyo, Japan).

3.2.13 Cell suspension culture
The wells of 6-well plates were coated twice with poly 2 hydroxylthyl methacrylate
(Poly-HEMA) Poly-HEMA and dried during 24 hours in a sterile hood. Cells were seeded at
the density of 50000 cells/well in 2 ml of 10% FBS supplemented media in triplicates. Cells
were grown over a period of 10 days. Cells were trypsinized every two days and number of
cells was counted.

3.2.14 Colorimetric assessment of cell viability in suspension culture
The wells of 96-well plate were coated three times with poly-HEMA. Cells were
seeded at the density of 5000 cells/well in 200 μL of 10% FBS supplemented media in
sextuplicate. Cells were grown over a period of 5-6 days. Cell viability was determined by
MTT staining as described above.

3.2.15 Three-dimensional (3D) culture of cells in Matrigel
Growth factor reduced Matrigel was thawed on ice overnight at 4°C. Appropriate
quantities of Matrigel were added to each well (75 μL/well for 8-well chamber slides and 200
μL/well for 4-well chamber slides). Plates were placed in a cell culture incubator at 37ºC/5%
CO2 to allow the Matrigel to solidify for at least 30 minutes. A cell suspension with density
of 25,000 cells/mL was prepared in serum-supplemented media. Matrigel was diluted in
serum-supplemented media (8% Matrigel) and cell suspension (25,000 cells/mL) was mixed
with an equal volume of 8% Matrigel-media solution to obtain a suspension of cells in 4%
Matrigel. 200 μl of this mixture was added on top of the solidified Matrigel to obtain a final
overlay solution of 5000 cells/well in medium containing 4% Matrigel. Plates were placed in
a 37°C/5% CO2 incubator and media containing 4% Matrigel was added to wells every three
days. Experiments were repeated with different lots of Matrigel to confirm the consistency of
the result.
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3.2.16 Invasion and migration assays
Migration and invasion assays were performed by using BD cell inserts with uncoated
porous filters (8 µm pore size; 6, 12 or 24 wells format). Inserts with 12 μm pores were used
only for PC3 cells. For migration assays, inserts were coated with 5 μg/mL poly-D-lysine
(PDL) in PBS before plating the cells. For invasion assays, inserts were coated with growth
factor reduced Matrigel diluted in medium and incubated for five hours at 37°C to allow
proper sedimentation of Matrigel onto the membrane. After the incubation period cells were
washed with 1x PBS and fixed with 4% Parafornaldehyde. After wash, cells that had not
migrated/invaded (the top of the transwell inserts) were removed with a cotton swab. Cells
were stained with PBS solution containing 4% paraformaldehyde, 1% Triton X-100 and 4
μg/mL Hoechst 33258 at room temperature for 15 minutes. After the incubation period,
solution was removed and replaced with PBS. Plates were stored at 4ºC until ready to carry
out counting under inverted fluorescence microscopy (OLYMPUS® IX71 Inverted
Laboratory System Microscope, Olympus Optical Co., Tokyo, Japan).

3.2.17 Wound healing assay
Cells were grown to 100% confluence in 100 mm diameter petri dishes. Two sets of
four perpendicular straight wounds were performed with a pipette tip followed by several
washes with 1x PBS. Cells were supplied with media containing 2% FBS and photos were
taken at the indicated times.

3.2.18 Colony scattering assay
1000 cells were plated per 100 mm plate and allowed to form small colonies for 5
days. 100 phase-contrast images of fixed colonies from each cell line were analyzed and the
number of cells maintaining contact with their neighbors was counted for each colony. The
experiments were done thrice independently.

3.2.19 Animal experiments
Tumor xenograft growth in vivo was established as previously described [271]. Stable
cells were injected subcutaneously into the mammary fat pad of 3 to 4-week-old BALBc
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nu/nu mice (Shanghai Slaccas Co.) (n = 8 for each). Histological analysis with hematoxylin
and eosin (H&E), and BrdU and TUNEL immunostaining were performed as described
previously [272]. These experiments were undertaken by Dr Zhu Tau‟s group at Hefei
National Laboratory for Physical Sciences at Microscale and School of Life Sciences,
University of Science and Technology of China, Hefei, Anhui 230027, People‟s Republic of
China.
For tumor growth-inhibition studies, MCF-7 xenografts were established as above.
Tumor xenografts were allowed to grow for 16 days to reach 50 mm3. Subsequently,
polyclonal TFF1 antibody (TFF1-pAb) was dissolved in 0.9% NaCl and administered
intraperitoneally at doses of 10 μg/g of body weight everyday for 2 weeks. The group of
control mice was injected with equimolar doses of IgG from rabbit serum (Sigma) for the
same period. Tumor volume was measured everyday in two dimensions and calculated using
the formula V= L/2 x W2. Primary tumors, intestine, stomach, liver and lung were fixed in 4%
paraformaldehyde and embedded in paraffin. Sections (5 μm) were stained with Masson‟s
trichrome for standard examination by light microscopy. These experiments were undertaken
by Dr Hichem Mertani‟s group at Centre National de la Recherché Scientifique, Unité Mixte
de Recherché 5123, Physiologie Moléculaire, Université Claude Bernard Lyon I, Université
de Lyon, 69622 Villeurbanne Cedex, France.

3.3 Molecular Biology
3.3.1 Restriction enzyme digests
Restriction Enzyme (RE) digests were generally carried out in a final volume of 20
μL containing the DNA, RE‟s, and the applicable buffer depending on the enzymes used.
Typically, the RE concentration was 1 U/μl per reaction and the digestion reaction was
incubated at 37ºC for two hours. Double digests were carried out simultaneously unless the
buffer conditions for the respective enzymes were not suitable, in which case single digests
were performed with the intermediate purification of partially digested DNA by
electrophoresis.
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3.3.2 Bacterial transformation for pIRES-Vec and pIRES-TFF1
expression plasmids
Human or mouse cDNA were cloned in frame into a pIRESneo3 expression plasmid
(Clontech, Mountain View, CA, USA). The sequence was verified by restriction digest
analysis and DNA sequencing. To amplify the expression plasmids, they were transformed
into the DH5α™ strain of Escherichia coli (E. coli) (Invitrogen, Carlsbad, CA, USA) bacteria
by a heat shock method. Heat shock was given briefly to the bacteria for 2 minutes at 42°C,
followed by instant cooling on ice for 5 minutes. 0.5-1 mL of Luria-Bertani (LB) Broth was
added to each eppendorf tube containing bacteria and tubes were incubated at 37°C for 45
minutes. After the incubation period, bacteria were spread on LB Agar petri dishes. Due to
the presence of a specific cassette inside the cloned plasmid transformed bacteria were
resistant to Ampicilin and this antibiotic was utilized as a selectable marker for transformed
bacterial colonies. Bacterial plates were incubated in a 37°C incubator for 16 hours. After 16
hours plates were removed from the incubator and a single colony from each petri dish was
picked and placed in 400 mL of LB containing 400 μL of ampicillin (50 mg/mL). Cultures
were incubated at a shaking 37°C incubator (Edwards Instrument Co., Narellan, NSW,
Australia) at 250 RPM for 16 hours.

3.3.3 Plasmid DNA purification and quantification
A QIAGEN® Plasmid Maxi Kit (Qiagen, Hilden, Germany) was utilized to harvest
the plasmids from bacterial culture. 400 mL of each bacterial culture was transferred into
centrifuge containers and pelleted in a centrifuge at 6000 g for 15 minutes at 4°C. The
supernatants were discarded and each pellet was resuspended in 10 mL of RNase containing
the suspension buffer (Buffer P1) by vortexing. Lysed bacterial cells were transferred into 50
mL Falcon tubes (BD Biosciences) and 10 mL of the lysis buffer (Buffer P2) was added to
each tube and mixed thoroughly by gently inverting the sealed tubes 4–6 times, followed by
incubating the tubes at room temperature for 5 minutes. 10 mL of chilled neutralizing buffer
(Buffer P3) was added to each tube and mixed thoroughly by gently inverting the sealed
tubes 4–6 times, followed by incubation on ice for 20 minutes. After the incubation period,
tubes were centrifuged at 20000 g for 45 minutes at 4°C. At the same time two Qiagen-tip
500 were equilibrated by applying 10 mL of equilibration buffer (Buffer QBT) and allowing
the columns to empty by gravity flow. After centrifugation of plasmid containing solutions,
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the supernatants were applied to the columns and were allowed to enter the resin inside the
columns by gravity flow. Once there was no more dripping from the columns, columns were
washed with 2x30 mL of wash buffer (Buffer QC). After wash, 15 mL of the elution buffer
(Buffer QF) was added to each column and the eluates were collected into a 50 mL Falcon
tube. DNA was precipitated by addition of 10.5 mL room-temperature isopropanol to the
eluted DNA. Eluted DNA and isopropanol were mixed and centrifuged immediately at 15000
g for 30 minutes at 4°C. After centrifugation, supernatants were discarded and DNA pellets
were washed by adding 5 mL of room-temperature 70% ethanol and centrifugation at 15000
g for 10 minutes at 4°C. Supernatants were discarded and DNA was air-dried for 5-10
minutes. Each dried DNA pellet was dissolved in 0.5 mL of ultrapure water. The plasmid
DNA extracted from the bacteria was assessed for concentration and purity by use of a
nanodrop.

3.3.4 RNA extraction and quantification
Appropriate volume of TRIzol reagent (Invitrogen) was added to the culture plate
and incubated for 3-5 minutes at room temperature on a rocker. Cell lysates were
homogenized by repetitive pipetting and incubated at room temperature for 5 minutes. After
the incubation period, 0.2 mL chloroform per mL of TRIzol was added to samples and tubes
were vigorously shaken by hand for 15 seconds, followed by incubation of the samples at 1530°C for 2-3 minutes. Then, samples were centrifuged at 12000 RCF for 15 minutes at 2-8°C.
After centrifugation, RNA remained exclusively in the upper aqueous phase and transferred
to a new 15 mL Falcon tube. To precipitate RNA, for each mL of TRIzol 0.5 mL isopropanol
was added to each sample and mixed by vortexing. Samples were incubated at 15-30°C for
10 minutes. After incubation, samples were centrifuged at 12000 RCF for 10 minutes at 28°C. Supernatants were discarded from the centrifuged samples and RNA pellets were
washed twice with 75% ethanol by adding at least 1 mL of 75% ethanol per mL TRIzol used.
Samples were centrifuged at 7500 RCF for 5 minutes at 2-8°C. Supernatants were removed
from the centrifuged samples and RNA pellets were air-dried for 5-10 minutes. RNA pellets
were then dissolved in RNAase-free water and stored at -80°C. The extracted RNAs were
assessed for their concentration and purity spectrophotometrically by nanometer. The
A260/A280 ratio was used to assess the purity of RNA. A ratio of < 1.80 may indicate the
presence of contaminants within the sample.
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3.3.5 Real-Time PCR method
For quantitative Real-Time PCR (qRT-PCR), total RNA was converted to cDNA
using SuperScript™ III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen) as per
manufacturer‟s instructions. Real-time PCR was performed using an ABI 7700® Real-Time
PCR system (Applied Biosystems, USA). Multiple gene markers distributed around the
genome and three housekeeping genes were used for Real-Time PCR analysis using the
SYBR® GreenER™ qPCR SuperMix for ABI PRISM® (Invitrogen, CA). 10 ng total cDNA
isolated from each stable cell line was added to a 20 μl reaction containing SYBR®
GreenER™ qPCR SuperMix for ABI PRISM®, and 200-1000 nM of each primer. 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 5fold dilutions of untreated cDNA. The geometric mean of Ct-value for each reaction was
calculated. Amplification efficiencies were calculated according to the equation E = 10(–1/slope)
[273] 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.
Each experiment was performed three or more times with independent samples. Each
change in gene expression is expressed as “fold change” and is the average of 3 experiments
(p-value <0.05). Positive and negative fold-change indicates a respective increase or decrease
in mRNA levels. To compensate for potential differences between markers, the relative
expressions was computed, based on the efficiency (E), normalized by a panel of
housekeeping genes, β-ACTIN, HPRT, and GAPDH and the Ct difference (Δ) of sample
versus control (ΔCt

sample-control).

Relative expression = 2

Relative expression = 2

– (Ct,Sample -Ct,HKG) - (Ct,Control - Ct,HKG)

;

– ddCt

. Changes in relative expression >1.5-fold were taken as

significant.
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Table 4: The sequences of the oligonucleotide primers used for Real-Time PCR.

