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Abstract

The trefoil factor family of secreted proteins contains three members; trefoil
factor 1 or TFF1, trefoil factor 2 or TFF2, and trefoil factor 3 or TFF3. These three
proteins share a conserved 42-43 amino acid domain containing 6 cysteine residues
resulting in three disulfide bonds that holds the protein in a characteristic three-loop or
“trefoil structure” known as the P domain. TFF1 is primarily localized to the stomach
and secreted by the gastric mucosa while TFF2 and TFF3 are primarily localized to the
colon and duodenum and secreted by the goblet cells. All three of these proteins play a
protective role in the gastrointestinal tract where they are normally localized and have
been identified as possible tumor suppressors, however, these proteins are also
upregulated in cancer within tissues where they are not normally expressed including
the breast, pancreas, prostate, and liver. The mechanisms by which two of these factors,
TFF1 and TFF3, promote tumorigenesis remain largely undefined. In this dissertation
we will attempt to elucidate these mechanisms as well as the regulation of these two
proteins in both pancreatic and prostate cancer. Many of the underlying genetic and
molecular mechanisms involved in the development of both pancreatic and prostate
cancer remain largely unknown and as a result, therapeutic and diagnostic tools for

treating these diseases are not as effective as they could be. By deciphering the role of
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TFF1 and TFF3 in these cancers, they could potentially serve as new therapeutic targets
or biomarkers for treating both diseases.

Chapter 2 of this dissertation will examine the functional role of TFF1 promoting
tumorigenesis in pancreatic and prostate cancer. We will show that TFF1 expression is
critical for the viability of both pancreatic and prostate cancer cells and that reduction of
TFF1 expression in these cells results in decreased tumorigenicity when implanted in
immunocompromised mice. It will also be demonstrated that TFF1's function in
promoting tumorigenicity is its ability to assist tumor cells overcome the tumor
suppressive barrier of senescence. Thirdly, we show that the form of senescence that
TFF1 assists in allowing the cells overcome is oncogene-induced senescence (OIS).
Lastly, a cell cycle array identifies the potential downstream target p21<¥, a cyclin-
dependent kinase inhibitor and OIS marker, whose expression is induced by loss of
TFF1 expression.

In Chapter 3 of this work, we examine the role of another trefoil factor family
member, TFF3, and its role in promoting prostate tumorigenesis. Just as with TFF1, it
appears that TFF3 3 expression is critical for prostate cancer cell viability and
tumorigenicity using the same experimental techniques used in Chapter 2. Using a
genetically defined model of prostate cancer, a PI3-kinase-dependent regulatory
mechanism of TFF3 emerges in this prostate cancer context. Using this system we begin

to see a divergence in both regulation and function of TFF1 and TFF3 in prostate cancer.

-V -



Finally, a mouse model expressing TFF3 was developed to monitor the histopthological
changes associated with expression of this protein. Initial characterization of this model
suggests a hyperplastic phenotype coinciding with TFF3 expression in the prostate.

The two studies in this dissertation establish a role of TFF1 and TFF3 in both
prostate and pancreatic tumorigenesis and demonstrate that ablation of expression of
both proteins is a potent inhibitor of tumorigenesis. With this knowledge, it is possible
that TFF1 and TFF3 may become a potential therapeutic target or diagnostic marker for

better treatment of prostate and pancreatic cancer.
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1. Introduction

1.1 Trefoil Factor Proteins

The trefoil factor proteins are a family of small secreted proteins containing three
members; Trefoil Factor 1 or TFF1, Trefoil Factor 2 or TFF2, and Trefoil Factor 3 or TFF3.
These three proteins share a conserved 42-43 amino acid domain containing 6 cysteine
residues resulting in three disulfide bonds which holds the protein in a characteristic
three-loop or “trefoil structure” known as the “P” domain, rendering them acid and
protease resistant. This structure and resulting resistance to degradation is concomitant
on the normal localization and function of these proteins. TFF1 is primarily localized to
the stomach and secreted by the gastric mucosa while TFF3 is primarily localized to the
colon and duodenum and secreted by the goblet cells. Both these proteins play a
protective role in the gastrointestinal tract where they are normally localized and have
been identified as possible tumor suppressors, however, both proteins are upregulated
in cancer within tissues where they are not normally expressed including the breast,

pancreas, prostate, and liver.



1.1.1 Structure of Trefoil Factor Proteins

All three members of the Trefoil Factor family share a unique protein structure
that is the result of conserved genetic sequences from amphibians to higher mammalian
species (Sands and Podolsky, 1996). The genes encoding the three human trefoil factor
family members are clustered in a 55-kb region of chromosome 21q22.3 (Wong et al.,
1999). These proteins get their name from their characteristic three-loop cloverleaf or
“trefoil” structure formed by intrachain disulfide bonds between six conserved cysteine
residues known as the P-domain or trefoil domain with structure rendering these
proteins small in size, compact, and resistant to proteolytic and acidic degradation
(Jorgensen et al., 1982; Playford et al., 1995; Westley et al., 2005). All three TFFs share a
conserved primary structure consisting of an N-terminal signal peptide, one TFF domain
for TFF1 and TFF3, two TFF domains for TFF2, and a carboxy-terminal acidic domain
(Thim and May, 2005). While these family members share common structural elements
that result in a characteristic protein structure, they contain unique regulatory genetic
elements that allow for distinct physiological expression patterns.
1.1.1.1 Gene Structure and Regulation of Trefoil Factor Family Members

The human TFF1 gene, originally named pS2 or breast cancer inducible gene,

was cloned from the breast cancer cell line MCF-7 and is approximately 4.5-kb long
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containing three exons encoding an N-terminal signal peptide, one TFF domain, and a
C-terminal acidic domain (Sands and Podolsky, 1996). The promoter region contains an
estradiol responsive element (ERE) with enhancer elements in this region responsive to
tumor promoter TPA, epidermal growth factor (EGF) as well as the c-Ha-Ras and c-jun
proteins (Ribieras et al., 1998). A functional AP-1 domain in a 5" region upstream from
the TFF1 promoter has also been identified (Ribieras et al., 1998). Estradiol-mediated
regulation of TFF1 gene expression at the transcriptional level has been shown to occur
in breast cancer (Rio et al., 1987) but this mode of regulation has not been conclusively
demonstrated in other tissues. The transcription factor GATA-6 has been shown to
activate expression of TFF1 and TFF2, normally expressed in the stomach, in gastric cell
lines but not TFF3 expression, which is normally expressed in the small intestine (Al-
azzeh et al., 2000). TFF1 expression has been shown to be downregulated by NF«kB and
C/EBPP (Dossinger et al., 2002). TFF1 gene expression is also regulated epigenetically
via promoter methylation and may account for the specific tissue localization of TFF1
expression (Carvalho et al., 2002; Fujimoto et al., 2000; Martin et al., 1995; Martin et al.,
1997; Ribieras et al., 2001; Sato et al., 2003).

TFF2, also known as SP or spasmolytic polypeptide, was first identified as a side
product from the purification of insulin from porcine pancreas (Sands and Podolsky,

1996). Little is known about the transcriptional regulatory elements of this gene but the
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transcription factor GATA-6 as well as STAT-6, USF and PPARY has been shown to
activate TFF2 gene expression (Al-azzeh et al., 2000; Baus-Loncar et al., 2004) whereas
NFkB and C/EBPp appear to downregulate expression (Dossinger et al., 2002).

The TFE3 gene, also known as intestinal trefoil factor or ITF and originally cloned
from a rat jejunal library, contains two estradiol responsive elements (EREs) in the
promoter region (Baus-Loncar et al., 2004). Induction of TFF3 expression has been
shown to be estrogen-dependent and progesterone-independent in breast cancer cells
(May and Westley, 1997a). The pro-inflammatory cytokine IL-6 also induces TFF3 gene
expression via the STAT3 transcription factor (Tebbutt et al., 2002). The TFF3 promoter
contains HIF-1 response elements (Furuta et al., 2001) and mice with constitutively
active HIF-1 expression upregulated a number of gastro protective genes including TFF3
(Karhausen et al., 2004). As demonstrated with TFF1 and TFF2, NFkB and C/EBP down
regulate expression of this gene via four NFkB and two C/EBPP binding motifs
(Dossinger et al., 2002; Loncar et al., 2003).
1.1.1.2 Protein Structure of Trefoil Factor 1 (TFF1)

Mammalian orthologous sequence analysis of TFF1 across different species,
including human, rat, mouse, canine, pig, and chimp, shows an overall amino acid
sequence conservation of 52 percent with a 57 percent homology in the trefoil domain

(Thim and May, 2005). The human TFF1 gene encodes a pre-protein of 84 amino acids
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containing an N-terminal signal peptide sequence unique to secreted proteins which is
proteolized during passage through the endoplasmic reticulum to form a 60 amino acid
sequence encoding a 9-kD mature protein (Ribieras et al., 1998; Thim and May, 2005).
TFF1 contains a single trefoil domain with the six cysteine residues forming three
intermolecular disulfide bonds in a 1-5, 2-4, and 3-6 configuration resulting in the
characteristic cloverleaf structure. Additionally, there is a seventh cysteine residue
located on the carboxy terminus of the protein allowing homodimerization as well as
intramolecular disulfide bonds with other proteins (Thim and May, 2005).
Homodimerization has been shown to be critical in the biological functions of TFF1
specifically in its ability to stimulate cell migration and proliferation in vitro (Calnan et
al., 1999; Marchbank et al., 1998; Prest et al., 2002) and protect against gastric damage in
vivo (Marchbank et al., 1998). Heterodimerization of TFF1 with mucin, specifically
MUCS5AC, through C-terminal disulfide bonding promotes mucosal protection in the
normal gastrointestinal tract where these two proteins are co-localized (Kindon et al.,
1995; Longman et al., 2000; Ruchaud-Sparagano et al., 2004).
1.1.1.3 Protein Structure of Trefoil Factor 2 (TFF2)

Human TFF2 contains a mature linear sequence of 106 amino acids encoding a
14-kD protein and contains two trefoil domains in comparison to one trefoil domain in

TFF1 and TFF3 (Thim and May, 2005). The first trefoil domain contains 43 residues
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whereas the second domain contains 42 residues. Additionally, the first domain of TFF2
differs from the other trefoil factors in that it contains an additional amino acid residue
and contains two extra trefoil domain cysteine residues that form a seventh
intermolecular disulfide bond compared to six for TFF1 and TFF3 (Thim, 1989).