Genes
Ataxia telangiectasia mutated
Baculoviral IAP repeat-containing 5
BCL2-antagonist of cell death
BCL2-associated X protein

Gene Abbr.
ATM
BIRC5 (SURVIVIN)
BAD
BAX

BCL2 binding component 3

BBC3 (PUMA)

B-cell CLL/lymphoma 2

BCL2

BCL2-like 1
Beta-actin

BCL2L1
β-ACTIN

Catenin (cadherin-associated
protein), alpha 1

CTNNA1 (α-CATENIN)

Catenin (cadherin-associated
protein), beta 1

CTNNB1 (β-CATENIN)

Cathepsin B

CTSB

Cathepsin D
Cathepsin L1
Cell division cycle 25A
Cyclin D1
Cyclin-dependent kinase 2
Cyclin-dependent kinase 4

CTSD
CTSL1
CDC25A
CCND1 (CYCLIN D1)
CDK2
CDK4

Cyclin-dependent kinase inhibitor
1A

CDKN1A (p21)

Cyclin-dependent kinase inhibitor
2A

CDKN2A (p16)

Cyclin E1

CCNE1 (CYCLIN E1)

E-cadherin (epithelial),Type 1

CDH1 (E-CADHERIN)

E2F transcription factor 1

E2F1

v-erb-b2 erythroblastic leukemia
viral oncogene homolog 2

ERBB2

v-fos FBJ murine osteosarcoma viral
oncogene homolog

c-FOS

Fibronectin 1

FN1 (FIBRONECTIN)

Glyceraldehyde-3-phosphate
dehydrogenase

GAPDH

Hypoxanthine

HPRT

Primer Sequence (5'-3')
Forward:
TGGATCCAGCTATTTGGTTTGA
Reverse:

CCAAGTATGTAACCAACAATAGAAGAAGTAG

Forward:

AATGGCCGCCAGTGTTACAG

Reverse:

CAGGAGACATCAATGTGGTTC

Forward:

CCCAGAGTTTGAGCCGAGTG

Reverse:

CCCATCCCTTCGTCGTCCT

Forward:

GGGTGGTTGGGTGAGACTC

Reverse:

AGACACGTAAGGAAAACGCATTA

Forward:

TCAACGCACAGTACGAGCG

Reverse:

CATGATGAGATTGTACAGGACCC

Forward:

TCCGCATCAGGAAGGCTAGA

Reverse:

AGGACCAGGCCTCCAAGCT

Forward:

GAATGACCACCTAGAGCCTTGG

Reverse:

TGTTCCCATAGAGTTCCACAAAAG

Forward:

TTCCTGGGCATGGAGTC

Reverse:

CAGGTCTTTGCGGATGTC

Forward:

CCATGCAGGCAACATAAACTTC

Reverse:

AGGGTTGTAACCTGTGTAACAAG

Forward:

CCTATGCAGGGGTGGTCAAC

Reverse:

CGACCTGGAAAACGCCATCA

Forward:

GGAGCCCTTTGGAGAAC

Reverse:

TGAGCCGCGTCATTAG

Forward:

CATTGTGGACACAGGCACTTC

Reverse:

GACACCTTGAGCGTGTAGTCC

Forward:

GTCAGTGTGGTTCTTGTTGG

Reverse:

AAGGACTCATGACCTGCATC

Forward:

TAAGACCTGTATCTCGTGGCTG

Reverse:

CCCTGGTTCACTGCTATCTCT

Forward:

ACGAAGGTCTGCGCGTGTT

Reverse:

CCGCTGGCCATGAACTACCT

Forward:

GCTAGCAGACTTTGGACTAGCCAG

Reverse:

AGCTCGGTACCACAGGGTCA

Forward:

CTGGTGTTTGAGCATGTAGACC

Reverse:

AAACTGGCGCATCAGATCCTT

Forward:

CCTCATCCCGTGTTCTCCTTT

Reverse:

GTACCACCCAGCGGACAAGT

Forward:

CAACGCACCGAATAGTTACGG

Reverse:

AACTTCGTCCTCCAGAGTCGC

Forward:

ATCAGCACTTTCTTGAGCAACA

Reverse:

TTGTGCCAAGTAAAAGGTCTCC

Forward:

TGAGTGTCCCCCGGTATCTTC

Reverse:
Forward:

CAGTATCAGCCGCTTTCAGATTTT
AGATGGTTATGGTGATCAAAGCC

Reverse:

ATCTGAAAGTTCTCCGAAGAGTCC

Forward:

ACTGGCCCTCATCCACCATA

Reverse:

GGTTGGCAGTGTGGAGCAG

Forward:

TGCCTCTCCTCAATGACCCTGA

Reverse:

ATAGGTCCATGTCTGGCACGGA

Forward:

CCCATCAGCAGGAACACCTT

Reverse:

GGCTCACTGCAAAGACTTTGAA

Forward:

TGCACCACCAACTGCTTAGC

Reverse:

GGCATGGACTGTGGTCATGAG

Forward:

TGACACTGGCAAAACAATGCA
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phosphoribosyltransferase

Reverse:

GGTCCTTTTCACCAGCAAGCT

v-jun sarcoma virus 17 oncogene
homolog

c-JUN

Forward:
Reverse:

CTCCAAGTGCCGAAAAAGGAAG
CACCTGTTCCCTGAGCATGTTG

Junction plakoglobin

JUP (γ-CATENIN)

Forward:

CTCACCAAACTGCTCAACGAC

Reverse:

GCCACCCGACTTGAAGATGG

Forward:

AGCTAGCTCAGGATGACATTGATG

Reverse:

GCCGATGGGCTGGACAG

Forward:

TCCTCTCCACTGCCTTCG

Reverse:

CTTTAGGGGTGGCTCTGAGG

Forward:

TGGGGGGCAACTCGGC

Reverse:
Forward:

GGAATGATCTAAGCCCAG
TGGTGCAGAGGAGCAATGG

Reverse:

CATTCTGGATGGGTGTTTCCG

Forward:

TGTAAGTGAACATTCAGGTG

Reverse:

TTCCAATAGTCAGCTAAGGA

Forward:

GCTGTTACACCACACAGTCTT

Reverse:

GGACTCATGTTACTGCGGTTT

Forward:

CCGACGGCCTTATGCTCCT

Reverse:
Forward:

CTGGGCCACCAGATCTTTGAC
TGCTGCCAAGAGGGTCAAGT

Reverse:

GTGTGTTCGCCTCTTGACATTC

Forward:

TGCCAACAGATGGCCCATAC

Reverse:

TGTTCTTTTCACTAGAGGCACCA

Forward:

CTCCGAGACTTTCGAGGAAATAC

Reverse:

GCCATTGTAGTTGGTAGCCTTCA

Matrix metallopeptidase 1
Matrix metallopeptidase 2
Matrix metallopeptidase 9

MMP1
MMP2
MMP9

MET proto-oncogene (hepatocyte
growth factor receptor)

MET

Mouse double minute 2

MDM2

Metastasis associated 1
Metastasis associated 2

MTA1
MTA2

v-myc myelocytomatosis viral
oncogene homolog (avian)

c-MYC

Nuclear factor of kappa light
polypeptide gene enhancer in B-cells
1 (p105)

NFκB1

Nuclear factor of kappa light
polypeptide gene enhancer in B-cells
inhibitor, alpha
Non-metastatic cells 1, protein
(NM23A)

NFκBIA

Plasminogen activator, urokinase
Plasminogen activator, urokinase
receptor

NME1

PLAU

PLAUR

Forward:

GCAATGAAGGTACGCTCACAGT

Forward:

CACGCAAGGGGAGATGAA

Reverse:

ACAGCATTTTGGTGGTGACTT

Forward:
Reverse:

Phorbol-12-myristate-13-acetateinduced protein 1

PMAIP1 (NOXA)

Phosphoinositide-3-kinase,
regulatory subunit 1 (p85 alpha)

PIK3R1

Prostaglandin-endoperoxide synthase
2

PTGSB (COX-2)

v-raf-1 murine leukemia viral
oncogene homolog 1

RAF1

Retinoblastoma 1

RB1

Serpin peptidase inhibitor, clade B
(ovalbumin), member 5

SERPINB5

Serpin peptidase inhibitor, clade E
(nexin, plasminogen activator
inhibitor type 1)
Snail homolog 1
(Drosophila)

SERPINE1

Snail homolog 2
(Drosophila)

SNAI2 (SLUG)

Telomerase reverse transcriptase

TERT

TIMP metallopeptidase inhibitor 1

SNAI1 (SNAIL)

TIMP1

CTGCAGCCGGAGTTCAAAC

Reverse:

AATGGCCGCCAGTGTTACAG

Forward:

CAGGAGACATCAATGTGGTTC
AGAGCTGGAAGTCGAGTGT

Reverse:

GCACCTTCACATTCCTCTC

Forward:

GATTCTCAGCAGCCAGCTCTGAT

Reverse:

GCAGGCTGTCGTTCATTCCAT

Forward:

TGCATTCTTTGCCCAGCACT

Reverse:

AAAGGCGCAGTTTACGCTGT

Forward:

TTTCCTGGATCATGTTCCCCT

Reverse:

ACTTTGGTGCTACAGTGCTCA

Forward:

GAACATCGAATCATGGAATCCCT

Reverse:

AGAGGACAAGCAGATTCAAGGTGAT

Forward:

CTACTTTGTTGGCAAGTGGATGAA

Reverse:

ACTGGTTTGGTGTCTGTCTTGTTG

Forward:

CACAAATCAGACGGCAGCACT

Reverse:

CATCGGGCGTGGTGAACTC

Forward:

ACCACTATGCCGCGCTCTT

Reverse:

GGTCGTAGGGCTGCTGGAA

Forward:

TGTTGCAGTGAGGGCAAGAA

Reverse:

GACCCTGGTTGCTTCAAGGA

Forward:

GGAGCAAGTTGCAAAGCATTG

Reverse:

TCCCACGACGTAGTCCATGTT

Forward:

CTTCTGGCATCCTGTTGTTG

Reverse:

AGAAGGCCGTCTGTGGGT
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TIMP metallopeptidase inhibitor 3
Trefoil factor 1

TIMP3
TFF1

Tumor protein p53 (Li-Fraumeni
syndrome)

TP53

Twist homolog 1 (Drosophila)

TWIST1

Vimentin

VIM (VIMENTIN)

Forward:

CCAGGACGCCTTCTGCAAC

Reverse:

CCTCCTTTACCAGCTTCTTCCC

Forward:

GCCACCATGGAGAACAAGGTG

Reverse:

AATTCACACTCCTCTTCTGGAGG

Forward:

TGCAGCTGTGGGTTGATTCC

Reverse:

AAACACGCACCTCAAAGCTGTTC

Forward:

GTCCGCAGTCTTACGAGGAG

Reverse:
Forward:

GCTTGAGGGTCTGAATCTTGCT
CCTTGAACGCAAAGTGGAATC

Reverse:

GACATGCTGTTCCTGAATCTGAG

3.4 Protein methods
3.4.1 Protein extraction
Media was removed and cells were washed twice with ice-cold PBS. Protease
inhibitor solution (1 volume), prepared by dissolving one Complete TM Mini protease inhibitor
cocktail tablet (Roche Applied Science, Penzberg, Germany) into 1 mL of MilliQ water, was
mixed with nine volumes of cell lysis buffer (Appendix). 60 μL of this buffer was added to
each well of the 6-well culture plate and plates were kept on ice for 15 minutes. Cells were
then scraped using disposable plastic pipette tips and cell lysates were transferred into prechilled eppendorf tubes. Cell lysates were sonicated in 80T SONICLEAN benchtop
ultrasonic cleaners (Soniclean Pty. Ltd., Thebarton, SA, Australia) for 1 minute. Sonication
was followed by centrifugation at 8000 RCF for 10 minutes at 2-8°C using 5417R
Eppendorf® Centrifuge (Eppendorf AG, Hamburg, Germany). Supernatants were transferred
into new tubes and stored at -80°C.

3.4.2 Protein quantification
Proteins concentrations were measured in triplicate using DC protein assay (BIORAD Laboratories, Inc., Hercules, CA, USA). The working reagent A was prepared by
adding 20 μL of reagent S to each mL of reagent A and mixing thoroughly. BSA with the
concentration of 1 mg/mL was diluted with MilliQ water to a series of standards containing
from 0 to 5 mg/mL protein. Unknown protein sample (20 μL) was also diluted five or 10
times with lysis buffer. Standards and unknown samples (5 μL) were transferred into a 96well microtiter plate. Reagent A+S (25 μL) was added into each well, followed by 200 μL
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reagent B. The microtiter plate was incubated for 15 min with gentle agitation in dark at room
temperature. Absorbances were read at 750 nm using Synergy2 multi-mode microplate reader
and Gen5 data analysis software (Biotek). Based on the absorbances of standards, the
standard curve was plotted and concentration of unknown proteins was calculated.

3.4.3 Western blot procedure
3.4.3.1 Protein separation by SDS-polyacrylamide gel electrophoresis (SDSPAGE)
SDS-PAGE gels were made according to the instructions at the appendix. 50 µg of
each protein sample was mixed with 6x Laemmli Buffer (Appendix). Samples were heated at
95°C for 10 minutes to denature and reduce the proteins. Samples were loaded on the gel and
the gel was run for 80-90 minutes at 100 V and 400 mA.

3.4.3.2 Protein transfer
Following electrophoresis, a Polyvinylidene Fluoride (PVDF) membrane was
soaked in pure methanol for 30 seconds and then washed in transfer buffer (Appendix). The
transfer apparatus was assembled in the following order: black side of the gel holder cassette;
pre-wetted fiber pad; pre-wetted filter paper; gel; membrane; pre-wetted filter paper; prewetted fiber pad; red side of the gel holder cassette. Transfer was done for 90 minutes using
200 V and 400 mA. Once protein transfer was finished, the PVDF membrane was removed
from the transfer apparatus and incubated in blocking buffer (Appendix) overnight at 4°C.

3.4.3.3 Antibody incubation and detection of proteins
After overnight blocking, the membrane was incubated overnight at 4°C in 10 mL
of primary antibody diluted in blocking buffer according to the manufacturers‟ datasheet.
After the incubation period, the membrane was washed 3 times in wash buffer (PBS-0.1%
Tween-20) buffer for 10 minutes. After washing, the membrane was incubated in 10 mL of
corresponding secondary Horseradish Peroxidase (HRP)-conjugated antibody diluted in
blocking buffer for 1-2 hour at room temperature. Following incubation, the membrane was
washed 3 times with wash buffer. To detect the protein of interest, the membrane was
incubated in 10mL LumiGLO ® (Cell Signaling) (0.5 mL 20x LumiGLO ®, 0.5 mL 20x
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Peroxide and 9.0 mL Milli-Q water) with gentle agitation for 1 minute at room temperature.
The membrane was drained of excess developing solution, wrapped in plastic wrap and
exposed to X-ray film to detect the protein band.

3.5 Production of TFF1 and TFF3 antibodies
3.5.1 Production of recombinant human-TFF1 (rhTFF1) and –TFF3
(rhTFF3)
The Glutathione S-transferase (GST) Gene Fusion System (Amersham Biosciences,
Arlington Heights, IL) was used to produce recombinant TFF1 and TFF3 proteins in E. coli
bacteria. TFF1 and TFF3 cDNAs were cloned into pGEX 4T1 vector (Amersham
Biosciences). Sequence was verified by restriction digest analysis and DNA sequencing. The
pGEX 4T1-TFF1 or pGEX 4T1-TFF3 plasmids were used to transform BL21-Gold
competent cells (Strategene, La Jolla, CA). A single recombinant colony was inoculated into
LB medium containing carbenicillin (50 μg/ml). The overnight culture was diluted 1:200 in
LB medium/carbenicillin, pH 7.4, and cultured at 37°C to reach the proper optical density (~
0.5 at 600 nm). Protein expression was induced using 0.2 mM isopropyl thiogalactoside
(IPTG) for 3-4 hours at 37°C. Cells were harvested and GST-fusion proteins were extracted
under non-denaturing conditions and bound to glutathione sepharose 4B matrix (Amersham
Biosciences). GST was cleaved using thrombin and rhTFF1 and rhTFF3 were eluted from the
column. The integrity of the GST fusion proteins and purified rhTFF1 and rhTFF3 proteins
were analyzed by SDS-PAGE and visualized by Coomassie Blue staining.