1.1.1.4 Protein Structure of Trefoil Factor 3 (TFF3)

The amino acid sequence of the trefoil domain in TFF3 is conserved among
mammalian species with an orthology of 67 percent (Thim and May, 2005). TFF3 shares
the relatively low level of amino acid sequence homology of 36 percent compared to
TFF1, however, this protein contains many of the similar elements common to members
of this family (Sands and Podolsky, 1996). Similarly to TFF1, the human TFF3 gene
encodes a nascent amino acid sequence containing an N-terminal signal peptide
sequence which is cleaved to result in a mature 59 amino acid linear sequence encoding
a 7-kD protein (Thim and May, 2005). TFF3 contains a single Trefoil domain which
forms the characteristic cloverleaf structure by the same interchain disulfide bonding
configuration in TFF1 as well as a seventh C-terminal cysteine residue responsible for
dimerization (Thim and May, 2005). Homodimerization appears to be required for the
protective functions of TFF3 in the gastrointestinal tract although the data is relatively

limited (Carrasco et al., 2004). TFF3 and the mucin, MUC2, have been shown to co-



localize in the gastrointestinal tract (Longman et al., 2000) although no direct protein-

protein interactions have been elucidated.

1.1.2 Trefoil Factor Signaling

Many diverse biological roles have been attributed to the Trefoil Factor Family of
proteins including tumor suppressive and tumor promoting functions, however, the
signaling pathways for these proteins have yet to be elucidated and fully understood. A
putative receptor for these proteins has yet to be identified further complicating a
detailed mechanistic understanding of how these proteins function in both normal and
pathological contexts. While a receptor has not been identified for direct TFF binding,
many studies have shown that these proteins may indirectly bind other proteins or
secrete factors that may activate signaling cascades promoting the biological effects of
these proteins. Signaling pathways that have been identified as potentiating the
biological functions of the trefoil factor proteins include Epidermal Growth Factor
(EGEF), G-protein, and cyclooxygenase pathways.
1.1.2.1 Epidermal Growth Factor (EGF)

While the TFF proteins have not been shown to bind directly to a receptor, there
is evidence to show that they are able to signal through specific pathways via indirect
activation. One signaling pathway, which may function in this manner, is the Epidermal

Growth Factor (EGF) pathway. Treatment of gastric cancer cell lines with TFF2 (Taupin
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et al., 1999) and TFF3 (Kanai et al., 1998; Kinoshita et al., 2000; Liu et al., 1997; Taupin et
al., 1999; Taupin et al., 2000) resulted in phosphorylation of the EGF receptor indicating
that these proteins have the ability indirectly activate the EGF receptor. It was also
demonstrated that the pro-invasive effects of TFF1 and TFF2 were nullified by treatment
with the EGFR-TK inhibitor IRESSA as well as with use of a dominant negative form of
the EGF receptor demonstrating that this pathway is essential for this pro-invasive
function of these two proteins, however, the pro-invasive effects of TFF3 were not
affected suggesting that EGF signaling is not required for this particular function of
cellular invasion (Rodrigues et al., 2003a). The pro-angiogenic functions of TFF1 also
appear to be regulated in an EGF-dependent manner as pharmacological inhibition of
EGFR-TK resulted in decreased TFF1-induced angiogenesis (Rodrigues et al., 2003b).
1.1.2.2 Heterotrimeric G-proteins

Another potential signaling cascade activated by the trefoil factors is the
heterotrimeric G-protein pathway. While there is no biological data to show that these
proteins directly bind G-protein receptors, there are several studies indicating the G-
protein signaling pathway is critical for the mitogenic function of TFF1 and TFF3. The
invasive effects of TFF1 and TFF3 were abrogated in vitro with pharmacological
inhibition of critical elements of the G-protein signaling machinery including Rho small

GTPase and the thromboxane A2 receptor (TXA2-R) while constititutively activated
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forms of the heterotrimeric G-proteins Gaq (AGaq), Gel2, Gal3 (AGeal2/13) and a
TXA2-R mimetic resulted in increased invasiveness by these two proteins (Rodrigues et
al., 2001). Additionally, overexpression of TFF1 led to increased invasion signals that
were Rho independent and TXA2-R dependent (Rodrigues et al., 2001) and ablation of
GPYy heterodimers resulted in decreased TFF-induced cellular invasion (Faivre et al.,
2001).
1.1.2.3 Cyclooxygenases COX-1 and COX-2

The pro-inflammatory molecules COX-1 and COX-2 have been identified as
potential signaling mediators of the Trefoil Factor family members primarily in the pro-
invasion and pro-angiogenic function of these proteins while the experimental evidence
is very limited. It has been shown that inhibition of COX-1 and COX-2 results in
ablation of TFF1-induced invasion and angiogenesis (Rodrigues et al., 2003a; Rodrigues
et al., 2001; Rodrigues et al., 2003b) and that TFF1 induces COX-2 expression in human
colonic cells (Emami et al., 2004).
1.1.3 Biological Functions of Trefoil Factor Proteins
1.1.3.1 Protective and Tumor Suppressive Functions

The specific functions of the trefoil factor family members are incumbent on the
specific tissues the protein is expressed in. These functions may be either tumor

suppressing or tumor promoting depending on tissue localization. Normal tissue
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expression for the trefoil factor family members is localized to the gastrointestinal (GI)
tract where these proteins play a protective role. First lines of evidence suggesting these
proteins play a protective role came from animal studies where rats were treated with
the prostaglandin inhibitor indomethacin which results in ulceration of the GI tract.
Combined prophylactic treatment of these animals with epidermal growth factor (EGF)
and TFF3 resulted in reduced gastric damage (Chinery and Playford, 1995). These
studies were further confirmed in additional studies in rats treated with ethanol and
indomethacin with prophylactic treatments of TFF2 and TFF3. Administration of each
these proteins resulted in decreased gastric injury caused by treatment with ethanol and
indomethacin (Babyatsky et al., 1996). Furthermore knockout mice lacking TFF3
expression were more susceptible to dextran sodium sulfate-induced colitis and had a
higher mortality rate than wild-type mice (Mashimo et al., 1996). TFF1 was also shown
to have a similar protective effect as transgenic mice overexpressing human TFF1 had an
increased resistance to intestinal damage induced by indomethacin (Playford et al.,
1996). Interestingly, TFF1 knockout mice developed gastric adenomas and carcinoma
indicating that TFF1 may function as tumor suppressor in the stomach by preventing
inflammatory damage that may promote the initiation and/or progression of
tumorigenesis (Lefebvre et al., 1996). Clinical studies have shown that TFF1 expression

is lost in approximately 50 percent of gastric carcinomas (Henry et al., 1991; Lugmani et
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al., 1989; Muller and Borchard, 1993; Oliveira et al., 2004). In vitro model systems also
demonstrate the effects of TFF2 and TFF3 on the attenuation of damage to the intestinal
epithelium as expression of both these proteins reduced the damage induced by
multiple toxins on colon cancer cells with these effects being enhanced with co-
expression of mucin glycoproteins (Kindon et al., 1995).

The prophylactic effects of trefoil factor proteins demonstrated in in vivo and in
vitro models of GI tract injury were strong evidence that these proteins are critical in the
maintenance of the epithelium of the GI tract and serve as potential tumor suppressors.
Several mechanisms have been attributed to the protective and tumor suppressive roles
of the TFF proteins. Evidence suggests that these proteins play a critical role in mucosal
protection (Andoh et al., 2001; Babyatsky et al., 1996; Chinery and Playford, 1995; Cook
et al,, 1999; Kindon et al., 1995, Marchbank et al.,, 2001; Playford et al., 1996) and
restitution (Goke et al., 2001). Cell migration may also play a significant role in these
functions as well with the TFF proteins stimulating cells to move areas of epithelial
damage and help reconstitute this protective barrier.
1.1.3.2 Pro-Tumorigenic Functions of Trefoil Factor Proteins

The trefoil factor proteins are an interesting family of proteins in that they have
contradictory role in the process of tumorigenesis. While the trefoil factor proteins have

been shown to play a protective role in the gastrointestinal tract where they are normally
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localized, the proteins are also overexpressed in various tumor tissues including
pancreatic, prostate, breast, liver, endometrium, ovary, uterus, esophagus, and bladder
(Emami et al., 2004; May and Westley, 1997b). Many reasons could account for this
duality in function including the associated inflammation, resulting in increased TFF
expression, in the microenvironment of the tumor; epigenetic misregulation of TFF
expression; or activation of oncogenic genes that result in enhanced TFF expression.
These are potential theories, however, the exact mechanisms of how TFFs are
upregulated during tumorigenesis have yet to be elucidated.

One of the functions of how the TFFs may promote tumorigenesis is their ability
to promote resistance to apoptosis. Multiple lines of evidence have shown that all the
TFF family members play an anti-apoptotic role. TFF1 has been shown to protect cells
from anoikis, chemical-induced apoptosis, as well as BAD-induced apoptosis
(Bossenmeyer-Pourie et al., 2002). TFF2 protects cells from apoptosis induced by serum
starvation and anoikis (Lalani et al., 1999) and overexpression of TFF3 in colon cancer
cells rendered them resistant to both serum starvation-induced and drug-induced
apoptosis (Kinoshita et al., 2000; Taupin et al., 2000). Additionally, TFF3 knock out mice
exhibited increased apoptosis in colon cells (Taupin et al., 2000).

One of the protective functions of the trefoil factor peptides is to serve as

motogens to assist in the restitution of damaged mucosal or epithelial tissue but this
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function may be co-opted in tumorigenesis to promote tumor cell migration and
invasion. TFF1 promotes cell scattering and constitutive invasive phenotype when
ectopically expressed in human colon cancer cells (Emami et al., 2001; Rodrigues et al.,
2001) and serves as potent chemoattractant for breast cancer cells (Prest et al., 2002).
TFF2 was also shown to promote an invasive phenotype as ectopic addition of
recombinant TFF2 at low concentrations resulted in a branching morphology in breast
cancer cells (Lalani et al., 1999). Overexpression of TFF3 has been shown to be involved
in disrupting cell morphology and polarity in colon cancer cells by modulating the E-
cadherin/catenin system, which maintains normal cell contacts (Efstathiou et al., 1998;
Meyer zum Buschenfelde et al., 2004). Disruption of these cell-cell contacts and cell
polarity results in epithelial to mesenchymal transition (EMT) associated with cell
invasion in tumorigenesis. This expression of TFF3 not only resulted in disruption of
the cadherin/catenin complex but also promoted cell migration in colon cancer cells
(Meyer zum Buschenfelde et al., 2004).