3.5.2 Production of polyclonal TFF1 antibody (TFF1-pAb)
ZIKA female rabbits were immunized with 200 μg of rhTFF1 antigen by intramuscular injection. Polyclonal antibodies from antisera were affinity purified against rhTFF1
(Biogenes, Germany). The sensitivity was measured using ELISA titration and the specificity
was measured using native and SDS- PAGE Western blot analysis as described below.
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3.5.3 Western blot for rhTFF1 and rhTFF3 under reduced and native
conditions
100 ng of reduced rhTFF1 and rhTFF3 was utilized for western blot analysis as
previously described. For Native-PAGE western blot analysis, 5 µg of rhTFF1 and rhTFF3
proteins were electrophoresed and transferred to PVDF membrane under native conditions
using NativePAGE™ Novex system (Invitrogen). For both types of Western blot experiments
TFF1-pAb and anti-rabbit IgG were used as primary and secondary antibodies, respectively.

3.5.4 Enzyme linked immunosorbent assay (ELISA)
100 ng of rhTFF1 was diluted in 100 μl of 50 mM NaHCO3/pH 8.5 and coated onto
96-well NUNC maxisorp microtitre overnight at room temperature. The solution was
discarded and wells were blocked with blocking buffer for 1 hour. Following blocking, 100
μl of serial dilution of TFF1-pAb was added to wells and incubated for 1 hour. Wells were
washed three times with wash buffer (PBS-0.1% Tween-20) and then incubated with HRP
conjugated anti-rabbit secondary antibody (diluted 1:1000) for 1 hour. Wells were washed 5
times with wash buffer and signal developed using substrate buffer. The reaction was stopped
by adding 3 N HCl. The plates were read at 405 nm.

3.5.5 Dialysis of antibodies
3.5.5.1 Preparation of the dialysis tubing
The 15 mm diameter Servapor dialysis tubing (Serva, Heidelberg, Germany) was
boiled in 2 % (w/v) sodium bicarbonate and 1 mM EDTA pH 8.0 for 5 minutes. The tubing
was rinsed with Milli-Q water three times thoroughly and then with PBS three times. The
dialysis tubing was cut to the required length and the antibody solution was added into the
tubing. Dialysis tubing was placed in 4 L of pre-chilled PBS for 4 hour during which PBS
buffer was stirred gently by a magnetic stirrer. PBS was discarded and the dialysis process
was repeated twice at 24 hour intervals.
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3.5.5.2 Concentrating antibodies
Dialyzed antibody solution was loaded into vivaspin 500 concentrators (3-kDa cut off;
Vivaproducts, Littleton, MA). To concentrate the antibody solution, 600 μl of protein
solution was added to the vivaspin columns and centrifuged for 10 minutes at 10000 RCF at
4°C. The filtrate was discarded and the filtering process repeated until the antibody solution
reached a concentration greater than 4 mg/ml (Determined by Biorad DC protein assay;
bovine gamma globulin [BGG] was used as the protein standard). The antibody solution was
filter-sterilized using low protein binding, low dead volume containing 0.2 μm filters
(Acrodisc, PALL Corp). Rabbit or mouse IgG was also dialyzed and concentrated as
described above.

3.5.6 MTT cell viability assay after treatment with antibody
MCF-7 and T47D cells were seeded at a density of 2500 cell/175µl media in each
well of a 96-well plate. 100 μg of dialyzed TFF1-pAb or rabbit IgG (Sigma) Ab was diluted
in PBS (final volume of 25 μl) and added to cells. Plates were incubated for three days and
cell viability was measured by MTT assay as described above. To calculate cell viability, the
absorbance value for PBS treated cells was taken as 100% cell viability and viability values
for TFF1-pAb and IgG treated cells were calculated accordingly.

3.6 Luciferase and β-Galactosidase reporter assays
Cells were transiently transfected with the gene promoter for E-cadherin (gift from E.
C. Fearon, University of Michigan, Ann Arbor, MI) using FuGENE 6 transfection reagent
according to the manufacturer‟s instructions. Briefly, cells were cultured and transfected with
the desired construct to a total concentration of 1 µg DNA per well. Control vector
corresponding to each application was cotransfected to normalize for variation in transfection
efficiency. Cells were also cotransfected with 0.2 µg of β-galactosidase reporter vector as the
control for transfection efficiency. The Luciferase Reporter Assay was performed by using
Luciferase Assay System (Promega Co., Madison, WI, USA). 200 μL of 1x Reporter Lysis
Buffer (RLB) was added to each well of six-well plates. Cells were scraped from wells and
all liquid from each well were transferred to individual Eppendorf tubes. Tubes were
centrifuged at 4°C, 12000 RCF for one minute. The supernatant from each sample was
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transferred to another new Eppendorf tube and kept on ice. Luciferase Assay Reagent (100
μL) was dispensed into each well of a 96-well microtiter plate (Greiner Bio-One,
Frickenhausen, Germany) and cell lysate (20 μL) was added to each well and mixed by
pipetting 2-3 times. The Victor2™1420 Multilabel Counter (Wallac–PerkinElmer Life
Sciences, Turku, Finland) was programmed to carry out a two sec measurement delay, which
was followed by a 10 second measurement read for luciferase activity for each sample
through the Wallac WorkOut™ software version 1.5 (Wallac–PerkinElmer Life Sciences,
Turku, Finland).
The luciferase activity reading was recorded and normalized to protein quantity and
transfection efficiency determined by β-Galactosidase reporter assay. β-Galactosidase
enzyme assay was carried out in parallel to the luciferase reporter assay by employing a βGalactosidase Enzyme Assay System (Promega Co., Madison, WI, USA). Cell lysate (40 μL)
from each sample was mixed with equal volumes of Assay 2x Buffer in the well of 96-well
plate by pipetting the well contents. The plate was covered and incubated at 37°C in a
Stuart® SI19 incubator (Bibby Sterilin Limited, Stone, Staffordshire, UK) for 30 minutes.
Finally, the absorbance of the samples at 420nm was measured on a Spectra Max 250 plate
reader (Molecular Devices, Sunnyvale, CA, USA) and processed via SOFTmax® PRO
version 1.20 (Molecular Devices, Sunnyvale, CA, USA)

3.7 Immunocytochemistry
3.7.1 Immunofluorescent detection of TFF1 in MDA-MB-231 cells
transfected with human and mouse TFF1 expression plasmids
MDA-MB-231 cells were transiently transfected with either the pIRESneo3 empty
vector (Control) or pIRES-Human TFF1 or pIRES-Mouse TFF1 expression plasmids by
using FuGENE 6. 24 hours post-transfection, cells were fixed with 4% paraformaldehyde and
blocked in PBS-0.2% Tween + 1% Bovine Serum Albumin (BSA). Subsequently, cells were
incubated with TFF1-pAb (1:1000 in PBS-0.2%Tween + 1% BSA) for 2 hours at room
temperature. Cells were washed with PBS and incubated with anti-rabbit-FITC (fluorescein
isothiocyanate) [Sigma] for 1 hour at room temperature.
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3.7.2 Immunofluorescent detection of E-cadherin in DU145 stables
Cells were grown on coverslips in complete media until they were 40-50% confluent.
For localization of E-cadherin, cells were fixed with methanol for 5 min at –20 C, blocked
and permeabilized in 2% BBX (0.1 % Triton X-100, 0.1 % BSA, 250 mM NaCl, prepared
in PBS). Cells were then incubated with the with mouse monoclonal antibody against Ecadherin (Zymed, San Francisco, CA) at 1:200 dilution for 1 hour at room temperature. After
incubation at room temperature for 1 h, cells were again washed and blocked with BBX and
incubated with secondary Alexa Fluor-568 conjugated goat anti-mouse antibody (Molecular
Probes) at 1:400 dilution in BBX. Cells were mounted and labeled and examined under a Carl
Zeiss (Jena, Germany) Axioplan microscope equipped with epifluorescence optics
microscope and a Bio-Rad MRC1024 confocal laser system

3.7.3 Immunofluorescent detection of actin filaments by FITC-phalloidin
Cells were grown on coverslips in complete media until they were 40-50% confluent.
Cells were fixed in 4% paraformaldehyde/PBS (pH 7.4), washed, and blocked with BBX.
Cells were incubated with 5 mg/liter FITC-phalloidin (Sigma), at room temperature for 30
minutes. Cells were examined under a Carl Zeiss (Jena, Germany) Axioplan microscope
equipped with epifluorescence optics microscope and a Bio-Rad MRC1024 confocal laser
system

3.7 Bioinformatics tools
3.7.1 Statistical analysis
The statistics software program Sigma Stat 3.1 was used in conjunction with
Microsoft Excel for statistical analyses presented in this thesis. The graphical presentations
were generated using Microsoft Excel. All data are expressed as means ± SE of triplicate
determinants. All experiments were performed at least three times. Data were analyzed using
an unpaired two-tailed t test or analysis of variance (ANOVA). * corresponds to P values less
than 0.05. ** corresponds to p values less than 0.001.
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3.7.2 BLAST
The basic algorithms of BLAST were used for gene identification searches, gene
alignment searches, as well as Transcription Start Site (TSS) estimations of various genes
with uncharacterized promoter regions, specifically utilizing the EST-search function.
BLAST was accessed via the National Centre for Biotechnology Information (NCBI)
website: http://www.ncbi.nlm.nih.gov/BLAST/.
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4.1 Results
4.1.1 Forced expression of TFF1 in MCF-7 cells increases total cell
number by increased cellular proliferation and survival
To determine the functional consequences of forced expression of TFF1 in human
mammary carcinoma cells, I generated a mammary carcinoma cell line (MCF-7) with forced
expression of TFF1 by stable transfection with a TFF1 expression vector (termed MCF7TFF1) or the empty pIRESneo3 vector (designated MCF7-Vec). Forced expression of TFF1
mRNA in MCF7-TFF1 cells compared with MCF7-Vec cells was verified by quantitative
RT-PCR analysis (FIGURE 21). MCF7-TFF1 cells also demonstrated higher levels of TFF1
protein compared with MCF7-Vec cells as determined by Western blot analysis and ELISA
performed on conditioned media (FIGURE 21).
Next, the effect of forced expression of TFF1 in mammary carcinoma cells on total
cell number was examined. Change in total cell number over a period of 10 days in complete
medium [10% fetal bovine serum (FBS)] was examined. Forced expression of TFF1 in
mammary carcinoma cells resulted in a significant increase in total cell number compared
with control (FIGURE 21). Additionally, in serum-reduced media (0.2% FBS), MCF7-TFF1
cells demonstrated a significantly increased cell number compared with MCF7-Vec cells
(FIGURE 21). Thus, forced expression of TFF1 in mammary carcinoma cells resulted in
increased total cell number.
Increased cell number is achieved by increased cell proliferation and/or survival
[274]. I therefore proceeded to determine the relative contribution of these processes to the
observed TFF1-stimulated increase in cell number. To determine the effects of forced
expression of TFF1 on cell cycle progression in mammary carcinoma cells, I compared the
nuclear incorporation of BrdU into DNA during the S phase of cell cycle between MCF7-Vec
and MCF7-TFF1 cells. MCF7-TFF1 cells exhibited a markedly higher percentage of nuclear
BrdU incorporation compared with MCF7-Vec cells (FIGURE 21). Similarly, flow cytometry
analysis demonstrated a marked increase in the S-phase fraction of cells in MCF7-TFF1
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compared with MCF7-Vec (FIGURE 22). Therefore, forced expression of TFF1 stimulated
mammary carcinoma cell entry to S phase.
To examine the effect of forced expression of TFF1 on cell survival, Hoechst 33258
was used to determine apoptotic cell number in MCF7-Vec and MCF7-TFF1. In serumdepleted conditions, forced expression of TFF1 significantly decreased apoptotic cell death in
MCF7-TFF1 compared with MCF7-Vec cells. Thus, TFF1 functioned as a survival factor for
MCF-7 cells (FIGURE 21).

Figure 21: Forced expression of TFF1 in MCF-7 cells increases total cell number, cell cycle
progression, and cell survival.
Analysis of TFF1 expression in MCF7-Vec and MCF7-TFF1 stable cells quantitative RT-PCR (A),
Western blot (B) and ELISA (C); growth of MCF7-Vec and MCF7-TFF1 cell lines was assessed by
total cell number in 10% FBS (D) and 0.2% FBS (E) containing media; percentage of BrdU
incorporation (F) and apoptotic nuclei in MCF7-Vec and MCF7-TFF1 cells. *, P < 0.05; **, P <
0.001.
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Figure 22: Forced expression of TFF1 in MCF7 cells increases the fraction of cells in the S
phase of cell cycle.
Flow cytometry analysis of cell cycle by Propidium Iodide (PI) staining indicated that in both serumdeprived (A) and complete (10% FBS) (B) media MCF7-TFF1 demonstrate a higher fraction of cells
in the S phase.
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4.1.2 TFF1 modulates the mRNA expression of cell cycle and survivalassociated genes
Real-Time PCR quantification of key genes associated with cell proliferation and
survival was performed to assess the effects of forced expression of TFF1 in MCF-7 cells on
the relative expression levels of these genes (TABLE 3). Forced expression of TFF1 in MCF7
cells significantly increased the expression levels of cell cycle-related markers including
CCND1 (cyclin D1) and CCNE1 (cyclin E1), CDK2, and the transcription factor c-MYC.
Additionally, significant increases in the mRNA expression level of c-JUN and c-FOS, the
components of the AP-1 transcription factor complex was observed. Interestingly, TFF1
induced the expression level of the cyclin-dependent kinase (CDK) inhibitor, CDKN1A
(p21), which is a negative regulator of cell growth [275]. Additionally, forced expression of
TFF1 in MCF7 cells increased the mRNA expression of ERBB2. Increased expression of
ERBB2 occurs in approximately 25% of breast cancers and results in deregulated cell
proliferation and resistance to antineoplastic treatments and correlates with a poor prognosis
[276-278].
The expression level of MDM2 mRNA that encodes a negative regulator of the p53
tumor suppressor [279] was significantly increased by TFF1. Members of the BCL2 family of
genes were also differentially regulated by TFF1; BCL2 mRNA was up-regulated by forced
expression of TFF1 in MCF-7 cells, whereas BBC3 (PUMA), an important mediator of p53dependent apoptosis, was significantly down-regulated [280].
Therefore, forced expression of TFF1 concordantly modulated the mRNA expression
level of several key genes implicated in cancer cell proliferation and survival.
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Functional Gene
Grouping

Cell Cycle Control
& DNA Damage
Repair

Apoptosis and Cell
Senescence

Signal
Transduction
Molecules and
Transcription
Factors

Migration &
Invasion

Gene
CCND1 (CYCLIN D1)
ATM
CCNE1 (CYCLIN E1)
CDC25A
CDK2
CDK4
CDKN1A (p21)
CDKN2A (p16)
E2F1
RB1
TP53
BAD
BAX
BCL2
BCL2L1
TERT
BBC3 (PUMA)
PMAIP1 (NOXA)
TP53AIP1
BIRC5 (SURVIVIN)
MDM2
ERBB2
c-FOS
c-JUN
c-MYC
NFκB1
NFκBIA
PI3KR1
RAF1
CTNNA1(α-CATENIN)
CTNNB1(β- CATENIN)
JUP (γ- CATENIN)
CTSB (CATHEPSIN B)
CTSD (CATHEPSIN D)
CTSL1 (CATHEPSIN L)
PTGSB (COX-2)
MET
MMP1
CDH1 (E-CADHERIN)
TIMP1
TIMP3
VIM (VIMENTIN)
FN1 (FIBRONECTIN)

Fold Change#

p-value

1.72
1.15
1.63
1.09
1.65
-1.15
1.87
1.08
1.13
-1.12
1.09
1.42
-1.22
1.95
1.20
1.02
-3.84
1.07
1.12
1.34
4.52
3.35
2.48
3.34
1.65
1.22
-1.13
1.91
1.19
1.01
1.03
-3.12
-1.05
1.21
-1.14
-1.17
1.21
1.91
-1.75
1.31
1.15
2.11
1.84

3.12E-04
2.45E-03
2.12E-04
1.05E-05
4.02E-02
2.12E-04
1.93E-02
2.58E-03
1.19E-02
3.41E-01
4.45E-04
2.44E-01
3.75E-02
6.19E-03
2.70E-02
2.57E-02
5.63E-04
3.84E-02
2.45E-02
1.78E-03
3.29E-04
3.12E-03
4.05E-04
2.84E-03
1.72E-03
4.45E-02
1.78E-03
2.15E-02
6.78E-03
1.19E-05
1.43E-02
3.14E-03
1.84E-02
1.39E-02
2.75E-03
4.70E-02
1.92E-02
3.35E-03
2.33E-03
3.81E-02
1.32E-03
3.23E-03
1.87E-02

Table 5: Changes in mRNA expression of functional genes in MCF7-TFF1 relative to MCF7Vec cells.
# Average of three experiments represents each gene fold-change. A positive value indicates
increased gene expression and a negative value indicates decreased gene expression in MCF7-TFF1
cells relative to MCF7-Vec cells. Each experiment was performed three or more times with
independent samples. Each change in gene expression is expressed as “fold change” and is the
average of 3 experiments. Changes in relative expression >1.5-fold were taken as significant.
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4.1.3 Forced expression of TFF1 enhances oncogenicity of MCF-7 cells
Anchorage-independent growth is a pivotal characteristic of oncogenically
transformed cells [274]. I therefore examined anchorage-independent growth of MCF7-Vec
and MCF7-TFF1 cells by colony formation in soft agar and growth in suspension culture.
Compared with MCF7-Vec cells, MCF7-TFF1 exhibited an enhanced ability to form colonies
in soft agar (FIGURE 23). The apparent difference in colony formation of MCF7-TFF1 cells
compared with MCF7-Vec was not limited to the number of colonies; individual colonies of
MCF7-TFF1 were also significantly larger than MCF7-Vec cells (FIGURE 23). Similarly,
forced expression of TFF1 in MCF7 cells increased total cell number in suspension culture
(FIGURE 23). Therefore, forced expression of TFF1 in MCF7 cells increased anchorageindependent growth. I also examined the growth of MCF7-Vec and MCF7-TFF1 cells in 3D
Matrigel. MCF7-TFF1 cells formed significantly larger colonies that appeared to consist of
more motile and invasive cells compared with MCF7-Vec cells (FIGURE 23).
I proceeded to determine whether forced expression of TFF1 in MCF7 cells enhanced
tumorigenicity in vivo. A xenograft model of MCF7 stable cell lines was established in the
mammary fat pad of immunodeficient nude mice. Similar to the in vitro results, where TFF1
promoted the oncogenicity of MCF-7 cells, MCF7-TFF1 cells produced significantly larger
tumors in vivo. A significant difference in tumor size was observed after 2 weeks, and by the
end of the experiment, MCF7-TFF1 tumors were more than double the size of those derived
from MCF7-Vec cells (FIGURE 24). Subsequent quantification of proliferation and apoptosis
on tumor sections by BrdU and TUNEL labeling, respectively, demonstrated that MCF7TFF1 tumors exhibited a higher percentage of BrdU-positive nuclei, whereas fewer TUNELlabeled cells were observed in MCF7-TFF1 tumors (FIGURE 24). Hematoxylin and eosin
staining of tumor xenografts demonstrated that the tumor lesion in MCF7-TFF1 xenografts
was larger with ill-defined margins blending with surrounding tissues. MCF7-TFF1 tumor
cells exhibited greater pleomorphism and atypia compared with MCF7-Vec tumor cells
(FIGURE 24). Hemorrhage and necrosis were observed in the center of the tumor mass in
MCF7-TFF1 xenografts. Interestingly, tumor emboli could also be observed in MCF7-TFF1,
indicative of the hematogenous spread of MCF7-TFF1 tumor cells.
Therefore, forced expression of TFF1 in MCF-7 cells promoted oncogenicity of MCF7 cells in vitro and in xenograft models.
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Figure 23: Forced expression of TFF1 in MCF-7 cells enhances anchorage independence and
colony formation in 3D Matrigel.
A, and B, soft agar colony formation of MCF7-Vec and MCF7-TFF1 cells in 10% FBS media (A) and
visualization of colonies under 100X magnification after MTT staining (B); C, growth curve of
MCF7-Vec and MCF7-TFF1 cells in suspension culture in 10% FBS media; D, effect of forced
expression of TFF1 in MCF-7 cells grown in growth factor reduced (GFR) Matrigel. *, P < 0.05; **,
P < 0.001.
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Figure 24: Forced expression of TFF1 in MCF-7 cells enhances tumor formation in vivo.
A, MCF7-Vec and MCF7-TFF1 cells were injected into athymic mice and allowed to grow for 5.5
weeks as indicated in Materials and Methods; B and C, evaluation of nuclear BrdU incorporation (B)
and TUNEL-positive (apoptotic) nuclei (C) in MCF7-Vec and MCF7-TFF1 xenografts; D,
histological appearance of tumors visualized with hematoxylin and eosin. Arrow indicates a tumor
embolus indicating hematogenous spread of MCF7-TFF1 tumor cells. **, P < 0.001.
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4.1.4 Forced expression of TFF1 enhances oncogenic characteristics of
T47D cells
I next determined that the observed effect of TFF1 in enhancement of oncogenicity of
mammary carcinoma cells was not particular to MCF-7 cells. T47D cells with stable forced
expression of TFF1 were generated. Forced expression of TFF1 mRNA in T47D-TFF1 cells
compared with T47D-Vec cells was verified by quantitative RT-PCR analysis (TABLE 5).
T47D-TFF1 cells also demonstrated higher levels of TFF1 protein compared with T47D-Vec
cells as determined by Western blot analysis and ELISA performed on conditioned media
(FIGURE 25). I then proceeded to examine the effect of forced expression of TFF1 in
stimulation of anchorage-independent growth. A more pronounced increased colony number
was observed in T47D-TFF1 cells compared with T47D-Vec cells, although no obvious
differences in colony size between the paired cell lines was observed (FIGURE 25). Similar to
MCF-7 cells, forced expression of TFF1 in T47D cells resulted in increased colony size in 3D
Matrigel and increased tumor growth in xenograft models (FIGURE 26). Detection of BrdU
and TUNEL in tumor xenografts also confirmed that the increased tumor size in vivo was a
consequence of increased proliferation and survival of T47D-TFF1 cells (FIGURE 26). On
histological examination, T47D-TFF1 tumor xenografts were composed of larger cells that
possessed dark, compact nuclei and scant cytoplasm. The T47D-TFF1 tumor lesion was
larger and possessed an ill-defined margin blending with surrounding tissues. Interestingly,
T47D-TFF1 tumor cells demonstrated a tendency to invade perineural spaces (FIGURE 26).
Therefore, forced expression of TFF1 in T47D mammary carcinoma cells increased the
oncogenicity of these cells in vitro and in xenograft models.
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Figure 25: Forced expression of TFF1 in T47D enhances oncogenic characteristics in vitro.
Analysis of TFF1 expression in MCF7-Vec and MCF7-TFF1 stable cells by quantitative RT-PCR
(A), Western blot (B) and ELISA (C); D and E, soft agar colony formation of T47D-Vec and T47DTFF1 cells in 10% FBS media (D) and visualization of colonies in soft agar stained with MTT under
100X magnification (E); F, effect of forced expression of TFF1 in T47D cells grown in GFR
Matrigel. **, P < 0.001.
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Figure 26: Forced expression of TFF1 in T47D cells enhances tumor formation in vivo.
A, T47D-Vec and T47D-TFF1 cells were injected into athymic mice and allowed to grow for 4.5
weeks and measured weekly as indicated in Materials and Methods; B and C, evaluation of nuclear
BrdU incorporation (B) and TUNEL-positive (apoptotic) nuclei (C) in T47D-Vec and T47D-TFF1
xenografts; D, histological appearance of tumors visualized with hematoxylin and eosin. Arrow
indicates invasion of perineural spaces by T47D-TFF1 tumor cells. **, P < 0.001.
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Gene
CCND1 (CYCLIN D1)
ATM
CCNE1 (CYCLIN E1)
CDC25A
CDK2
CDK4
CDKN1A (p21)
CDKN2A (p16)
E2F1
RB1
TP53
BAD
BAX
BCL2
BCL2L1
TERT
BBC3 (PUMA)
PMAIP1 (NOXA)
TP53AIP1
BIRC5 (SURVIVIN)
MDM2
ERBB2
c-FOS
c-JUN
c-MYC
NFκB1
NFκBIA
PI3KR1
RAF1
CTNNA1(α-CATENIN)
CTNNB1(β- CATENIN)
JUP (γ- CATENIN)
CTSB (CATHEPSIN B)
CTSD (CATHEPSIN D)
CTSL1 (CATHEPSIN L)
PTGSB (COX-2)
MET
MMP1
CDH1 (E-CADHERIN)
TIMP1
TIMP3
VIM (VIMENTIN)
FN1 (FIBRONECTIN)

Fold Change#

p-value

1.63
1.12
2.14
1.13
1.25
1.46
1.67
1.04
1.19
-1.31
-1.17
1.22
1.31
1.35
1.11
1.02
-2.94
1.11
-1.17
1.65
2.24
1.17
2.11
1.04
1.74
1.07
-1.14
1.26
1.12
1.27
2.51
-1.84
-1.12
1.14
1.28
1.38
1.08
1.28
-1.64
1.09
1.19
1.31
1.63

1.33E-04
4.45E-02
3.19E-05
1.76E-01
3.24E-02
6.13E-03
2.81E-03
7.45E-02
2.73E-02
7.12E-02
1.35E-02
7.13E-01
2.63E-03
3.82E-02
4.56E-03
3.01E-01
3.12E-05
1.32E-01
3.75E-02
3.14E-04
1.29E-03
6.05E-02
3.14E-03
1.87E-02
1.32E-03
7.12E-02
2.93E-01
3.27E-03
5.92E-02
2.35E-03
4.57E-04
7.13E-05
8.94E-03
6.22E-02
2.11E-02
7.56E-03
2.55E-01
4.44E-04
1.12E-03
5.16E-02
4.22E-02
4.73E-03
3.22E-03

Table 6: Changes in mRNA expression of functional genes in T47D-TFF1 relative to T47D-Vec
cells.
#
Average of three experiments represents each gene fold-change. A positive value indicates increased
gene expression and a negative value indicates decreased gene expression in T47D-TFF1 cells relative
to T47D-Vec cells. Each experiment was performed three or more times with independent samples.
Each change in gene expression is expressed as “fold change” and is the average of 3 experiments.
Changes in relative expression >1.5-fold were taken as significant.
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4.1.5 Forced expression of TFF1 in MCF-7 and T47D cells results in
increased migration and invasion
I utilized FITC-phalloidin staining to visualize actin filaments by confocal laser
scanning microscopy and examined the morphology of MCF-7 and T47D cells with forced
expression of TFF1. MCF7-Vec and T47D-Vec cells were tightly organized in colonies and
displayed epitheloid morphology (FIGURE 27). However, MCF7-TFF1 and T47D-TFF1 cells
demonstrated a loss of cell-cell contact, disorganized colony structure, and cell spreading.

Figure 27: Forced expression of TFF1 in human mammary carcinoma cells alters cell
morphology.
The morphology of mammary carcinoma cells was examined by confocal microscopy by visualization
of actin filaments by FITC-phalloidin labeling. Magnification=100X.

Loss of cell-cell contact and cell spreading was suggestive of an increased migratory
capacity of MCF7-TFF1 and T47D-TFF1 cells [281, 282]. Migration of MCF7 and T47D
with forced expression of TFF1 was examined by a Transwell migration assay (FIGURE 28). I
observed that forced expression of TFF1 in both MCF-7 and T47D cells did indeed stimulate
cell migration compared with their respective vector-transfected cells. The effects were more
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pronounced in MCF-7 cells than in T47D cells. Similarly, wound healing assays with the
MCF-7 and T47D paired cell lines confirmed that forced expression of TFF1 in both cell lines
resulted in a more rapid wound closure compared with the respective control cells (FIGURE
28).
Both MCF-7 and T47D cells are well-differentiated tumor cells as reflected by their
relative lack of invasive properties [283-285]. I therefore examined the effects of TFF1 on
cell invasion by use of Matrigel-coated membranes. MCF7-TFF1 cells demonstrated
significantly increased capacity to invade through Matrigel compared with MCF7-Vec cells.
A small but significant increase in invasion of T47D-TFF1 compared with T47D-Vec cells
was also observed (FIGURE 28).
Therefore, forced expression of TFF1 in mammary carcinoma cells increased the
migratory and invasive capacity.