In addition to these proteins’ roles in conferring resistance to apoptosis and
promoting cell invasion and migration, there are other potential mechanisms they may
be involved with to promote tumorigenesis. Another pro-tumorigenic role for the trefoil
factor family members is their ability to promote angiogenesis. While angiogenesis is

essential in normal tissue homeostasis, this process is co-opted in tumorigenesis to
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promote survival and growth of the tumor. All three trefoil factor proteins promoted
angiogenesis comparable to known angiogenic factors including vascular endothelial

growth factor (VEGF) and TGFa (Rodrigues et al., 2003b).

1.1.4 Expression Patterns and Localization of Trefoil Factor Proteins

The specific biological functions of the trefoil factor proteins are incumbent on
the tissues they are expressed in. While these proteins have protective functions in
tissues they are normally expressed in, they have also been shown to be expressed in
other tissues, primarily in a cancerous context. Normal distribution of these proteins is
primarily in the gastrointestinal (GI) tract although all three proteins have specific
localization within the tract where they perform their functions in repair of the gastric
mucosa.
1.1.4.1 Normal Tissue Expression and Localization of Trefoil Factor Proteins

The trefoil factor members are usually localized to the gastric mucosa with TFF1
and TFF2 expressed in the gastric epithelia. Specific localization of TFF1 is in the fundus,
antrum, antrum-pyloric mucosa, and the upper parts of the pits of gastric epithelial cells
(Hanby et al., 1993; Lefebvre et al., 1993; Rio et al., 1987; Tomasetto et al., 1990). TFF1
expression is generally not observed in the uterus, muscle, lung, kidney, spleen, brain,
liver, testis, small intestine, colon, heart, skin, pancreas, and prostate (Bonkhoff et al.,

1995; Ribieras et al., 1998). Low levels of expression of TFF1 are seen in the mammary
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gland and breast epithelium (Hanby et al., 1993; Piggott et al., 1991). TFF1 and TFF2 are
both expressed in the stomach but have differing expression patterns within this organ.
TFF2 is localized to the cytoplasm of the fundic neck cells and basal cells of the antral
and pyloric glands (Lefebvre et al., 1993). TFF2 is also expressed in the Brunner’s glands
of the duodenum of the intestine (Ribieras et al., 1998). TFF3 is primarily expressed in
the small and large intestine, specifically the colon and duodedum. Although both TFF2
and TFF3 are expressed in the duodenum they are localized to different cells within this
organ. As already mentioned TFF2 is expressed in the Brunner’s glands where TFF3 is
expressed in the goblet cells. TFF3 has also been shown to be expressed in lung, salivary
glands, the cornea, conjunctival tissue, and lymphoid tissue (Cook et al., 1999; Emami et
al.,, 2004; Goke et al., 2001; Jagla et al., 1999; Langer et al., 2001).
1.1.4.2 Expression and Localization of Trefoil Factor Proteins in Cancer

While expression of trefoil factor members is normally localized to the
gastrointestinal tract, expression of these proteins may be upregulated in other tissues
and organs where there are not normally expressed. This situation usually occurs in a
pathological context, most notably in the presence of cancerous tissue. Upregulation of
these proteins occurs in inflammatory diseases that are sometimes precursors to
development of cancer. For example, TFF1 and TFF2 are highly expressed in Barrett’s

esophagus syndrome, a premaligant cancerous inflammatory condition caused by
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epithelial damage by acid reflux in the esophagus. All three of these proteins are
overexpressed in a number of cancers including those of breast, prostate, esophagus,
stomach, liver, pancreas, and intestine (Emami et al., 2004).
1.1.4.2.1 Expression of TFF1 in Pancreatic and Prostate Cancer

TFF1 is normally expressed in the stomach and plays a protective role in that
organ. This protein is also aberrantly expressed in various other organs including the
pancreas and prostate where it is not normally localized. Numerous studies using
multiple diagnostic platforms have shown that TFF1 is overexpressed in pancreatic
cancer compared to normal and/or benign tissue (Summarized in Figure 1) (Collier et al.,
1995; Henry et al., 1991; Prasad et al., 2005; Sagol et al., 2002; Singh et al., 1997; Terris et
al., 2002; Welter et al., 1992; Yang et al., 1998; Yeh et al., 2002). Additionally, TFF1
expression was increased in preinvasive pancreatic cancer lesions (PanIN) that
eventually progress to invasive pancreatic adenocarcinoma indicating that TFF1
expression is activated early in the tumorigenic process (Prasad et al., 2005). Just as
TFF1 is upregulated in pancreatic cancer, TFF1 has also been shown in various studies to
be overexpressed in prostate cancer (Summarized in Figure 2) (Abdou et al., 2008; Ather
et al., 2004; Bonkhoff et al., 1995; Colombel et al., 1999; Henry et al., 1991; Vestergaard et

al., 2006; Yang et al., 1992).
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Studies Sample No. Results Publications
Immunohistochemical survey of
TFF1 (pS2) expression in a number
of common epithelial tumours Strong TFF1 protein expression (Henry et al., 1991)
including pancreas and prostate. was observed
n=8 in 6 of 8 samples.

Immunohistochemical survey of
TFF1 (pS2) expression in
pancreatic adenocarcinoma and
ampullary tumors.

adenocarcinoma
samples (n=42)

ampullary tumors (n=10)

23/42 (55%) of pancreatic
adenocarcinoma and 8/10 (80%)
of ampullary tumours expressed
immunoreactive TFF1.

(Collier et al., 1995)

In situ hybridization (MRNA) and

immunohistochemistry (protein) n=4 3 out of 4 samples showed TFF1
for TFF1 (pS2) expression. expression. (Singh et al., 1997)
Immunohistochemical survey of 77% of samples showed positive
TFF1 (pS2) expression in n=36 cytoplasmic TFF1 staining
adenocarcinoma patient samples. (Sagol et al., 2002)
cDNA microarray of intraductal 73-fold increase in TFF1
papillary-mucinous tumors expression. Results were (Terris et al., 2002)
(IPMTs) of the pancreas. n=13 confirmed by
immunohistochemistry.
Immunohistochemical analysis of SPT (n=10)
TFF1 in pancreatic cystic TFF1 was not or weakly
neoplasms, including solid MCN (n=12) expressed in SPT.
pseudopapillary tumour (SPT), 7 out of 12 MCN cases had a
mucinous cystic neoplasm (MCN), IPMT (n=10) moderate or strong expression of

and intraductal papillary mucin
producing tumour (IPMT).

ductal adenocarcinoma
(n=20)

TFFL.

Among 10 IPMT, TFF1 was
moderately or strongly expressed
in all six malignancies, whereas
TFF1 was not or weakly
expressed in 3 of 4 benign
samples.

16 of 20 ductal adenocarcinomas
had moderate or strong TFF1
expression.

(Yehetal., 2002)

cDNA microarray of
microdissected early PanIN lesions
(PanIN-1B/2) compared with
microdissected normal duct
epithelium.

RNA was extracted from
500 to 1,000 microdissected
cells.

TFF1 was upregulated 5.62-fold
in PanIN lesions compared to
normal duct epithelium.

(Prasad et al., 2005)

Figure 1. Expression of TFF1 in pancreatic cancer.

Summary of multiple studies demonstrating that TFF1 is overexpressed in pancreatic
cancer and associated pathologies. Multiple platforms including immunohistochemistry,
cDNA microarray, and in situ hybridization confirm both upregulation of protein and

mRNA in prostate cancer compared to normal or benign prostate tissue.
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Studies Sample No. Results Publications
Immunohistochemical survey n=7
of TFF1 expression in a TFF1 protein expression
number of common epithelial was observed in 2 of 7 (Henry et al., 1991)
tumours including pancreas prostate cancer samples.
and prostate.
Immunohistochemical n=36 22.2% showed extensive
analysis of TFF1 expression positivity, 52.8% with (Bonkhoff et al., 1995)
in nonmalignant moderate positivity, and
prostate cancer lesions. 25% with focal positivity.

BPH (n=45)

Differential TFF1 RNA
expression in benign and
malignant prostatic tissue
using RT-PCR.

Carcinoma (n=105)

83% of BPH samples
showed no TFF1
expression whereas 92% of
cancer samples showed
TFF1 expression.

(Colombel et al., 1999)

ELISA analysis of plasma
TFF1 protein levels in patients
with prostate cancer, BPH,
and normal prostate tissue.

Normal (n=44)
BPH (n=23)

Carcinoma (n=79)

Plasma levels of TFF1 were
elevated in patients with
advanced prostate cancer
compared to localized
disease.

(Vestergaard et al., 2006)

Correlation of TFF1 protein
expression with steroid
receptor status (ER alpha and
progesterone receptor PR).

BPH (n=15)

Carcinoma (n=47)

TFF1 was expressed in 80%
of BPH cases and 91.4% of
carcinoma cases.

(Abdou et al., 2008)

Figure 2. Expression of TFF1 in prostate cancer.