80

Figure 28: Forced expression of TFF1 in human mammary carcinoma cells results in increased
cell motility and invasion.
Migration (A) and invasion (B) of mammary carcinoma cells presented as the ratio of migrated or
invaded cells compared with the control cells; wound-healing assays with the MCF-7 (C) and T47D
(D) paired cell lines. Wounded areas were examined under 100X magnification at the indicated times.
*, P < 0.05; **, P < 0.001.
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4.1.6 TFF1 modulates the mRNA expression of migration/invasionassociated genes
I examined the mRNA expression level of epithelial and mesenchymal marker genes
that are deregulated during cancer cell migration and invasion. Real-Time PCR quantification
of epithelial marker genes demonstrated that MCF7-TFF1 cells exhibited decreased mRNA
levels of the adherens junction genes CDH1 (E-cadherin) and JUP ( -catenin) in comparison
with MCF7-Vec cells (TABLE 5). Decreased levels of both E-cadherin and

-catenin are

associated with increased cell migration and invasion [283, 286-288]. Concordantly,
increased levels of the intermediate filament protein VIM (vimentin), expressed in poorly
differentiated and highly invasive mammary carcinoma cells was observed, as was FN1
(fibronectin), another marker of the mesynchymal phenotype [289, 290]. Thus, forced
expression of TFF1 in human mammary carcinoma cells results in a phenotypic conversion to
that reminiscent of a mesenchymal cell.
Furthermore, TFF1 increased mRNA levels of MMP1, which encodes a proteolytic
enzyme that degrades the extracellular matrix (TABLE 5). Elevated levels of MMP1 mRNA
have been implicated in mediating invasion and metastasis of several types of cancer
including breast cancer [291]. In addition, expression of MMP1 mRNA in precancerous
breast lesions has been identified as a marker of subsequent progression to a malignant state
[292].
Therefore, forced expression of TFF1 concordantly modulated the mRNA expression
level of several key genes implicated in cancer cell migration and/or invasion.
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4.1.7 Depletion of endogenous TFF1 by RNAi inhibits anchorageindependent growth and migration of mammary carcinoma cells
RNAi constructs and negative control RNAi were transiently transfected into MCF-7
and T47D cells and depletion of endogenous TFF1 mRNA and protein expression was
confirmed by Real-Time PCR and Western blot (FIGURE 29), respectively. ELISA performed
on conditioned medium also confirmed that RNAi transfection significantly reduced the
levels of secreted TFF1 proteins in the media.

Figure 29: Depletion of TFF1 by RNAi in MCF-7 and T47D cells.
Analysis of TFF1 depletion in MCF-7 and T47D cells transiently transfected with either the RNAi
construct or negative control was confirmed by quantitative RT-PCR (A), Western blot (B) and
ELISA (C) performed on conditioned media. **, P < 0.001.

RNAi transfected MCF-7 and T47D cells with depletion of TFF1 exhibited reduced
soft agar colony formation compared with control transfected cells. MCF7-RNAi cells
formed smaller colonies compared with control transfected cells, whereas T47D-RNAi cells
displayed a reduction in colony number but not colony size (FIGURE 30). Similarly, depletion
of TFF1 expression by RNAi significantly reduced the ability of both MCF-7 and T47D cells
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to grow in suspension culture (FIGURE 30). I next used RNAi transfected cells to examine the
effect of TFF1 depletion on migratory capacity. RNAi depletion of TFF1 in MCF-7 cells
resulted in a significant inhibition of migration compared with control transfected cells.
Similarly, a small but significant decrease in the migratory properties of T47D cells was also
observed upon depletion of TFF1 expression (FIGURE 30).
Therefore, depletion of endogenous TFF1 in MCF-7 and T47D cells abrogated the
ability of these cells to grow in anchorage-independent conditions and migrate, concordant
with the effects of forced expression of TFF1.
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Figure 30: Depletion of TFF1 mRNA by RNAi decreases anchorage independence and
migratory capacity of mammary carcinoma cells.
A, soft agar colony formation of MCF-7 and T47D cells after transfection with TFF1 RNAi or
control; B, visualization of colonies in soft agar stained with MTT under 100X magnification; C,
growth of TFF1 RNAi or control transfected MCF-7 and T47D cells in suspension culture was
measured as described in Materials and Methods; D, migration of TFF1 RNAi transfected mammary
carcinoma cells presented as the ratio of migrated cells compared with the control transfected cells. *,
P < 0.05; **, P < 0.001.
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4.1.8 Neutralization of TFF1 by polyclonal TFF1 antibody inhibits
viability of MCF-7 and T47D cells in vitro
TFF1 is a secreted protein and therefore susceptible to inhibition by antibodies (4).
Specific TFF1-pAb was produced by immunizing rabbits with the native recombinant human
TFF1 (rhTFF1). A solid-phase noncompetitive ELISA demonstrated that TFF1-pAb exhibited
high-affinity binding to rhTFF1 (FIGURE 31). The specificity of TFF1-pAb was examined
against the homologous rhTFF3. Under both denaturing and native Western blot analysis;
TFF1-pAb detected only rhTFF1 and not rhTFF3. Furthermore, TFF1-pAb specifically
recognized the protein product of TFF1 cDNA transfected cells (FIGURE 31)
I utilized the MTT cell viability assay to measure the effects of TFF1 neutralization by
TFF1-pAb on mammary carcinoma cell viability [293]. Treatment of both MCF-7 and T47D
cell lines with TFF1-pAb resulted in decreased cell viability, whereas control IgG-treated
cells demonstrated minimal effect (FIGURE 31). The TFF1-pAb at examined doses possessed
no effect on the viability of MDA-MB-231 cells, which do not express detectable levels of
TFF1 mRNA in our laboratory. Therefore, inhibition of cell viability by TFF1-pAb was
specifically due to neutralization of secreted TFF1 protein by the antibody. Examination of
TFF1-pAb-treated MCF-7 cells with Hoechst 33258 demonstrated that TFF1-pAb treatment
resulted in a significant increase in the number of apoptotic cells compared with control IgGtreated cells (FIGURE 31). Therefore, antibodies to TFF1 reduced mammary carcinoma cell
viability in vitro.
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Figure 31: Neutralization of TFF1 by polyclonal TFF1 antibody inhibits viability of mammary
carcinoma cells in vitro.
TFF1-pAb specifically recognizes recombinant human TFF1 (rhTFF1) but not rhTFF3 in reduced (A)
and native (B) conditions; (C) ELISA demonstrating the sensitivity of 1pg TFF1-pAb in detection of
varying concentration of rhTFF1 (the lowest detection limit is indicated with an arrow); (D) Viability
of control IgG or TFF1-pAb treated MDA-MB-231 cells as described under “Materials and Methods”;
E and F, Viability of control IgG- or TFF1-pAb-treated MCF-7 (E) and T47D (F) cells; C, effect of
treatment of MCF-7 cells with control IgG or TFF1-pAb on apoptotic cell death; G. *, P < 0.05; **, P
< 0.001
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4.1.9 TFF1-pAb produces mammary carcinoma regression in vivo
The effect of TFF1-pAb on MCF-7 tumor xenograft growth was determined by
treating mice with pre-established tumors with either TFF1-pAb or control IgG. 14 days of
injection with TFF1-pAb resulted in tumor regression, whereas the tumor in control IgGinjected animals continued to grow (FIGURE 32). Masson‟s trichrome staining of tumor tissue
demonstrated that control IgG-treated tumors were surrounded by a vascular fibrous capsule
and tumor cells had grown in trabecular buds in newly formed and well-vascularized stroma
(FIGURE 32). In the TFF1-pAb-treated group, tumor regression was always accompanied by
large necrotic fields surrounded by inflammatory granulomas. The fibrous capsule remained
readily intact isolating residual tumor cells from normal mouse tissue (FIGURE 32).

Figure 32: Neutralization of TFF1 by polyclonal TFF1 antibody causes tumor regression in vivo.
A, MCF-7 xenografts in athymic mice treated with control IgG or TFF1-pAb as described in
Materials and Methods; B, histological appearance of tumors visualized with Masson‟s trichrome
staining. *, P < 0.05; **, P < 0.001.

Standard histological examination of liver, lung and intestine tissues of both TFF1pAb and control IgG-treated mice was also performed. Despite cross-reactivity of TFF1-pAb
to mouse TFF1 (FIGURE 34), no histological alteration was detected in TFF1-pAb-treated
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mice compared with control IgG-treated group (FIGURE 33). Thus, TFF1-pAb when
administered as a single agent produced significant regression of the growth of mammary
tumor xenografts compared with control IgG-injected mice.

Figure 33: Treatment of mice with TFF1-pAb does not affect normal tissue histology.
Histological appearance of liver, lung and intestine tissues visualized with Masson‟s trichrome
staining showed no detectable histological alteration in TFF1-pAb treated mice compared to the
control-IgG treated group.
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Figure 34: TFF1-pAb recognizes both mouse and human TFF1 proteins.
Immunofluorescent detection of TFF1 protein by TFF1-pAb in TFF1 negative MDA-MB-231 cells
which were transiently transfected with pIRES-Vector (Control), pIRES-Human TFF1 and pIRESMouse TFF1 expression plasmids (Magnification=40X).

4.1.10 Neutralization of TFF1 by monoclonal TFF1 antibody (TFF1mAb) inhibits viability of MCF-7 and T47D cells in vitro
Further therapeutic evaluation of antibodies against TFF1 in preclinical and clinical
studies require establishment of monoclonal antibodies. To establish monoclonal antibodies,
mice were immunized with rhTFF1. Subsequently, spleen cells from immunized mice were
fused with myeloma cells to establish several clones of hybridomas (Commonwealth
Biotechnologies, Richmond, VA, USA). Monoclonal antibodies from 21 clones were purified
and dialyzed in PBS as described in the Materials and Methods chapter. MTT cell viability
assay was utilized to measure the effects of TFF1 neutralization by TFF1-mAbs on mammary
carcinoma cell viability. Treatment of both MCF-7 and T47D cell lines with the 21 TFF1mAbs demonstrated that two clones (2B10 and 1F9) resulted in decreased cell viability,
comparable to levels observed when MCF-7 and T47D cells were treated with TFF1-pAb
(FIGURE 35). Therefore, monoclonal antibodies to TFF1 reduced mammary carcinoma cell
viability in vitro.
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Figure 35: Screening of TFF1-mAbs demonstrates 2B10 and 1F9 clones inhibit viability of
mammary carcinoma cells in vitro.
Viability of control mouse IgG (mIgG) or TFF1-mAb-treated MCF-7 (A) and T47D (B) cells. **, P <
0.001.
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4.2 Discussion
I have determined the functional role of mammary carcinoma cell-secreted TFF1 in
mammary carcinoma cell behavior as it relates to oncogenicity. I demonstrated herein that
TFF1 significantly enhanced the oncogenic capacity of mammary carcinoma cells in vitro and
in vivo. Furthermore, forced expression of TFF1 in mammary carcinoma cells resulted in
differential mRNA expression of several genes that are deregulated during cancer
progression. Concordantly, I demonstrated that functional inhibition of TFF1 by RNAi and/or
polyclonal antibodies inhibited mammary carcinoma cell viability both in vitro and in
xenograft models.
To date, numerous attempts have been made to evaluate the clinical significance of
TFF1 in breast cancer patients owing to the observations that normal mammary tissue
expresses little or no TFF1 [233], and increased expression of TFF1 mRNA and protein is
observed in a high percentage of mammary carcinomas [294, 295]. Despite general consensus
on the high expression of TFF1 in breast cancer, the prognostic or predictive capacity of
TFF1 in mammary carcinoma is less well defined. This is in part contributed to by the paucity
of data on the functional role of TFF1 in these contexts, which I have partially addressed
herein. Most tumors expressing high levels of TFF1 belong to the „„luminal epithelial‟‟
signature group which is classified as a well-differentiated, low-grade subtype [296-300].
These studies suggest that high expression of TFF1 in these tumors correlates with a better
prognosis and overall survival [296-300]. This notion may reflect the estrogenic regulation of
TFF1 expression in estrogen-responsive tumors; hence these classes of tumors (ER and TFF1
positive) are more likely to respond to anti-estrogen therapy such as Tamoxifen [296, 301].
Evidence for the relationship among ER+ tumors, TFF1 expression, and response to
Tamoxifen treatment has also been demonstrated by reduction of TFF1 protein levels in
tumor biopsies and urine sample of patients receiving Tamoxifen [302, 303]. Other studies
have concluded that expression of TFF1 is indicative of advanced disease. Elevated
expression of TFF1 has been observed in interval breast cancer, a particularly virulent form of
breast cancer that becomes symptomatic in the screening interval [265]. In this instance, TFF1
expression is correlated with the proliferation marker Ki67 but not ER positivity [265]. TFF1
is also one of two genes identified by array analysis to be an informative marker for
micrometastatic breast cancer [304]. In another array-based study, TFF1 was one of two
genes most strongly correlated with breast cancer metastasis to bone [305]. Serial analysis of
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gene expression (SAGE) has included TFF1 in a signature of genes that are expressed in
mammary carcinoma but absent from blood and bone marrow and therefore used as a marker
for circulating breast cancer cells [306]. TFF1 has also been identified as one of a panel of
four genes that accurately detected minimal residual disease in blood and predicted survival
in breast cancer patients with metastatic disease [307]. Given that I have now demonstrated
that TFF1 is a functional driver of the neoplastic process, the previous clinical studies can
now be interpreted in that context. Despite favorable responses of TFF1-positive tumors to
Tamoxifen in early stages of breast cancer, increased expression of TFF1 in later stages of the
disease would be detrimental and contributes to progression of cancer and possibly
metastasis.
In general, there is a paucity of data on the ability of TFF1 to modulate cell cycle
progression in previously published studies [174, 175, 308]. However, this study
demonstrated that forced expression of TFF1 in mammary carcinoma cells stimulated cell
proliferation both in vitro and in xenograft models. This observation was consistent with the
gene expression profile in mammary carcinoma cells that demonstrated increased mRNA
expression of several pro-proliferative genes by TFF1. Forced expression of TFF1 in MCF-7
cells increased the expression level of c-MYC mRNA. The proto-oncogene c-MYC encodes a
transcription factor that functions as a major regulator of cell proliferation. c-MYC is
amplified or aberrantly expressed in many breast cancers cases and indicates a poorly
differentiated and invasive tumor [309]. Additionally, c-JUN and c-FOS, components of the
AP-1 transcription factor, were up-regulated by forced expression of TFF1 in MCF-7 cells.
AP-1 is differentially expressed in human breast cancers and has been implicated as an
important modulator of cell growth and invasion [310, 311]. Furthermore, increased
expression of AP-1 transcription factor was concomitant with elevated mRNA levels of its
downstream target, cyclin D1. Cyclin D1 is important for mammary cell proliferation and
exhibits increased expression in over 50% of human mammary carcinomas [312]. Cyclin D1
acts as a critical regulator of continuous cell cycle progression [312-314]. During the G2
phase of the cell cycle, growth factors induce high expression levels of cyclin D1 and prepare
cells to continue through the next G1 phase and initiate cells for entry into the S phase and
DNA synthesis [313, 314]. Here, increased expression of cyclin D1 mRNA in response to
forced expression of TFF1 correlated with increased number of cells in the S phase as
indicated by BrdU and flow cytometry analysis. Similar to cyclin D1, the expression level of
cyclin E1 mRNA, which mediates the transition of cells from G1 to S phase of the cell cycle,
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was also increased by forced expression of TFF1 [315-317]. Interestingly, forced expression
of TFF1 in MCF-7 cells increased p21 mRNA expression. Increased p21 expression has been
associated previously with inhibition of cell cycle progression [318]. However, other studies
have also demonstrated that proliferative effects of autocrine GH in Ba/F3 [319] and MCF-7
[320] cells was concomitant with specific up-regulation of p21 in these cell lines
Additionally, treatment of MCF-7 cells with IGF-I, an important stimulator of cell survival
and proliferation, induces p21 expression [321].
I have demonstrated here that forced expression of TFF1 in mammary carcinoma cells
induced cell migration and invasion. This is consistent with numerous studies that have
indicated TFF1 induced cell migration and invasion in a variety of cell lines [166, 322, 323].
Induction of cell migration and invasion requires remodeling of intracellular and extracellular
environments [324-326]. The main factors associated with this remodeling include the
disruption of cell to cell and/or cell to ECM adhesion, formation of actin stress fibers and the
assembly of leading edge lamellipodia [150, 326]. Results obtained from this study indicated
that TFF1 reduced the expression of the adherens junction‟s component. Adherens junctions
(AJs) are essential for the maintenance of cell to cell adhesion in epithelial cells [327, 328].
E-cadherin possesses a pivotal function in the establishment and stabilization of AJs [329,
330]. Its extracellular domain forms homotypic adhesion with cadherins on neighboring cells
and the intracellular domain interacts with cytoplasmic proteins that include α-, β- and γcatenins [331, 332]. Disruption of AJs is associated with increased cell migration and
invasiveness, and can be exerted through downregulation of its components, which results in
disruption of its multi-protein structural complex [329, 331]. Additionally, downregulation of
epithelial markers, E-cadherin and γ-catenin, was accompanied by upregulation of
mesenchymal markers, such as VIM and FN1. This phenomenon is recognized as a key step
in the acquisition of an epithelial-mesenchymal transition (EMT) to an invasive phenotype
with poor prognosis and often considered a prerequisite for metastasis [333-335].
Differential regulation of proliferation, survival and migration genes by TFF1 was not
limited to MCF-7 cells. Forced expression of TFF1 in T47D cells demonstrated similar
mRNA expression pattern of most genes. These genes included cyclin D1, cyclin E1, CDK4,
p21, c-MYC, MDM2, PUMA, E-cadherin, -catenin and FN1 (TABLE 6). However, a few
genes were differentially regulated by TFF1 in T47D cells, compared with MCF-7 cells. One
such gene was BIRC5 (Survivin), which was upregulated by TFF1 in T47D cells. Survivin
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belongs to the inhibitor of apoptosis (IAP) family. It inhibits caspase activation, Bax and Fasinduced apoptosis and promotes angiogenesis [336, 337]. Survivin is either undetectable or
expressed at very low levels in differentiated tissues and shows a strong tumor-specific
expression pattern [338]. One study of 420 breast cancer samples indicated that Survivin
protein was detected in 90% of tumors and increasing levels were significantly associated
with poor disease free survival [339].
Numerous studies have focused on identifying novel drug targets for the treatment of
breast cancer to achieve a high degree of specificity and efficiency. Due to the heterogeneous
nature of breast cancer, identification of a single therapeutic target that could be applied to the
majority of breast cancer patients has been difficult. Nevertheless, numerous studies have
identified TFF1 as a widely expressed protein in mammary carcinoma [294, 295]. Using both
in vitro and in vivo models, I demonstrated that TFF1 is a critical survival factor required for
the viability of TFF1 expressing mammary carcinoma cell lines used herein. Therefore,
functional antagonism of TFF1 as a potential approach for targeting mammary carcinoma
warrants consideration.
Using a well-replicated array of experiments I have shown that forced expression of
TFF1 in either MCF-7 or T47D cells led to increased oncogenictiy of both in vitro and in
vivo. Additionally, I demonstrated that functional antagonism of TFF1 reduced viability of
both MCF-7 and T47D cells. Therefore, the observed effects of TFF1 in mammary carcinoma
cells was not specific to one cell line thus confirming that the actions of TFF1 in ER+
mammary carcinoma cells may be general rather than confined to specific cell lines.
Human breast tumors are histologically complex tissues, containing a variety of cell
types in addition to carcinoma cells [340]. For this reason, mammary carcinoma cell lines are
often a simpler model to use in preliminary studies of human breast cancer. Some studies
have criticized the relevance of mammary carcinoma cell lines as true models of breast
tumors [340]. However, several studies have compared gene expression profiles and genomic
alterations of multiple primary breast tumors and mammary carcinoma cell lines and
indicated that the observed heterogeneity and many of the recurrent genomic abnormalities
that are present in primary tumors are also represented in cell lines [341, 342]. Nevertheless,
compared to primary tumors, there are important differences in cell lines. One major
difference includes the frequency of genome copy number abnormalities in primary luminal
and basal tumors [40]. Additionally, mammary carcinoma cell lines have the potential to
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undergo specific genotype/phenotype alterations resulting from long term culture in
simplified conditions thus giving rise to different degree of genomic alteration [340]. This has
the potential to result in the clonal expansion of cells vastly different from the parental cell
lines, and affect results accordingly. However, if maintained under the correct conditions and
in combination with appropriate controls, properly authenticated cell lines retain majority of
the original characteristics [343]. Nevertheless, further investigations of tumor samples are
necessary to support any data obtained from using cancer cell lines in this study.
Additionally, an important extension of this study would entail investigating whether
autocrine expression of TFF1 is sufficient to drive oncogenic transformation of a nontransformed human mammary epithelial cell line thereby evaluating the role of TFF1 as a
mammary oncogene per se.
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4.3 Conclusion
Forced expression of TFF1 enhanced the oncogenic characteristics of mammary
carcinoma cells. Conversely, functional inhibition of TFF1 by RNAi and/or TFF1 antibody
inhibited the oncogenicity of mammary carcinoma cells. Targeting of TFF1 by TFF1 Ab
therefore constitutes a potential approach for primary treatment of mammary carcinoma. This
approach could also be extended for the treatment of other neoplastic disorders where
increased expression of TFF1 is implicated.

Figure 36: Diagrammatic representation of the action of TFF1 in mammary cell carcinoma.

97

C
CH
HA
APPTTEER
R 55:: TTHHEE R
ROOLLEE OOFF TTFFFF11 IINN PPRROOSSTTAATTEE C
CAARRCCIINNOOM
MA
A
5.1 Results
5.1.1 Forced expression of TFF1 in prostate carcinoma cells does not
affect total cell number and proliferation
To determine the functional consequences of forced expression of TFF1 in prostate
carcinoma cells I generated two prostate carcinoma cell lines (PC3 and DU145) with forced
expression of TFF1 by stable transfection with a TFF1 expression vector (termed PC3-TFF1
and DU145-TFF1) or the empty pIRESneo3 vector (designated PC3-Vec and DU145-Vec).
Forced expression of TFF1 mRNA and protein in PC3-TFF1 and DU145-TFF1 cells
compared with PC3-TFF1 and DU145-Vec cells was verified by quantitative RT-PCR and
Western blot analysis (FIGURE 37).

Figure 37: Analysis of TFF1 expression by Real-Time PCR and Western blot analysis.
Analysis of forced expression or depletion of TFF1 depletion in prostate carcinoma cells was
confirmed by quantitative RT-PCR (A) and Western blot (B). **, P < 0.001.
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I next examined the effect of forced expression of TFF1 in prostate carcinoma cells on
total cell number. Change in total cell number over a period of 10 days in serum-reduced
media (0.2% FBS) was examined. Forced expression of TFF1 in both prostate carcinoma cell
lines did not affect total cell number, compared to control cells (FIGURE 38 & 39). To
examine the dynamics of cell cycle progression in PC3 and DU145 stable sets, flow
cytometric analysis of cell cycle by PI staining was performed. Cells were treated with either
serum-deprived media, serum-reduced media (0.2% FBS) or complete media (10% FBS), 24
hours prior to flow cytometry experiments. In all experimental conditions, forced expression
of TFF1 in PC3 resulted in markedly reduced percentage of cells in the S phase and elevated
percentage of cells in the G2-M phase, compared to PC3-Vec cells (FIGURE 38). Under
serum-deprived and serum-reduced conditions, DU145-TFF1 demonstrated decreased
percentage of cells in the S phase compared to DU145-Vec cells. In contrast, in complete
media DU145-TFF1 cells demonstrated increased percentage of cells in the S phase
compared to DU145-Vec cells (FIGURE 39).
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Figure 38: Effects of forced expression of TFF1 in PC3 cells on cell proliferation.
A, growth of PC3-Vec and PC3-TFF1 cell lines was assessed by total cell number in 0.2% FBS; B
and C, flow cytometry analysis of cell cycle by PI staining in serum-deprived, serum-reduced (0.2%
FBS), and complete (10% FBS) media.
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Figure 39: Effects of forced expression of TFF1 in DU145 cells on cell proliferation.
A, growth of DU145-Vec and DU145-TFF1 cell lines was assessed by total cell number in 0.2% FBS
; B and C, flow cytometry analysis of cell cycle by PI staining in serum-deprived, serum-reduced
(0.2% FBS), and complete (10% FBS) media.

5.1.2 TFF1 does not affect anchorage-independence and growth of
prostate carcinoma cells in 3D Matrigel
I examined anchorage-independent growth of both PC3-TFF1 and DU145-TFF1 and
cells compared to their respective control cells.

Forced expression of TFF1 in prostate

carcinoma cells did not enhance the ability of cells to form colonies in soft agar (FIGURE 40 &
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41). I also examined the growth of PC3 and DU145 paired cell lines in 3D Matrigel. Forced
expression of TFF1 in prostate carcinoma cells did not produce detectable change in colony
size and morphology in 3D Matrigel. Therefore, forced expression of TFF1 in PC3 and
DU145 cells did not modulate anchorage-independence and growth in 3D Matrigel (FIGURE
40 & 41).

Figure 40: Forced expression of TFF1 in PC3 does not affect anchorage independence and
colony formation in 3D Matrigel.
A, B and C, soft agar colony formation of PC3-Vec and PC3-TFF1 cells in 10% FBS media (A),
visualization of colonies under 100X magnification after MTT staining (B), and soft agar colony
viability (C) as determined by alamarBlue cell viability assay ; D, effect of forced expression of TFF1
in PC3 cells grown in GFR Matrigel.
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Figure 41: Forced expression of TFF1 in DU145 does not affect anchorage independence and
colony formation in 3D Matrigel.
A, B and C, soft agar colony formation of DU145-Vec and DU145-TFF1 cells in 10% FBS media
(A), visualization of colonies under 100X magnification after MTT staining (B), and soft agar colony
viability; D, effect of forced expression of TFF1 in DU145 cells grown in GFR Matrigel.

PC3 cells express endogenous TFF1, whereas DU145 cells do not (FIGURE 37). I
therefore utilized RNAi to investigate the effect of TFF1 depletion on the ability of PC3 cells
to form colonies in soft agar. TFF1-RNAi and negative control RNAi constructs were
transiently transfected into PC3 cells and depletion of endogenous TFF1 and protein
expression was confirmed by Real-Time PCR and Western blot, respectively (FIGURE 37).
RNAi transfected PC3 cells with depletion of TFF1 exhibited no difference in soft agar
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colony formation compared to control transfected cells as determined by number, size and
viability of colonies (FIGURE 42). In another experiment, PC3 cells were allowed to establish
in soft agar for two days and then treated with either TFF1-pAb or control IgG (FIGURE 42).
Similar to depletion of TFF1 by RNAi, neutralization of secreted TFF1 by TFF1-pAb did not
affect the viability of PC3 cells in an anchorage-independent fashion. Therefore, functional
inhibition of TFF1 did not inhibit anchorage-independence of PC3 cells.

Figure 42: Functional inhibition of TFF1 by RNAi or TFF1-pAb does not affect anchorage
independence.
A, B and C, soft agar colony formation of RNAi or control transfected PC3 cells in 10% FBS media
(A), visualization of colonies under 100X magnification after MTT staining (B), and soft agar colony
viability (C) as determined by alamarBlue cell viability (C); D, soft agar colony formation of TFF1pAb or control IgG treated PC3 as determined by alamarBlue cell viability assay.
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5.1.3 TFF1 increases migration and invasion of PC3
I utilized FITC-phalloidin staining to visualize actin filaments by confocal laser
scanning microscopy and examined the morphology of PC3 cells with forced expression of
TFF1 (FIGURE 43). There was no detectable morphology difference between PC3-Vec and
PC3-TFF1 cells.

Figure 43: Forced expression of TFF1 in PC3 cells does not alter cell morphology.
The morphology of PC3-Vec and PC3-TFF1 cells were examined by confocal microscopy by
visualization of actin filaments by FITC-phalloidin labeling. Magnification=100X.

Despite no alteration of cell morphology, the wound healing assay demonstrated that
forced expression of TFF1 in PC3 cells resulted in a more rapid wound closure compared to
control cells (FIGURE 44). Furthermore, investigating the migratory capacity of PC3 stable
cells by Transwell migration assay demonstrated that forced expression of TFF1 in PC3 cells
stimulated cell migration as compared to control cells. PC3-TFF1 cells also demonstrated
significantly increased capacity to invade through Matrigel as compared to PC3-Vec cells
(FIGURE 44). Therefore, forced expression of TFF1 in PC3 cells increased the migratory and
invasive capacity.
Additionally, I utilized RNAi to investigate the effect of TFF1 depletion on the ability
of PC3 cells to migrate and invade (FIGURE 44). RNAi transfected PC3 cells with depletion of
TFF1 exhibited significantly reduced motility and invasion, compared to control transfected
cells. Similarly, treatment of PC3 cells with TFF1-pAb significantly reduced their invasive
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capacity, compared to control IgG treatment (FIGURE 44). Therefore, functional inhibition of
TFF1 inhibited the migratory and invasive capacity of PC3 cells.