Summary of multiple studies demonstrating that TFF1 is overexpressed in prostate
cancer and associated pathologies. Multiple platforms including immunohistochemistry,
ELISA , and RT-PCR confirm both upregulation of protein and mRNA in prostate cancer

compared to normal or benign prostate tissue.
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1.1.4.2.2 Expression of TFF3 in Prostate Cancer

TFF3 expression, normally localized in the intestine, has been shown to be up
regulated in prostate cancer tissue (Faith et al., 2004; Garraway et al., 2004; Rhodes et al.,
2002) as well as being elevated in the blood plasma of patients with advanced prostatic
carcinoma (Vestergaard et al., 2006). Meta-analysis of four gene array studies of prostate
cancer using multiple platforms, including oligonucleotide and spotted arrays, showed
that TFF3 was one of the 30 most up regulated genes among these array sets (Rhodes et
al., 2002). Not only is TFF3 over expressed at the mRNA level in prostate cancer but
multiple studies have demonstrated up regulation at the protein level as well. In one
study using tissue microarray analysis (TMA) of a large number of normal prostate,
BPH, and prostate cancer samples, it was demonstrated that protein expression of TFF3
was present in 100 of 236, or 42 percent, of the patient samples for prostatic carcinoma
and 9 of 26, or 35 percent, of patient samples of PIN (Garraway et al., 2004). Only 10
percent of normal prostate tissue and 18 percent of BPH tissue showed positive
expression of TFF3 indicating that expression of this gene became more prevalent
during the progression of prostate tumorigenesis (Garraway et al., 2004). In a separate
study using immunohistochemical analysis of TFF3 protein expression in approximately
270 patient samples, the results corroborated the previous array study and showed that

47 percent showed positive expression of TFF3 while benign or normal tissue showed a
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positive percentage of only 18 percent (Faith et al., 2004). In a mouse model of Ras-
driven expression under a prostate-specific promoter, one of the highest upregulated

genes in metaplastic and PIN tissue in the prostate was TFF3 (Scherl et al., 2004).

1.2 Pancreatic Cancer

Pancreatic cancer is comprised of a series of histopathological distinct neoplasms
of the pancreas including adenocarcinomas, acinar cell carcinoma, pancreatoblastoma,
solid pseudopapillary neoplasm, serous cystadenoma, and pancreatic endocrine tumors
(Cowgill and Muscarella, 2003; Hezel et al., 2006). Pancreatic adenocarcinoma, the most
common form of pancreatic cancer, accounts for greater than 90 percent of pancreatic
neoplasms with pancreatic endocrine tumors being very rare and accounting for less
than one percent of all pancreatic neoplasms (Cowgill and Muscarella, 2003). Pancreatic
adenocarcinoma is not only the most common but is also the most aggressive of the
pancreatic neoplasms and ranks as the fourth leading cause of cancer deaths in the
United States with a very poor prognoses for patients stricken with this disease
(Bardeesy and DePinho, 2002). The 5-year survival rate is only three percent with a
median survival of less than six months (Bardeesy and DePinho, 2002). These
unfavorable statistics are a result of many factors including the lack of specific
symptoms, limited diagnostic options, the aggressive and invasive nature of this

particular cancer, as well as limited therapeutic treatment (Bardeesy and DePinho, 2002).
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Many genetic and pathological changes have been identified for this disease and are
now providing more clues to the aetiology of this cancer which has remained largely

poorly understood.

1.2.1 Overview of Pancreatic Adenocarcinoma

1.2.1.1 Epidemiology

Pancreatic ductal adenocarcinomas, also known as pancreatic adenocarcinoma or
PDAC, comprise the the majority of the pancreatic neoplasms and are, for all intents and
purposes, considered to be defined as “pancreatic cancer” (Bardeesy and DePinho,
2002).  While the exact causes of this disease remain largely undefined, a few
demographic and environmental risk factors have been identified including smoking,
chronic pancreatitis, diabetes, and obesity (Hezel et al., 2006). The onset of this disease
has been shown to correlate with advancing age with occurrence being relatively rare in
people under the age of 40 with a 40-fold increased risk by age 80 (Bardeesy and
DePinho, 2002). Based on familial clustering experiments it has been shown that ten
percent of PDAC cases are associated with inherited predisposition and many germline
mutations have been linked to this familial PDAC including aberrations in the tumor

suppressor genes Ink4A, BRCA2, LKB1, MLH]1, and PRSS1 (Hezel et al., 2006).
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1.2.1.2 Diagnosis and Treatment

While survival has improved for patients suffering from other GI cancers
prognosis for patients that have been diagnosed with pancreatic cancer remains very
grim due to a lack of recognizable symptoms and limited diagnostic techniques. New
developments in minimally invasive techniques such as ultrasound and helical
computed tomography offer hope of improved prognosis for patients. Surgical resection
is the most common treatment option for patients with PDAC but this treatment alone
has a very small success rate. Of the 15-20 percent of patients who are candidates for
this surgery, only 20 percent will see survival rates of five years. Surgical resection
combined with radiotherapy and/or chemotherapy has increased survival rates
minimally but most care for PDAC patients remains palliative (Bardeesy and DePinho,
2002).
1.2.1.3 Histopathological Development

A progression of morphological changes in the pancreas occur during the
development of PDAC with early changes occurring in the head of the pancreas
progressing with infiltration into the lymphatic system, spleen, peritoneal cavity, and
eventually metastasizing to the lungs and liver (Hezel et al., 2006). As the name
pancreatic ductal adenocarcinoma suggests, these carcinomas are thought to arise from

pancreatic ductal cells (Hruban et al., 2001; Meszoely et al., 2001). Several nonmalignant
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precursor lesions in the pancreas have been identified that undergo genetic alterations to
evolve into malignant adenocarcinoma conforming to the Vogelstein model of
tumorigenesis demonstrated in colorectal cancer (Cowgill and Muscarella, 2003;
Vogelstein et al., 1988). Precursor lesions include pancreatic intraepithelial neoplasms
(PanIN), mucinous cystic neoplasms (MCN), and intraductal papillary mucinous
(IPMN) with PanIN being the most common and present in approximately 30 percent of
pancreatic autopsy samples of older adults (Hezel et al., 2006). PanIN lesions can be
subdivided into three stages with stage representing early stage dysplastic changes
characterized by appearance of columnar, mucinous epithelium (Hezel et al., 2006).
Increasing architectural disruption of the pancreatic epithelium as well as nuclear atypia
continue through stages two and three ultimately resulting in transformation of normal
epithelium to PDAC (Hezel et al., 2006). Morphological transformation of the normal
epithelium may also occur through the MCN or IPMN precursor lesions with IPMN

resembling PanIN lesions at the cellular level (Hezel et al., 2006).
1.2.2 Genetic Basis of Pancreatic Adenocarcinoma

The progressive, step-wise transformation of normal pancreatic ductal epithelial
tissue to PDAC is accompanied by an accumulation of sequential genetic changes
common to all cancers (Hanahan and Weinberg, 2000; Vogelstein et al., 1988). These

epithelial cells gain the ability to grow in the absence of growth signals, become
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insensitive to growth inhibitory signals, and acquire the ability to evade apoptosis
(Hanahan and Weinberg, 2000). Many genetic alterations occur in this process to confer
the ability of cancer cells to proceed through this complex and inefficient process of
tumorigenesis and acquire the aforementioned properties including activation of tumor
promoting oncogenes, including the Ras superfamily, as well as ablation of expression
and function of tumor suppressor genes such as p53 and Ink4/Arf.
1.2.2.1 K-Ras and Associated Signaling Pathways

The Ras family of GTP-binding oncoproteins are responsible for a multitude of
cellular functions critical in the process of tumorigenesis including promoting cellular
proliferation, differentiation, and survival (Campbell et al, 1998; Malumbres and
Barbacid, 2003). Activation of one family member K-Ras through specific mutations is
commonly observed in PDAC. Mutations at codon 12 resulting in a substitution of
glycine with an aspartate, valine, or arginine are detected in approximately 30 percent of
early stage pancreatic lesions including development of PanIN with frequency of these
mutations increasing during the transformation process resulting in a prevalence of 100
percent in late stage pancreatic adenocarcinomas (Klimstra and Longnecker, 1994;
Rozenblum et al., 1997). Additionally, genetically engineered mice expressing an
activated K-Ras (K-Ras®'??) in the pancreas developed PanIN lesions that progressed to

PDAC (Hezel et al., 2006) illustrating the ability of this oncogene to initiate pancreatic
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tumorigenesis. In addition to the tumorigenic intitating capacities of K-Ras, this protein
is also responsible for the maintenance of tumor growth accounting for the continued
gene upregulation during the entire transformation process (Hirano et al., 2002).

K-Ras activation during the initial stages of PDAC results in strong induction of
other proteins, including WAF (also known as p21 or CIP1), through activation of
downstream signaling pathways illustrating the complex chain of molecular events
initiated by these mutations in Ras (Bardeesy and DePinho, 2002). The Ras signaling
cascade contains multiple downstream effectors that are activated during tumorigenesis
including the Raf/Erk/Map-kinase, phosphatidylinositol 3-kinase (PI3K)-AKT, and
RalGDS pathways (Campbell et al.,, 1998). Activation of the Raf/Erk/MapK signaling
pathway results in increased cellular proliferation and plays an important role in the
development of many cancers including melanoma, thyroid, colorectal, and ovarian,
however, mutations in Raf are rare in pancreatic adenocarcinoma but 33 percent of
pancreatic medullary carcinomas show expression of the mutated form of this protein.
Another downstream effector molecule PI3-K is an important regulator of cell survival,
size, and proliferation is mutated in a variety of cancers but these mutations are not
particularly prevalent in PDAC. Downstream effectors of PI3K such as the tumor
suppressor PTEN and AKT-2, however, do seem to be highly involved in the PDAC

tumorigenic process. Experimental data suggests that PTEN expression is
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downregulated in PDAC as a result of promoter hypermethylation (Asano et al., 2004)
and PTEN conditional knockout mice have been shown to develop PDAC (Stanger et al.,
2005).