Figure 44: TFF1 enhances migration and invasion of PC3 cells.
A, wound-healing assay of PC3-Vec and PC3-TFF1 cells, wounded areas were examined under 100X
magnification at the indicated times; migration and invasion of PC3 cells with forced expression (B)
or depletion of TFF1 (C); invasion of PC3 cells treated with TFF1-pAb or control IgG. Migration and
invasion of cells are presented as the ratio of migrated or invaded cells compared with the control
cells. *, P < 0.05; **, P < 0.001.
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5.1.4 Forced expression of TFF1 in DU145 cells increases migration and
invasion concomitant with alteration of cell morphology
Similar to PC3-TFF1 cells that demonstrated enhanced ability to migrate and invade,
forced expression of TFF1 in DU145 cells significantly increased cell migration and
invasion. Additionally, wound healing assay demonstrated that DU145-TFF1 cells displayed
a more rapid wound healing response compared to DU145 cells (FIGURE 45).

Figure 45: Forced expression of TFF1 in DU145 cells enhances migration and invasion.
A, wound-healing assay of DU145-Vec and DU145-TFF1 cells, wounded areas were examined under
100X magnification at the indicated times; migration and invasion of PC3 cells with forced
expression (B) or depletion of TFF1 (C); invasion of PC3 cells treated with TFF1-pAb or control IgG.
Migration and invasion of cells are presented as the ratio of migrated or invaded cells compared with
the control cells. *, P < 0.05; **, P < 0.001.

FITC-phalloidin labeling of actin filaments demonstrated that DU145-Vec cells were
tightly organized in colonies and displayed epitheloid morphology, while DU145-TFF1 cells
demonstrated a loss of cell-cell contact, disorganized colony structure and cell spreading
107

(FIGURE 46). Disorganization and spreading of DU145-TFF1 cells compared to DU145-Vec
cells was also quantified by a colony scattering assay. Cells were plated at a very low density
and allowed to form colonies for five days after which the morphology of colonies was
analyzed. DU145-Vec cells primarily formed compact colonies, whereas DU145-TFF1 cells
possessed a significantly increased number of loose and scattered colonies (Figure 46).
Therefore, forced expression of TFF1 in DU145 cells resulted in enhanced ability of
cells to migrate, invade and detach from colonies in culture.

Figure 46: Forced expression of TFF1 in DU145 cells causes cell scattering.
A, the morphology of DU145 cells examined by confocal microscopy by visualization of actin
filaments by FITC-phalloidin labeling (Magnification=100X); B, light microscopy examination of
DU145 cells; percentage of compact (>90% cell-cell contact), loose (50–90% cell contact) and
scattered (<50% cell contact) colonies in DU145-Vec and DU145-TFF1 cells; D, examples of
compact, loose, and scattered colonies of DU145 cells. **, P < 0.001.
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5.1.6 TFF1 modulates the mRNA migration-invasion associated genes
I examined the mRNA expression level of genes that are deregulated during cancer
migration/invasion/metastasis by Real-Time PCR. DU145-TFF1 cells exhibited decreased
mRNA levels of E-cadherin in comparison with DU145-Vec cells. In contrast, the mRNA
expression levels of MMP1, MMP2 and Snail were increased in response to forced
expression of TFF1 (TABLE 5). Expression levels of Snail, E-cadherin, MMP1 and MMP2 are
deregulated in advanced and metastatic prostate cancer.
To determine whether TFF1 affected E-cadherin gene expression at the transcriptional
level, I examined the activity of the gene promoter of E-cadherin. DU145-Vec and DU145TFF1 cells were transfected with luciferase reporter constructs containing the E-CADHERIN
gene, encompassing nucleotides –108 to +125. DU145-Vec cells exhibited a significantly
higher promoter activity of the E-CADHERIN genes compared with DU145-TFF1 cells
(FIGURE 47). E-cadherin protein expression levels were also examined by Western blot and
visualized by confocal laser scanning microscopy. Forced expression of TFF1 in DU145 cells
markedly decreased the protein levels of E-cadherin as observed by Western blot analysis
(FIGURE 47). Immunofluorescence staining of cells demonstrated typical E-cadherin
localization at the sites of intercellular junctions in DU145-Vec cells, whereas DU145-TFF1
cells displayed markedly lower intensity of E-cadherin staining.
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Functional Gene
Grouping

Cell Cycle Control
& DNA Damage
Repair

Apoptosis and Cell
Senescence

Signal
Transduction
Molecules and
Transcription
Factors

Migration &
Invasion

Fold Change#

p-value

ATM
CCND1 (CYCLIN D1)
CCNE1 (CYCLIN E1)
CDC25A
CDK2
CDK4
CDKN1A (p21)
CDKN2A (p16)
E2F1
RB1

1.13
1.16
-1.14
1.27
-1.21
1.07
-1.22
-1.83
1.40
-1.41

2.16E-02
5.19E-02
4.12E-04
1.19E-02
5.14E-02
6.38E-03
1.78E-02
3.35E-04
2.13E-02
6.14E-03

BAD
BAX
BBC3 (PUMA)
BCL2
BCL2L1
BIRC5 (SURVIVIN)
MDM2
PMAIP1 (NOXA)
TERT
TP53
TP53AIP1
TNF
AKT1
ERBB2
c-FOS
c-JUN
c-MYC
NFκB1
NFκBIA
RAF1

1.08
1.16
-1.58
1.16
1.33
1.76
1.13
-1.12
-1.41
-3.14
-1.27
1.05
2.21
1.17
1.14
-1.12
-1.92
-1.71
2.09
1.11

6.33E-02
6.13E-02
4.15E-04
6.37E-02
2.65E-03
4.43E-04
6.13E-02
3.35E-02
4.62E-02
6.52E-04
7.19E-02
1.53E-01
2.30E-03
6.19E-02
7.43E-03
6.64E-02
4.45E-03
5.12E-03
4.79E-03
1.29E-02

CDH1 (E-CADHERIN)
CTNNA1(α-CATENIN)
CTNNB1(β- CATENIN)
IL8
MET
MMP1
MMP2
MMP9
MTA1
MTA2
NME1
PLAU
PLAUR
PTGSB (COX-2)
SNAI1 (SNAIL)
SNAI2 (SLUG)
TGFB
TIMP1
TIMP3
FN1 (FIBRONECTIN)
TWIST1
VIM (VIMENTIN)

-3.22
-1.14
1.19
1.12
1.35
6.71
1.85
-1.10
1.04
-1.30
-1.04
-1.08
1.16
1.36
3.46
1.35
-1.06
1.22
-1.16
1.33
-1.17
1.33

3.57E-04
2.63E-03
1.76E-02
5.12E-01
1.14E-03
1.16E-05
7.14E-04
6.48E-02
1.12E-02
2.69E-03
2.42E-01
6.32E-02
1.77E-02
3.78E-03
4.75E-04
1.19E-02
3.17E-02
8.28E-03
6.07E-02
7.67E-03
5.15E-02
6.02E-03

Gene

Table 7: Changes in mRNA expression of functional genes in DU145-TFF1 relative to DU145Vec cells.
#
Average of three experiments represents each gene fold-change. A positive value indicates increased
gene expression and a negative value indicates decreased gene expression in DU145-TFF1 cells
relative to DU145-Vec cells. Each experiment was performed three or more times with independent
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samples. Each change in gene expression is expressed as “fold change” and is the average of 3
experiments. Changes in relative expression >1.5-fold were taken as significant.

Figure 47: Forced expression of TFF1 in DU145 cells downregulate E-cadherin expression.
A, repression of E-CADHERIN gene promoter activity; reduction of E-cadherin mRNA (B) and
protein expression (C); D, immunofluorescence staining of cells by E-cadherin antibody examined by
confocal microscopy. **, P < 0.001.
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Functional Gene
Grouping

Cell Cycle Control
& DNA Damage
Repair

Apoptosis and Cell
Senescence

Signal
Transduction
Molecules and
Transcription
Factors

Migration &
Invasion

Fold Change#

p-value

ATM
CCND1 (CYCLIN D1)
CCNE1 (CYCLIN E1)
CDC25A
CDK2
CDK4
CDKN1A (p21)
CDKN2A (p16)
E2F1
RB1

1.05
1.22
1.08
-1.13
1.24
-1.20
1.09
-1.45
-1.22
1.06

3.45E-02
4.33E-03
8.11E-03
1.56E-02
4.12E-03
5.72E-03
7.13E-02
6.52E-04
3.95E-02
8.19E-03

BAD
BAX
BBC3 (PUMA)
BCL2
BCL2L1
BIRC5 (SURVIVIN)
MDM2
PMAIP1 (NOXA)
TERT
TP53
TP53AIP1
TNF
AKT1
ERBB2
c-FOS
c-JUN
c-MYC
NFκB1
NFκBIA
RAF1

-1.32
1.20
-1.14
1.22
-1.14
1.19
1.33
-1.09
1.30
-1.16
1.11
-1.13
1.39
1.05
-1.12
1.42
1.31
-1.35
-1.22
-1.04

5.45E-04
4.21E-03
6.96E-03
1.17E-03
4.87E-02
3.65E-02
7.42E-03
1.60E-02
1.12E-03
3.24E-01
5.22E-02
4.87E-02
8.61E-03
7.09E-02
6.02E-03
5.45E-02
3.27E-02
7.84E-04
3.14E-03
2.13E-02

CTNNB1(β- CATENIN)
IL8
MET
MMP1
MMP2
MMP9
MTA1
MTA2
NME1
PLAU
PLAUR
PTGSB (COX-2)
SNAI1 (SNAIL)
SNAI2 (SLUG)
TGFB
TIMP1
TIMP3
FN1 (FIBRONECTIN)
TWIST1
VIM (VIMENTIN)

-1.31
1.31
1.41
1.30
1.24
1.16
1.04
1.26
-1.04
1.17
1.05
1.15
1.04
1.46
-1.31
-1.07
1.20
1.28
1.12
1.09

3.90E-03
5.03E-02
1.14E-03
4.76E-04
2.15E-02
7.02E-02
1.44E-01
7.12E-03
8.42E-02
3.89E-03
6.08E-02
8.92E-03
2.12E-02
3.28E-03
9.01E-03
2.78E-02
7.99E-03
1.63E-02
8.41E-02
8.02E-02

Gene

Table 8: Changes in mRNA expression of functional genes in PC3-TFF1 relative to PC3-Vec
cells.
#
Average of three experiments represents each gene fold-change. A positive value indicates increased
gene expression and a negative value indicates decreased gene expression in PC3-TFF1 cells relative
to PC3-Vec cells. Each experiment was performed three or more times with independent samples.
Each change in gene expression is expressed as “fold change” and is the average of 3 experiments.
Changes in relative expression >1.5-fold were taken as significant

112

5.2 Discussion
Herein, I have demonstrated that forced expression of TFF1 did not increase cell
proliferation and anchorage-independent growth. However, TFF1 significantly enhanced the
motility and invasion of prostate carcinoma cells in vitro. Enhancement of the migratory and
invasive capacity of DU145 was also concomitant with acquisition of an invasive
morphology and colony scattering. Concordantly, I demonstrated that functional inhibition
of TFF1 by RNAi and/or polyclonal antibodies inhibited prostate carcinoma cell migration
and invasion in vitro. Furthermore, forced expression of TFF1 in DU145 cells resulted in
differential mRNA expression of genes that are deregulated during acquirement of an
invasive phenotype.
Previous studies have shown that TFF1 mRNA and protein were differentially
expressed between human benign and malignant tissue with 92% of prostate tumors positive
for TFF1 [240, 241]. Additionally, Vestergaard et al. have demonstrated significantly higher
plasma concentrations of TFF1 in patients with hormone refractory advanced disease (median
value=1320 pmol/L), compared to patients with localized disease (median value=530
pmol/L) [242]. Therefore, the main objective of this study was to investigate the possible
oncogenic effects of TFF1 in hormone refractory human prostate carcinoma cell line models
(e.g. PC3 and DU145 cell lines). The DU145 cell line was established from a tumor removed
from a brain metastasis lesion [344]. The PC3 cell line was established from metastasis to
lumbar vertebra [345]. Both cell lines lack expression of AR [346]. However, some studies
have shown the presence of AR in these cell lines which could be due to tumor cell line
heterogeneity and different experimental conditions [347].
I observed no difference in total cell number between prostate carcinoma cells with
forced expression of TFF1 and their respective control cells. However, forced expression of
TFF1 in PC3 cell resulted in dramatic changes in cell cycle dynamics. In response to forced
expression of TFF1, PC3 cells demonstrated a markedly increased percentage of cells in the
G2-M phase and reduced the S phase fraction across all experimental conditions (i.e.
presence or absence of FBS in the media). Increased percentage of cells in the G2-M phase is
usually observed after treatment of cells with cytotoxic drugs [348]. DNA damage may
activate the G2 checkpoint and result in G2-M delay. Additionally, activation of the G2
checkpoint and delayed G2-M acts as a survival mechanism for cancer cells to evade
apoptosis [349]. This phenomenon has been thoroughly described in a study recently
113

published by Wang et al. [350]. The authors observed that treatment of cells with curcumin, a
naturally occurring yellow pigment isolated from turmeric, induced apoptosis in several
hepatoma cell lines [350]. The rate of apoptosis was inversely proportional to the percentage
of cells at the G2-M phase such that treatment of the most curcumin-sensitive cell line (Huh7
cells) did not change the cell cycle distribution, whereas curcumin-resistant cells (Hep3B
cells) demonstrated significantly increased percentage of cells in the G2-M phase [350].
Resistance of Hep3B cells against curcumin-induced apoptosis was concomitant with the
activation of the Chk1 pathway such that Chk1 silencing sensitized cells to the apoptotic
effects of curcumin via upregulation of Bad [350]. Therefore, the observed delayed G2-M as
a result of forced expression of TFF1 in PC3 cells may be due to the activation of the G2
checkpoint and TFF1 may act as a survival stimulus against cytotoxic drugs. A supporting
evidence for this speculation also stems from the interesting observation that compared to
serum-depleted or serum-reduced conditions, PC3-Vec cells also demonstrated increased
percentage of cells in the G2-M phase when cells were treated with 10% FBS, which is a rich
source of growth and survival factors (FIGURE 38).
Forced expression of TFF1 in both PC3 and DU145 cell lines enhanced the migratory
and invasive capacity. However, only DU145 cells demonstrated morphology change and
colony scattering in response to forced expression of TFF1. Wild type DU145 cells display
epitheloid morphology and possess a moderate metastatic potential [351]. In contrast, wild
type PC3 cells are highly invasive and metastatic [351]. Such differences in cell behaviour
reflect the differential expression of genes between the two cell lines. In fact, several studies
have demonstrated that E-cadherin mRNA/protein is not expressed in PC3 cells which may
be one reason for the highly invasive and metastatic characteristics of this cell line [352].
Herein, I observed that forced expression of TFF1 in DU145 cells resulted in
decreased E-cadherin expression at promoter, mRNA and protein levels. Additionally,
downregulation of E-cadherin expression correlated to increased mRNA levels of Snail, a
zinc-finger transcription factor and a direct transcriptional repressor of E-cadherin [353].
Snail is upregulated in metastatic prostate carcinoma [354]. Snail directly contributes to
tumor invasion by conferring invasive cell morphology and mediating EMT via repression of
E-cadherin expression [355, 356]. Herein, increased expression of Snail in DU145-TFF1 cells
was also concomitant with elevated mRNA levels of its downstream targets, MMP1 and
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MMP2 [357]. Taken together, the observed cellular and molecular changes may indicate a
role for TFF1 in mediating prostate cancer metastasis, which requires further investigation.
Forced expression of TFF1 also promoted migration and invasion of PC3 cells.
Furthermore, functional antagonism of TFF1 by RNAi or TFF1-pAb inhibited cell
migration/invasion. Despite similar effects of TFF1 in induction of migration and invasion in
both PC3 and DU145 cell lines, in PC3 cells I observed no significant differential regulation
of genes that I investigated here (TABLE 8). Therefore, the regulatory mechanisms of TFF1
action in DU145 and PC3 cells may be diverse and cell line specific. Further investigation of
TFF1 action in DU145 and PC3 cell lines is required to delineate the implicated mechanisms
and therefore demonstrate whether the molecular actions of TFF1 in both cell lines are
completely distinct or partially share common pathways.

5.3 Conclusion
I have demonstrated herein that TFF1 promoted migration and invasion of prostate
carcinoma cells in vitro. In contrast, functional inhibition of TFF1 by RNAi or TFF1-pAb
inhibited prostate carcinoma cell migration and invasion in vitro. Animal studies are currently
in progress to investigate whether the observed in vitro effects of TFF1 would correlate to
similar observations in vivo. We seek to further investigate the effects of TFF1 on local
invasion of prostate carcinoma cells and distant metastasis by utilizing models of
experimental metastasis (e.g. tail vein injection) and xenograft implantation. Additionally, we
aim to investigate whether inhibition of PC3 secreted TFF1 by antibodies could inhibit tumor
metastasis in vivo. Taken together, extension of the in vitro studies in animal models would
define the possible role of TFF1 in enhancement of prostate cancer metastasis and thus
provide evidence that functional antagonism of TFF1 could be considered as a novel
therapeutic strategy for advanced prostate carcinoma.
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The main focus of this study was to investigate the role of TFF1 in mammary and
prostate carcinoma, owing to several lines of evidence that demonstrated increased
expression of TFF1 in a high percentage of malignant mammary and prostate tissues that
normally express minimal or no TFF1. I therefore aimed to identify cellular and molecular
processes that are modulated by TFF1 and contribute to cancer progression. I investigated
multiple aspects of neoplastic progression including cell proliferation, resistance against
apoptosis and anoikis, migration and invasion. Consequently, I have demonstrated the
oncogenic functions of TFF1 in mammary carcinoma and enhancement of invasive capacity
by TFF1 in prostate carcinoma. Additionally, several genes were identified that may mediate
the observed effects of TFF1 in mammary and prostate carcinoma cell lines utilized in this
study. Furthermore, I demonstrated that inhibition of TFF1 expression by RNAi or
neutralization of secreted TFF1 by TFF1-pAb abrogated the oncogenicity of mammary
carcinoma cells and inhibited prostate carcinoma cell invasion.
This study utilized Real-Time PCR quantification of key genes with deregulated
expression during cancer progression, to identify some of the target genes that may contribute
to the observed effects of TFF1. However, due to post-translational modifications, most
genes are also regulated at the protein level [358]. Therefore, the expression profile of the
candidate genes at the protein level needs to be determined to validate the PCR data.
Furthermore, contribution of each candidate gene to the observed effects of TFF1 will need to
be evaluated by RNAi depletion or pharmacological inhibition of each gene‟s activity to
investigate the consequence on the relevant cellular process (e.g. anchorage-independence,
migration etc.).
As described previously, several lines of evidence suggest that TFF1 is proangiogenic such that TFF1-mediated angiogenic response was comparable to VEGF and
TGF-α [264]. It will be interesting to experimentally explore the possibility that TFF1 may
act as an angiogenic factor in mammary and prostate cell carcinoma. Angiogenic effects of
TFF1 could be studied in vitro by use of endothelial cells such as the HMEC-1 (Human
Microvascular Endothelial Cells) cell line [359]. In response to angiogenic factors, HMEC-1
cells are able to form 3D capillary-like tubules on Matrigel thus mimicking angiogenesis in
vitro [359]. Therefore, paracrine effects of cells with forced expression of TFF1 on HMEC-1
tube formation would measure the angiogenic response

in

vitro. Furthermore,
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immunohistochemical

detection

of

markers

associated
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angiogenesis
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lymphangiogenesis as well as microvessel density on tumor xenograft slides would confirm
the angiogenic effects in vivo. mRNA and protein expression analysis of genes associated
with angiogenesis (e.g. members of the VEGF and VEGFR family) would elucidate genes
that may mediate the angiogenic effects of TFF1.
Previous studies have demonstrated that expression of TFF1 is upregulated in human
mammary, colon, and gastric carcinoma cells exposed to X-rays [360]. Given that several
lines of evidence including this study suggest that TFF1 mediates cell survival, it could be
argued that upregulation of TFF1 in irradiated cells act as a survival/repair mechanism.
Indeed, studies in our laboratory have demonstrated that forced expression of TFF1 in T47D
and MDA-MB-231 mammary carcinoma cell lines protects cells against ionizing radiationinduced apoptosis (unpublished observations; Bougen, N). Conversely, neutralization of
secreted TFF1 by TFF1-pAb in T47D cells significantly decreases clonogenic cell survival
and DNA repair after irradiation. Given that the present study has also shown in vivo tumor
regression after TFF1-pAb treatment, we have sufficient evidence to suggest that combined
irradiation and antibody treatment will have a synergistic effect on tumor regression in vivo.
Further confirmation of this hypothesis will substantiate the rationale for targeting TFF1 in
combination with irradiation as a therapeutic strategy in mammary carcinoma.
Both mammary carcinoma cell lines utilized for this study are ER+. However, as
previously mentioned, there is evidence that a subset of hormone independent mammary
tumors express high levels of TFF1 [236]. Therefore, characterization of TFF1 in ERmammary carcinoma cell lines in vitro and xenograft models would be necessary to
determine the role of TFF1 in ER- cell lines. Additionally, our investigation on the role of
TFF1 in prostate carcinoma was limited to androgen-independent cell lines (i.e. PC3 and
DU145). Thus, further investigation of TFF1 in androgen-responsive prostate carcinoma cell
lines (e.g. LNCaP) is required to provide a more comprehensive view of TFF1 actions in
prostate cancer.
A major challenge of the present study and future work on functional characterization
of TFF1 in neoplastic disorders is the failure in delineating the receptor(s) for TFF1. This has
complicated previous attempts to gain an insight into the biology of TFF1. Several questions
need to be answered to have a better understanding of TFF1 in physiological and pathological
conditions. For example, what are the receptor-ligand kinetics? What is the relationship
117

between the expression levels of TFF1 and its receptor levels? Although, we can simply
verify the expression levels of TFF1 in tumor samples or cell lines, this information would
not determine the responsiveness of a particular tumor or cell line to autocrine or paracrine
actions of TFF1. Currently, major work in our laboratory is in progress to identify TFF1
interacting proteins in mammary carcinoma cell membrane. Identification of TFF1
receptor(s) will assist us in gaining a better understanding of TFF1 biology and provide us
with novel drug targets for neoplastic disorders in which TFF1 is implicated.
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A
APPPPEEN
ND
DIIX
XA
A
DNA Loading dye 6X

0.25% Bromophenol blue
0.25% Xylene cyanol
30% glycerol

50X TAE stock buffer
Tris

242 g/L

Glacial acetic acid

57.1 mL/L

Na2EDTA.2H2O

37.2 g/L

DEPC treated RNAse-free MilliQ water
Add 0.1% DEPC to MilliQ water
Mix for over night
Autoclave for 20 min to remove DEPC
Store at RT

LB agar
NaCl

10 g

Tryptone

10 g

Yeast extract

5g

Agar

20 g

Add MilliQ water to a final volume of one litre
Adjust pH to 7.0 with 10 M NaOH
Autoclave
Pour into petri dishes (around 25mL per 100-mm
plate)
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LB broth
NaCl

10 g

Tryptone

10 g

Yeast extract

5g

Add MilliQ water to a final volume of one litre
Adjust pH to 7.0 with 10M NaOH
Autoclave

Cell lysis Buffer (Western blot)
Tris-HCl, pH 7.4

50 mM

Nonidet P-40

1%

NaCl

150 mM

EDTA

1 mM

NaF

1 mM

PMSF

1 mM

Na3VO4

1 mM

Add MilliQ water to a final volume of 10mL
Aliquot as 0.9 mL per Eppendorf tube and store at -200 c
Dissolve 1 completeTM Mini protease inhibitor cocktail tablet (Roche
Applied science, Germany) into 1 mL of MilliQ water, aliquots as 0.1 mL
per Eppendorf tuba and store at -20ºC
Mix one aliquot of cell lysis buffer with one aliquot of protease inhibitor
solution before use.

5X Laemmlli sample buffer
SDS

10 g

Glycerol

50 mL

2-Mercapto-ethanol

25 mL

1.5M tris HCl pH
6.8

20 mL
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Bromophenol blue

40 mg

DTT

7.75 mg

Add MilliQ water to a final volume of 100
mL

0.5 M Tris-HCl, pH=6.8
Tris

6g

MilliQ Water

60 mL

Adjust pH value to 6.8 with 2 N HCl and full up to 100 mL with
MilliQ water

1.5 M Tris-HCl, pH=8.8
Tris

27.3 g

MilliQ water

80 mL

Adjust Ph value to 8.8 with 2N HCl and fill upto 150 mL with
MilliQ water

Gel Recipes (for 2 thin mini-gels)
Resolving Gel (pH 8.8)
Percentage of gel
30% Acrylamide
1.0M Tris-Cl pH 8.8
20% (w/v) SDS
Milli-Q H2O
Mixed together. APS and TEMED
were added just before pouring

8%
2mL
3mL
38µL
2.43mL

10% (w/v) APS
TEMED
Final Volume

36µL
5µL
7.5mL

10%
2.5mL
3mL
38µL
1.9mL

36µL
5µL
7.5mL

12.5%
3.1mL
3mL
38µL
1.3mL

36µL
5µL
7.5mL
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Stacking Gel (pH 6.8)
Percentage of stack
30% acrylamide
1M Tris-Cl pH6.8
20% (w/v) SDS
Milli-Q H2O
Mixed together. APS and TEMED
were added just before pouring.

4%
660µL
630µL
25µL
3.6mL

6%
1mL
630µL
25µL
3.6mL

10% (w/v) APS
TEMED
Final Volume

25µL
5µL
5mL

25µL
5µL
5mL

4X Electrophoresis stock buffer
Glycine

57.4 g

Tris

7g

SDS

4g

Add MilliQ water to afinal volume of one litre

Tris-glycine Electrophoretic Transfer Buffer
Glycine

14.4 g

Tris

3g

Methanol

200 mL

Add MilliQ water to a final volume of one litre
MilliQ water
Make it freshly each time and chilled to 4ºC

Blocking Buffer
Non-fat milk
powder

5g
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Add PBS-0.1% Tween20 to afinal volume of 100
mL

PBS-0.1% Tween-20 washing buffer
1X PBS buffer

999 mL

Tween-20

1 mL

Blocking solution (BrdU labelling and Staining)
1XPBS buffer

10 mL

Horse serum

3 drops

Primary Antibody Solution (BrdU Labelling and
Staining)
Anti-Brdu antibody

50 μL

1X PBS buffer

10 mL

BSA

200 μg

Secondary Antibody Solution (BrdU Labelling and
Staining)
Secondary Antibody

1 drop

1X PBS Buffer

10 mL

Horse serum

2 drops
2 μL

Tween-20

Tertiary Antibody solution (BrdU labelling and
staining)
Reagent A

1 drop

Reagent B

1 drop

1X PBS Buffer

10 mL

Substarte solution (BrdU labelling and staining)
DAB tablet

1
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H202 tablet

1

MilliQ water

1mL

TE buffer
10 mM Tris-HCl
1 mM EDTA pH 8.0

Commassie destain
Methanol

95 mL

Glacial acetic acid

75 mL

Made up to one liter with Milli-Q
water

10x PBS
NaCl

80 g

KCl

2g

Na2HPO4

14.4 g

KH2PO4

2.4 g

Adjust pH to 7.2 with HCl
(0.2 below required pH as this will change during
filtering)
Adjust volume to 1L with additional distilled H2O
Sterilize by autoclaving
Dilute to 1x PBS in sterile H20 and re-autoclave for use
10x Trypsin (0.25%)
Trypsin

2.5 g

EDTA.4Na

0.372 g

NaHCO3

0.35 g

HBSS (Sigma H-4891)

1 bottle

Dissolved in 1L of autoclaved H2O
Adjust pH to 7.2
(0.2 below required pH as this will change during
filtering)
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Store at -20oC

HBSS
Potassium Chloride

0.4 g/L

Potassium Phosphate Monobasic
(anhydrous)

0.06 g/L

Sodium Chloride

8.0 g/L

Sodium Phosphate Dibasic

0.04788

(anhydrous)

g/L

D-Glucose

1.0 g/L

0.4% Trypan blue
Trypan blue

0.4 g

Bring to a slow boil
Cool to room temperature
Make up to 100 mL with
PBS.
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