The Ras downstream effectors Ral GTPases include the proteins Ral A and Ral B
which collaborate to promote cellular survival and proliferation, either in an
autonomous or collaborative fashion (Camonis and White, 2005) Ral A has been shown
to be activated in various PDAC cell lines with knockdown of Ral A resulting in reduced
tumorigenicity of Ras-transformed cells (Camonis and White, 2005).
1.2.2.2 CDKN2A Tumor Supressor Gene

While the activation of tumor promoting oncogenes such as Ras allow
tansformation of normal pancreatic epithelial cells into malignant, invasive, and
metastatic pancreatic cancer, tumor suppressors also play a critical role in this process.
One such tumor suppressor gene is CDKN2A whose expression and/or function is lost
by mutation, promoter hypermethylation, or deletion in approximately 80-95 percent of
PDAC (Rozenblum et al., 1997). Germline mutations in this gene have been shown to
result in 13-fold risk of pancreatic cancer (Goldstein et al., 1995; Whelan et al., 1995) with
loss of CDKN2A being associated with moderately advanced PanIN lesions (Bardeesy
and DePinho, 2002). The CDKNZ2A gene, located on the 9921 locus, encodes two tumor

suppressor genes Ink4A and Arf and their respective proteins plé6™<A and p1947 via
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distinct first exons and alternative reading frames in shared downstream exons (Sherr,
2001). Ink4A functions as a tumor by inhibiting CDK4/6-mediated phosphorylation of
Rb resulting in blocked entry into the DNA synthesis phase (S phase) from G1 of the cell
cycle (Bardeesy and DePinho, 2002). Arf promotes its anti-tumorigenic function by
stabilizing p53 through inhibition of its MDM2-mediated degradation (Bardeesy and
DePinho, 2002). Many pancreatic adenocarcinomas sustain loss of Ink4A and Arf as the
locus encoding this gene is deleted in 40 percent of these cancers although Ink4A
appears to be more important in pancreatic cancer as the majority of mutations at this
locus target this gene (Lal et al., 2000; Liu et al., 1999; Rozenblum et al., 1997). Loss of
both these genes and their respective proteins allows unabated progression through the
cell cycle resulting in enhanced proliferation, a central hallmark of tumorigenesis. While
Ink4 is lost in PDAC, this gene is essential in normal development and tissue
homeostasis under highly regulated expression patterns. Under stress conditions, aging
processes, and telomere erosion Ink4A is upregulated and proposed to be involved with
cellular senescence, another potent tumor suppressive mechanism.
1.2.2.3 p53 Tumor Suppressor

The p53 pathway performs an essential role in the prevention of tumorigenesis
by acting as cell cycle guardian and regulating cell cycle progression and apoptosis; it

prevents the proliferation of cells with pro-carcinogenic chromosomal aberrations by
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arresting the cell cycle in the G; phase or inducing apoptosis (Vogelstein et al., 2000;
Vousden and Lu, 2002). Loss of function of this protein results in unabated progression
through the cell cycle resulting in uncontrolled growth of cells resulting into increased
risk of malignant transformation as seen in cancer. Function of p53 is lost in greater than
50 percent of PDAC cases through missense mutations in the DNA binding domain
(Laghi et al., 2002). These mutations generally appear in later stage PanIN lesions,
marked by increased proliferation rates, which is consistent with the loss of p53 and its
anti-proliferative functions. Forty percent of PDAC cases exhibit mutations in both p53
and Arf pointing to no overlap in tumor suppressive functions of these two genes as
seen in other cancers (Bardeesy and DePinho, 2002).
1.2.2.4 BRCA2 Tumor Suppressor

The tumor suppressor BRCA2 regulates homologous recombination repair
processes in the DNA damage response, thereby playing a key role in maintaining
genomic stability. Loss of function of this gene results in pro-carcinogenic or lethal
chromosomal aberrations compiling in normal cells contributing to oncogenic
transformation (Venkitaraman, 2002). Mutations in BRCA2 have been well documented
in breast cancers but are also found in pancreatic cancer. There is data to suggest that
approximately 17 percent of pancreatic cancer contain mutations in BRCA2 with one

frequent mutation being del6174T, common in familial pancreatic cancers, found
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primarily in certain ethnic groups (Murphy et al., 2002). Loss of BRCA2 appears to
occur in later stage tumor development, specifically in severely dysplastic PanIN lesions
and PDAC, coinciding with its presumed role of promoting malignant transformation of
neoplasms (Goggins et al., 2000).
1.2.2.5 LKB1/STK11 Tumor Suppressor

LKB1 is a tumor suppressor, encoding a serine/threonine kinase, participates in
an array of cellular processes including maintaining cell polarity and metabolism. It
remains unclear how loss of this gene promotes the tumorigenic process but it may be
linked to the role LKB1 plays in mTOR signaling though AMPK and regulation of
additional tumor suppressors PTEN and TSC (Hezel et al., 2006). Mutations in this gene
are linked to Peutz-Jeghers syndrome (PJS) which is a familial cancer syndrome carrying
a predisposition to PDAC. The onset of this disease at a young age results in patients
suffering from benign intestinal polyposis advancing to gastrointestinal malignancies
including a greater than 40-fold increase in PDAC. Somatic mutations in LKB1 in PDAC
are rare, 4-6 percent (Su et al., 1999), but appear to occur at a higher rate in IPMN (Sahin
et al., 2003).
1.2.2.6 SMAD4/DPC4 Tumor Suppressor

The transcriptional regulator SMAD4/DPC4, a component of the TGF-3 signaling

pathway, has been shown to be lost in relatively high percentage of PDAC with the
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chromosomal region 18q21, the gene where SMAD4/DPC4 maps to, being lost in 50
percent of pancreatic cancers (Hahn et al., 1996). Loss of SMAD4 may play a role in the
shift of TGF-B’s role of tumor suppression to tumor promotion by inhibiting TGF-3
induced cell cycle arrest and cell migration (Levy and Hill, 2005). Later stage PanIN
lesions exhibit loss of SMAD4 and its function in the development of PDAC can be
categorized as promoting progression of the disease more than initiating transformation
(Luttges et al., 2001; Maitra et al., 2003; Wilentz et al., 2000).
1.2.2.7 Additional Signaling Pathways in PDAC

Pancreatic adenocarcinomas overexpress a variety of growth factors and their
respective receptors to assist in the tumorigenic transformation initiated by the genetic
aberrations in tumor suppressor and tumor promoting genes. One growth factor
receptor commonly overexpressed is the epidermal growth factor receptor family
including EGFR and ERBB3 and their ligands TGFa and EGF (Barton et al., 1991; Friess
et al., 1996; Friess et al., 1999; Friess et al., 1995; Korc et al., 1992; Lemoine et al., 1992).
The EGF family members most likely play a role in promoting angiogenesis as the
experimental use of EGFR inhibitors resulted in decreased tumor vasculatature (Bruns et
al., 2000; Li et al., 2004).

The insulin-like growth factor (IGF) and its receptor (IGF-IR) are overexpressed

frequently in PDAC with IGF being localized to the tumor cells and IGF-IR localized in
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the stroma (Bergmann et al., 1995; Ouban et al., 2003; Stoeltzing et al., 2003). In cell
culture experiments it has been shown that IGF signaling stimulates cell proliferation
and cell survival (Nair et al., 2001). The pro-invasive scatter factor HGF and its receptor
Met have also been shown to be upregulated in PanIN lesions and PDAC with HGF
overexpressed in PanIN lesion epithelium and stroma of advanced tumors (Di Renzo et
al.,, 1995; Ebert et al., 1994; Furukawa et al., 1995; Paciucci et al., 1998). Additional
growth factors or receptors overexpressed in PDAC the pro-angiogenic factor VEGF
(Itakura et al., 1997; Seo et al.,, 2000) and the pro-mitogenic and angiogenic factor
fibroblast growth factor’s (FGF) receptors (Kleeff et al., 1998; Kobrin et al., 1993;
Kornmann et al., 1997; Kornmann et al., 2002; Ohta et al., 1995; Yamanaka et al., 1993).
Developmental pathways including Hedgehog and Notch have also been implicated in
promoting PDAC tumorigenesis. Activation of Hedgehog may initiate pancreatic ductal
neoplasia and assist in the maintanence of advanced tumors while Notch may promote

malignant progression (Hezel et al., 2006).

1.3 Prostate Cancer

Prostate cancer remains a major public health concern in the United States as it
affects a large percentage of men and remains a major cause of mortality to those
afflicted with this disease. It is the second most common form of cancer in men and

second leading cause of cancer deaths in men behind skin cancer. Most men in their
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lifetime will experience some form of prostate malignancy, however, these prostate
cancers are sometimes very slow developing and not always detected during the
patient’s lifetime. Screening and treatment options for patients with prostate cancer
remain limited, as many of the underlying molecular mechanisms of the disease have
not been elucidated. Some clues to the development of this disease rely on clinical and
experimental data indicating hormones may contribute to prostate tumorigenesis. Initial
prostate tumors are dependent on male hormones or androgens for growth but these
tumors will eventually become independent to the effects of these chemicals making
current treatment options ineffective over time. A more detailed understanding of the
underlying genetic mechanisms of prostate cancer is essential for improved treatment

and diagnostic options for patients.

1.3.1 Overview of Prostate Cancer
1.3.1.1 Epidemiology of Prostate Cancer

Prostate cancer is a major public health concern for the United States as the latest
available statistics from 2005 showed that 185,895 men were diagnosed with this cancer
and 28,905 died from this disease during that year (www.cdc.gov/cancer/Prostate).
Prostate cancer is only second to skin cancer for cancer diagnosed in men as well as
being the second cause of cancer deaths in males. It has been estimated that

approximately 40 percent of men over the age of 50 will develop this disease.
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Epidemiologically, patients can either be divided into those with hereditary forms of
prostate cancer and those with sporadic forms with hereditary forms being quite rare
(Majumder and Sellers, 2005). There have been a number of susceptibility genes,
including ELAC2, RNASEL, MSR1, NSB1, and CHEK?2, identified but these occur in a
very low frequency in hereditary cases and only occasionally in sporadic prostate cancer
(Majumder and Sellers, 2005).
1.3.1.2 Diagnosis and Treatment of Prostate Cancer

The most common diagnostic tool for detecting prostate cancer is measurement
of the serum prostate specific antigen (PSA) combined with digital rectal examination
and transrectal ultrasound. PSA, which can be increased 105-fold in the blood of patients
with prostate cancer (Lilja et al., 2008), is a serine protease belonging to the family of
glandular kallikreins and is proposed to be responsible for the liquification of seminal
fluid (Lilja et al., 2008). While the PSA test has been the gold standard for prostate
cancer screening, many issues surround this test including the incidence of false positive
results and the treatment of prostate cancers that’'s pose no threat that are detected with
this test. Additionally, use of PSA, as marker for prostate cancer has not significantly
reduced the prostate cancer mortality rate father raising questions about the utility of

this test (Bok and Small, 2002; Lilja et al., 2008).
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Following detection of potential prostate cancers, prostate tissue biopsies are
performed and patients diagnosed with cancer are generally treated initially by surgical
means including radical prostatectomy, or removal of the prostate. Radiation therapy
can be used in conjunction with surgery but may also be used alone in treatment of
tumors confined to the prostate. Recurring or metastatic tumors are treated with
hormone ablation therapy; however, these tumors eventually develop androgen
independence resulting in refractory and progressive cancer (Majumder and Sellers,
2005). Chemotherapy may also be used on these metastatic tumors but the benefits may
be limited (Gleason, 1992; Majumder and Sellers, 2005). It is apparent that current
diagnostic and therapeutic options for treatment of such a common cancer posing an
immense public health risk are severely insufficient.
1.3.1.3 Histopathological Development of Prostate Cancer

The histopathological changes that occur in the development of prostate cancer
are still not fully understood hence, the linear progression model defined by Vogelstein
for colon cancer (Vogelstein et al., 1988), which can be applied to other cancers such as
pancreatic, cannot be used to define the progression of prostate cancer. It was shown for
pancreatic cancer that the disease progressed from normal epithelial cells through a
series of preinvasive invasive lesions (PanIN) into malignant pancreatic

adenocarcinomas and specific genetic changes were associated with this progression.
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Unfortunately, a clear-cut progression model does not exist for prostate cancer. Prostate
cancer cells possess many characteristics common to both luminal epithelial cells and
basal cells but a cell type of origin is still not known (De Marzo et al., 1998; Verhagen et
al., 1992). Further complicating understanding of the histopathological basis of prostate
cancer is that many surgical resection samples of localized cancer contain multiple
tumors that are morphologically heterogeneous with numerous genetic alterations. It
has been proposed that the morphological precursor to prostate carcinoma is high-grade
prostatic intraepithelial neoplasia (HGPIN) developing from low-grade prostatic
intraepithelial neoplasia (PIN) (McNeal and Bostwick, 1986). Defined histologically, PIN
is the intraluminal proliferation of secretory cells characterized by cellular crowding and
stratification, variation in nuclear size, nuclear enlargement, hyperchromatism, and
nucleolar prominence (Shin and Ro, 1995). PIN is distinct from prostatic carcinoma in
that the basal cell layer remains intact whereas in carcinoma there is significant
disruption of this layer (Shin and Ro, 1995). Currently the severity of PIN is graded as
either high-grade or low grade with a number of morphological criteria being used
including the status of the basal cell layer, cellular architecture, chromatin structure, and
appearance of the nucleus and nucleolus (Shin and Ro, 1995). While not definitive, there
is circumstantial evidence to suggest that HGPIN is a precursor to prostatic carcinoma

including the much higher existence in and proximity of HGPIN to cancerous tissue
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than in noncancerous tissue (Shin and Ro, 1995). Additionally HGPIN shares many
morphological characteristics to carcinoma including nuclear and architectural changes
(Shin and Ro, 1995). Benign prostatic hyperplasia (BPH), or enlargement of the prostate
gland, is a very common pathology of the prostate especially in men of advanced age,
however, it is not generally accepted that BPH is a pre-cancerous condition.
1.3.1.4 Gleason Scoring System

The accepted scoring system for grading prostatic carcinoma is the Gleason
Scoring System, which assesses the specific morphological characteristics and assigns a
numerical score, which is used for prognostic purposes (Gleason, 1992). The total
Gleason score is actually an aggregate of two separate scores, a primary score and a
secondary score. The primary score represents the grade for histopathological
characteristics of the majority of the tumor with the secondary score representing the
remaining tumor. Scores are assigned on a scale from one to five with one being less
aggressive tumor and five being very aggressive. In grade one tumors the prostate looks
relatively normal with small, well formed, and closely pack glands. Grade two prostate
carcinoma still has defined glands, however, they are larger with more tissue between
them. Grade three tissue still has recognizable glands, however, the cells begin to
invade surrounding normal tissue with grade four have few recognizable glands and

many cells begin to invade the normal tissue. The highest score of Gleason five is
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marked by tissue that has completely no recognizable glands. A tumor with a primary
score of 4 and a secondary of 3 would have a total Gleason score of 7, for example. A
total of Gleason score of 7 does not always have the prognostic outcome as a tumor
having a primary score of 3 and a secondary score of 4 would not necessarily be as
aggressive as the aforementioned example where the primary score was 4 and the
secondary score was 3 (Wright et al., 2009). While Gleason scoring is not infallible, it
used in combination with additional histopathological analysis techniques does provide

adequate prognoses for patients.

1.3.2 Genetic Basis of Prostate Carcinoma

There is limited data concerning the specific molecular aberrations underlying
the development of prostate cancer. Where there are well-defined progression models
correlating the histopathological and genetic changes occurring in tumorigenesis for
cancers including colon and pancreatic, these models do not currently apply to prostate
cancer. There have, however, been many molecular alterations identified in prostate
cancer cells that confer the selective advantage to these cells to proceed through the
tumorigenic process. Germline mutations, primarily at the sequence level, contributing
to hereditary predisposition to prostate cancer are relatively rare including changes in
the genes ELAC2, RNASEL, MSR1, NSB1, and CHEK2 (Majumder and Sellers, 2005).

Somatic mutations, however, occur in a much higher frequency and are primarily
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responsible for the much more common form of sporadic prostate cancer (Dong, 2006).
These changes not only occur at the sequence level but in copy number as well.
Sequence alterations include deletions and nonsense mutations leading to truncated
proteins or frameshift changes in the protein (Dong, 2006). Mutations in the androgen
receptor (AR) gene, loss of function of tumor suppressors PTEN and p53, amplification
of MYC, and to a lesser extent deregulation of Ras are common genetic changes
occurring in prostate cancer.

1.3.2.1 Androgen Receptor (AR)

The male hormones androgens, most notably testosterone are essential for
normal development of the prostate as well its growth and maintenance, however, these
chemicals have also been established to be involved in promoting prostate
tumorigenesis. These chemicals exert their physiological action by binding the
androgen receptor (AR) and activating transcription of androgen-responsive genes that
regulate both normal and tumorigenic growth of the prostate. Abberant signaling of AR
is caused by either of two prevalent mutations including somatic mutations that result in
reduced ligand specificity and genomic amplification of the AR gene which results in
continued signaling through this receptor even under low levels of androgen (Dong,

2006). Based on the fact that androgen action plays a significant role in prostate tumor
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development, reduction of this receptor’s action has been a target of prostate cancer
therapy, however, tumors eventually become resistant to this androgen ablation.
1.3.2.2 MYC Oncogene

Both human clinical data and experimental data demonstrate that the oncogene
MYC plays an important role in promoting prostate tumorigenesis. Transgenic mice
expressing human MYC in the prostate developed both PIN lesions as well as invasive
prostate carcinomas (Ellwood-Yen et al., 2003). Additionally, prostate cancer lines such
as LNCap overexpress MYC and immortalization of human prostate epithelial cells was
achieved by ectopically expressing MYC.
1.3.2.3 PTEN Tumor Suppressor

One of the more frequent mutations in prostate cancer is loss of function of the
tumor suppressor and PIP3 phosphatase PTEN, which directly antagonizes the PI3-K
signaling pathway, a pro-tumorigenic signaling cascade. Loss of PTEN expression
results in an unabated progression through the PI3-K signaling pathways activating
downstream effectors including mTOR and Akt which promotes cell growth and
survival by inactivating GSK3, BAD, FOXO, and TSC2 (Majumder and Sellers, 2005).
PTEN is located on the long arm of chromosome 10 (10q23), which is frequently deleted,
in prostate cancer resulting in diminished PTEN expression. Somatic mutations, very

often frameshift deletions, in PTEN are common in aggressive, metastatic prostate
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cancers at rates of up to 42 percent with occurrence relatively low, approximately 15
percent, in localized tumors (Dong, 2006; Majumder and Sellers, 2005). From most
existing data it does not appear that PTEN plays a significant role in hereditary prostate
cancer.
1.3.2.4 p53 Tumor Suppressor

Loss of p53 function is seen a wide array of cancers and its function is commonly
lost in prostate cancer as well with point mutations being the most frequent alteration.
These point mutations are not only responsible for diminishing p53’s tumor suppressive
functions but have also been shown to enhance the transformation capacity of this gene.
Just as with loss of PTEN expression and function, loss of p53 is correlated with more
advanced prostate cancer and metastasis as well as androgen independence while loss of
function is seen at a lower frequency in primary localized cancer. Frequent p53
mutations are seen in prostate cancer metastasis to bone (Dong, 2006).
1.3.2.5 Ras Oncogene

While mutations of the Ras oncogene are common in many cancers these
alterations are much less frequent in prostate cancer (Carter et al., 1990). The frequency
of Ras mutations is relatively low in men of Western countries but appear to be more
prevalent in specific ethnic groups including those men of Japanese descent. Mutations

in three Ras oncogenes, HRas (codon 61), KRas (codon 61), and NRas (codon 12) have
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been shown to occur frequently in Japanese men (Carter et al., 1990). Despite the fact
that Ras mutations appear to occur primarily in specific ethnic groups many of the
growth factor receptors, including EGF, FGF, KGF, and IGF, upregulated in prostate
cancer activate the Ras pathway for their signal transduction activity (Dong, 2006).
1.3.2.6 NKX3.1 Transcription Factor

The homeobox transcription factor NKX3.1, which displays prostate-specific
expression, appears to play a tumor suppressive function in this organ, as its expression
is frequently loss in human prostate cancer (Dong, 2006). The gene region where
NKX3.1 maps to (8p21) is lost in approximately in 80 percent of prostate cancers. Mice
that have diminished NKX3.1 expression develop PIN and expression of this gene in cell
culture and xenograft experiments suppresses proliferation and tumorigenicity (Dong,
2006).

1.4 Cellular Senescence

This phenomenon of cellular senescence, the irreversible proliferative arrest of
cells, was first demonstrated in vitro when cells were allowed to undergo prolonged
proliferation until reaching a finite number of divisions had been reached (Hayflick and
Moorhead, 1961). In addition to this “replicative senescence” described after repeated
cell culturing, senescence is also induced under various stress stimuli including

oxidative damage, telomere dysfunction, and treatment with cytotoxic drugs (Collado
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and Serrano, 2006). Senescent cells have an associated morphology characterized by a
flattened and vacuole-rich cytoplasmic shape and maintain several unique biochemical
characteristics including increased [-galactosidase activity (-gal) at acidic pH and the
appearance of promyelocytic leukemia gene product (PML) (Braig and Schmitt, 2006).
Cell cycle analysis of these cells has determined that there is a block in progression from
the G1 to S phase leading to this ablated proliferative phenotype (Sherwood et al., 1988).
Although senescent cells remain in a non-proliferative state, they are still metabolically
active and may influence neighboring cells in the context of aging or in the development
of cancer (Cichowski and Hahn, 2008).

While cellular senescence has been shown to occur under repeated culturing and
under stress conditions and has most often been associated with an aging phenotype,
senescence has also been shown to occur in the context of tumorigenesis. One of the
more naturally occurring stresses cells are exposed to is that of oncogenic events and
senescence has been shown to be induced under expression of oncogenes including Ras
as well as loss of expression of tumor suppressor genes such as PTEN (Collado and
Serrano, 2006). This type of senescence, termed oncogene-induced senescence (OIS) is
differentiated from replicative senescence, as it does not experience the signature
telomere shortening seen in the latter form (Kuilman and Peeper, 2009). Both forms of

senescence trigger downstream signaling cascades including activation of the tumor
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suppressor INK4A-retinoblastoma (RB) and the ARF-p53 pathways (Kuilman and
Peeper, 2009). As a result of activation of these pathways, many markers exist for the
presence of senescence both in vitro and in vivo including the upregulation of certain
genes and their respective proteins including p16, p15, p53, p19, and p21 (Collado and
Serrano, 2006).

Both replicative senescence and OIS are becoming recognized as potent tumor
suppressive mechanisms that stall the progression of tumorigenesis acting in a manner
similarly to other tumor suppressive mechanisms including apoptosis. By suppressing
unscheduled proliferation OIS is a barrier to oncogenic transformation and progression
of the neoplastic process (Braig and Schmitt, 2006). Preinvasive cancer lesions harbor a
large number of senescent and apoptotic cells, however, the prevalence of these two
types of cells diminishes as tumors become more invasive and metastatic (Collado and
Serrano, 2006). An intriguing question remains as to how these tumor cells overcome
senescence and proceed through tumorigenesis. One answer to this question may lie in
the fact that tumor cells secrete soluble factors into the tumor microenvironment, mainly
cytokines including IL-6, IL-8 and GRO1, whose expression is induced by inflammation
pathways associated with DNA damage during tumorigenesis (Acosta et al., 2008;
Kuilman et al., 2008; Rodier et al., 2009). The exact mechanisms of how the proteins

either suppress or enhance senescence still remain largely unknown.
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1.5 Unanswered questions to be addressed

1.5.1 What is the role of TFF1 in the context of pancreatic and
prostate cancer?

The secreted protein TFF1 has been shown to be a potent tumor suppressor in the
gastrointestinal tract through its ability to stimulate cell migration and promote
epithelial cell restitution of the gastric mucosa. TFF1, however, has also been
demonstrated to be highly upregulated in a variety of tumors including those of the
pancreas and prostate. While studies in other cell systems, namely colon and gastric
cancer cell lines, have shown TFF1 to promote tumorigenesis through enhancing
angiogenesis or cellular invasion. To this point, however, there has not been a clear
understanding of how TFF1 promotes these two cancers. In Chapter 2 of this
dissertation, we examine the functional role of TFF1 in pancreatic and prostate cancer

and its function in the evasion of oncogene-induced senescence.

1.5.2 How does TFF3 promote prostate tumorigenesis?

The trefoil factor family member TFF3 has been demonstrated to be
overexpressed in prostate cancer by multiple diagnostic platforms and through meta-
analysis of four ¢cDNA microarray studies, shown to be one of the thirty most
upregulated genes in prostate cancer. While it has been proposed that this protein

functions to promote tumorigenesis in the gastrointestinal tract by promoting
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angiogenesis, preventing apoptosis, and promoting cellular invasion, its function in
prostate tumorigenesis has not been defined. In Chapter 3 of this dissertation, we will
elucidate this function of TFF3 using both in vitro and in vivo approaches. Additionally,
we will dissect the potential signaling mechanisms regulating TFF3 expression in

prostate cancer.
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2. The Secreted Protein TFF1 Plays a Critical Role in
Allowing Tumor Cells to Overcome Senescence in
Pancreatic and Prostate Cancer

A modified version of this chapter has been submitted for publication in

Genes and Development

2.1 Introduction

Cellular senescence, or the irreversible growth arrest of cells, was first identified
after fibroblasts were allowed to undergo prolonged proliferation in culture (Hayflick
and Moorhead, 1961). Subsequent studies revealed that many types of cellular stress,
including DNA damage, telomere dysfunction, oxidative damage, and
chemotherapeutic drug treatment, are capable of inducing cellular senescence (Collado
and Serrano, 2006). Expression of activated oncogenes including Ras or loss of tumor
suppressor gene expression such as PTEN also promotes senescence and acts as a barrier
against malignant transformation in vivo (Braig et al., 2005; Braig and Schmitt, 2006;
Chen et al., 2005). This type of senescence, known as oncogene-induced senescence or
OIS, differs from other stress-induced cellular senescence and is thought to be a

potential tumor-suppressive mechanism functioning in addition to other well-defined
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mechanisms including apoptosis (Braig et al., 2005; Chen et al., 2005; Collado et al.,
2005; Courtois-Cox et al., 2006; Michaloglou et al., 2005). OIS acts as an initial defense
against tumorigenesis by preventing cells harboring mutations from progressing
through the cell cycle, thereby limiting uncontrolled proliferation (Beausejour et al.,
2003). Although senescence was first illustrated in vitro, it has been hypothesized that in
the context of tumor formation senescent cells, along with apoptotic cells, are abundant
within premalignant neoplastic lesions but scarce in malignant tumors (Collado and
Serrano, 2006). Tumor cells, in order to progress through the tumorigenic process to a
more malignant, invasive, and metastatic state must successfully overcome the tumor
suppressive barriers of both senescence and apoptosis. Recently it has been reported
that senescent cells within premalignant lesions secrete soluble factors including
chemokines that play an important role in oncogene-induced senescence (Acosta et al.,
2008; Kuilman et al., 2008; Rodier et al., 2009; Wajapeyee et al., 2008). We have identified
one such factor, the secreted protein Trefoil Factor 1 (TFF1), which appears to play an
important role in allowing tumor cells overcome the barrier of senescence.

TFF1 (formerly called pS2) is a member of the Trefoil Factor family of proteins,
along with Trefoil Factor 2 (TFF2) and Trefoil Factor 3 (TFF3), characterized by a 38 to 39
amino acid trefoil domain containing six cysteine residues that form a cloverleaf

disulfide structure (Thim, 1997). This structure renders the protein acid and protease
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resistant allowing it to function in the harsh environment of the gastrointestinal tract
where it is normally localized (Taupin and Podolsky, 2003; Wong et al., 1999). TFF1 is a
9kD mucin-associated secreted protein expressed in the gastrointestinal tract mucosa
that functions as a tumor suppressor in the stomach by stimulating epithelial cell
motility, proliferation, and differentiation in areas of mucosal damage thereby
participating in restitution of the tissue that has been damaged (Lefebvre et al., 1996;
Playford et al., 1996). While TFF1 exhibits tumor suppressive functions in the
gastrointestinal tract where it is normally expressed, this protein has also been shown to
be overexpressed in tumor tissue from various organs where it is not normally localized
including the pancreas (Collier et al., 1995; Henry et al., 1991; Prasad et al., 2005; Sagol et
al., 2002; Singh et al., 1997; Terris et al., 2002; Welter et al., 1992; Yeh et al., 2002) and
prostate (Abdou et al., 2008; Ather et al.,, 2004; Bonkhoff et al., 1995; Colombel et al.,
1999; Henry et al., 1991; Vestergaard et al., 2006; Yang et al., 1992) .

Many studies have been conducted in the context of TFF1 function in the
gastrointestinal tract; however, no definitive studies have elucidated the mechanism by
which TFF1 promotes tumorigenesis in tissues where it is not normally expressed. We
investigated the function of TFF1 in promoting tumorigenesis and have shown that this
protein plays a role in allowing tumor cells to overcome the barrier of senescence in

prostate and pancreatic cancer cells. Expression of TFF1 was localized primarily in
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preinvasive tissue in tumor samples where normal and malignant tissue showed little to
no TFF1 protein expression. Knock down of TFF1 expression in prostate and pancreatic
cancer cells resulted in increased cellular senescence and decreased tumor formation
when stable cancer cell lines were implanted in mice. Exogenous TFF1 prevented
prostate epithelial cells from entering OIS after oncogenic Ras was expressed in these
cells. Taken together, our results indicate that in the context of prostate and pancreatic
cancer TFF1 promotes tumorigenesis by allowing pre-cancerous lesions to overcome the

barrier of oncogene-induced senescence.

2.2 Results

2.2.1 TFF1 protein expression is upregulated in prostatic cancer lesions.

TFF1 has been shown to be overexpressed at the mRNA level in both pancreatic
cancer (Collier et al., 1995; Henry et al., 1991; Prasad et al., 2005; Sagol et al., 2002; Singh
et al., 1997; Terris et al., 2002; Welter et al., 1992; Yeh et al., 2002) and prostate cancer
(Abdou et al., 2008; Ather et al., 2004; Bonkhoff et al., 1995; Colombel et al., 1999; Henry
et al., 1991; Vestergaard et al., 2006; Yang et al., 1992) according to previously published
data. Overexpression of the TFF1 protein is known to occur in pancreatic cancer
samples relative to normal pancreatic tissue (Prasad et al., 2005), however, there has
been limited data showing that TFF1 protein is overexpressed in prostate cancer (Ather

et al., 2004). In order to definitively conclude that TFF1 protein is over expressed in
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prostate cancer, we chose to perform immunohistochemical analysis on normal, pre-
cancerous, and cancerous prostate tissue (Figure 3A). We analyzed eight normal
prostate tissue samples, two prostatic intraepithelial neoplasia (PIN) tissue samples, and
eight prostatic carcinoma tissue samples. The tissue samples were immunostained with
a monoclonal TFF1 antibody and additional corresponding sections were
immunostained with hematoxylin and eosin (H&E) and were graded on the Gleason
scoring system (Gleason, 1992). There was no positive TFF1 staining in all eight of the
normal prostate epithelium tissue samples (Figure 3B), however, five of the eight cancer
samples exhibited strong cytoplasmic staining. These prostatic carcinoma samples were
then graded on the Gleason scale to determine if TFF1 expression was correlated with
stage of prostate cancer development. Five of the eight cancer samples were graded as a
Gleason score of 6 (Figure 3B). Three of the five Gleason score 6 samples were positive
for cytoplasmic TFF1 expression. Two of the prostate cancer samples were graded as
Gleason score 7 with one sample having positive cytoplasmic TFF1 expression (Figure
3B). The remaining one prostate cancer sample was scored as Gleason 8 and this sample
was positive for cytoplasmic TFF1 expression (Figure 3B). We were also able to analyze
two PIN tissue samples and there was strong cytoplasmic staining in both of these

samples (Figure 3B). In all of the tumor samples TFF1 was confined primarily to the
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Figure 3. Immunohistochemical analysis of expression of TFF1 in prostate cancer
tissue.

A. Normal prostate epithelium showed no expression of TFF1 protein (panel A). PIN
tissue exhibited strong TFF1 cytoplasmic staining (panel B) Malignant prostatic
carcinoma of Gleason score 8 shows strong focal staining of TFF1 whereas normal
adjacent prostate epithelium (arrow) shows no TFF1 expression (panel C). Panel D
displays higher magnification of panel C showing strong focal staining but no
expression in normal epithelium (arrow). B. Chart showing no positive TFF1 staining in
normal prostate tissue samples where both PIN samples and five of eight carcinoma
samples show positive expression of this protein.
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cytoplasm of the cancerous cells and the surrounding stromal tissue exhibited no
staining.

2.2.2 Knock down of TFF1 expression results in decreased cell viability
of prostate and pancreatic cancer cells in vitro and decreased tumor
growth in vivo

TFF1 has been shown to be overexpressed in both prostate and pancreatic cancer
compared to normal tissue but no definitive function has been ascribed to TFF1 in the
process of tumorigenesis in these tissues. To study the functional role of TFF1 in
promoting tumorigenesis in prostate and pancreatic tissue we knocked down protein
expression of TFF1 in the PC3 prostate cancer cell line and the pancreatic cancer cell line
HS766T to determine the effects of the loss of function of this protein. TFF1 mRNA
knockdown of approximately 97 percent was obtained with shRNA-1 construct stably
expressed in the PC3 cell line and there was approximately an 83 percent knockdown
using the shRNA-2 construct (Figure 4A). We also analyzed the level of TFF1 protein
expression and while there was sufficient knockdown with both targeting sequences the
level of protein knock down was not as dramatic as knock down of the mRNA levels
using the shRNA-2 targeting sequence. There was almost complete ablation of TFF1
expression using the shRNA-1 targeting sequence but approximately a 50 percent
decrease in TFF1 protein expression using the shRNA-2 targeting sequence (Figure 4B).

There was no detectable TFF1 expression at the mRNA level in the HS766T
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Figure 4: Knock down of TFF1 expression in PC3 and HS766T cells.

(A.) Quantitative RT-PCR of TFF1 expression in PC3 cells stably expressing the shRNA-1
and shRNA-2 constructs. Knock down levels of 97 percent and 83 percent, respectively,
were obtained in the PC3 cells. (B.) Western blot analysis showing successful protein
knock down with the shRNA-1 and shRNA-2 constructs stably expressed in PC3 cells.
(C.) Quantitative RT-PCR of TFF1 expression in HS766T cells stably expressing the
shRNA-1 and shRNA-2 constructs. Knock down levels of 100 percent were obtained in
the HS766T cells. (D.) Western blot analysis showing successful protein knock down
with the shRNA-1 and shRNA-2 constructs stably expressed in HS766T cells.
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cell line using both the shRNA-1 and shRNA-2 constructs stably expressed in the
HS766T cell line (Figure 4C) with protein expression showing a similar level of knock
down for the shRNA-1 construct and approximately a 98 percent knock down with the
shRNA-2 construct (Figure 4D). Results of cell viability assays as well as our tumor
xenograft experiments indicated a dose-dependent effect based on the level of TFF1
protein knock down from endogenous levels based in the PC3 cell line. Knockdown of
TFF1 resulted in decreased cell viability in both cell lines with a decrease of 80 percent
and 35 percent seen in the PC3 cell lines expressing shRNA-1 and shRNA-2,
respectively, compared with control cell line (Figure 5A). Similar results were seen in
the HS766T cells stably expressing the previously described shRNA constructs (Figure
5B). Knockdown of TFF1 resulted in decreased cell viability, as measured with the MTT
assay, in both of these cell lines with a decrease of 55 percent and 33 percent seen in the
HS766T cell lines expressing shRNA-1 and shRNA-2, respectively, compared with
control cell line (Figure 5B). When these cells were implanted subcutaneously in
immunocompromised mice similar dose-dependent effects were seen in tumor mass
compared to the control group (Figure 6A). Tumors in the control group were clearly
visible after 90 days post implantation as were tumors from the cells stably expressing
the shRNA-2 construct; however, no visible tumors appeared after 90 days in cells stably

expressing the shRNA-1 construct. Small tumors were only visible after mice were
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Figure 5: Loss of TFF1 expression results in decreased cell viability.

A. MTT absorbance in PC3 cells with or without TFF1 knock down. B. MTT
absorbance in HS766T cells with or without TFF1 knock down. **, p<0.002; *,
p<0.05. Representative of three independent experiments.
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sacrificed and in a percentage of mice no tumors formed at all in the mice implanted
with PC3 cells stably transfected with shRNA-1 targeting construct. There was a
decrease of 99 and 77 percent in tumor mass seen with the shRNA-1 and shRNA-2
constructs stably expressed in the PC3 cells (Figure 6A). Similar results were seen with
the shRNA-2 construct stably expressed in the HS766T cell line whereby there was a 94
percent decrease in tumor mass when compared to the control cell line (Figure 6B). To
determine if this phenotype would also be seen in tissues where this protein is normally
expressed we knocked down expression of TFF1 in the gastric cancer cell line Kato III
which expresses TFF1 endogenously using the same shRNA constructs as previously
described (Figure 7A). There was no significant difference in cell viability between the
vector control cells and the knock down cells as measured with the MTT assay (Figure
7B and 7C). Taken together, these data suggest that the observed effects are specific for
prostate and pancreatic cancer and that the levels of TFF1 expression determine the

degree of phenotype in these cells.
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Figure 6: Loss of TFF1 expression results in decreased tumor growth

(A.) Representative results showing the formation of subcutaneous tumors in
Nude mice injected with PC3 cells. Two independent experiments were
performed. **, p<0.002; *, p<0.05 (n=10) (NT=no tumor). (B.) Representative
results showing the formation of subcutaneous tumors in Nude mice injected
with HS766T cells. Two independent experiments were performed. **, p<0.002;
*, p<0.05 (n=10). NT=no tumor formed.
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Figure 7: Loss of TFF1 expression in gastric cancer cells does not alter viability.

(A.) Knock down of TFF1 in Kato III cells. (B.) MTT absorbance in Kato III cells
with or without TFF1 knock down. (C.) MTT absorbance in HS766T cells with or
without TFF1 knock down under serum deprivation. Error reported in

standard error of the mean (sem).
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2.2.3 Knock down of TFF1 results in increased senescence in pancreatic
and prostate cancer cells

While stable knockdown of TFF1 in the PC3 and HS766T cells resulted in
decreased cell viability in vitro and reduced tumor mass in vivo, the functional
mechanism by which these two phenotypes are controlled remain undetermined. Based
on cell morphology we hypothesized that the cells with reduced levels of TFF1 may be
undergoing senescence. Initial experiments consisted of performing cell cycle analysis
on PC3 cells stably expressing the shRNA-2 vector versus control cells. Compared to the
control cell line, there was a 40 percent increase in the sub G1 phase of the cell cycle
(Figure 8A). Senescent cells are generally arrested in the sub G1 phase of the cell cycle,
so our data provide evidence that the loss of TFF1 expression results in increased
senescence. In addition to senescent cells, apoptotic cells are detected in the sub G1
phase of the cell cycle, so it was important to rule out the possibility that knock down of
TFF1 resulted in increased apoptosis. We performed Annexin-V analysis and
determined that in fact there was not increased apoptosis in the knock down cells
compared to the control cells but rather a lower level of apoptosis in the TFF1 knock
down cells versus the control cells (Figure 8C). Cell cycle analysis was also performed
on HS766T cells with TFF1 knocked down and there was an increase of 68 and 66
percent in the sub Gl phase of the cell cycle for the shRNA-1 and shRNA-2 cell

populations, respectively, compared to the control cell line (Figure 8B).
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Figure 8: TFF1 knock down causes an increase in sub G1 cell population and
decreased apoptotic population.

(A.) Cell cycle profile of PC3 cells stably expressing the indicated shRNA
constructs. (B.) Sub G1 population of HS766T cells stably expressing the
indicated shRNA constructs. (C.) Annexin-V staining of PC3 cells stably
expressing the indicated shRNA constructs. IR treated cells are a positive
control.
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Additionally, scoring of cell morphology determined that PC3 and HS766T cells stably
expressing shRNA-1 and shRNA-2 were more senescent than control cells and once
again a dose-dependent effect was seen as in previous results (data not shown).
Senescence was quantitatively assessed using the beta-galactosidase assay and there was
an increase of 89 and 84 percent increase in beta-galactosidase positive cells for shRNA-1
and shRNA-2 cell populations, respectively, compared to the control cell population in
PC3 cells under unstressed conditions (Figure 9A). Under serum starvation conditions
in 0.5% FBS for 24 hours there was an increase in beta galactosidase positive cells of 85
and 81 percent for the shRNA-1 and shRNA-2 cell populations, respectively, compared
to the vector control cell population (Figure 9A). After 48 hours in 0.5% FBS with an
increase in beta galactosidase positive cells of 89 and 73 percent for the shRNA-1 and
shRNA-2 cell populations, respectively, compared to the vector control cell population
(Figure 9A). In HS766T cells the same trend was seen with an increase of 95 and 94
percent increase in beta-galactosidase positive cells for shRNA-1 and shRNA-2 cell
populations, respectively, compared to the control cell population in under unstressed
conditions (Figure 9B). Under serum starvation for 24 hours there was an increase of 97
and 96 percent in beta-galactosidase positive cells for shRNA-1 and shRNA-2 cell
populations, respectively, compared to the control cell population (Figure 9B). This

trend once again continued after 48 hours of serum deprivation with an increase 96 and
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95 percent in beta-galactosidase positive cells for shRNA-1 and shRNA-2 cell
populations, respectively, compared to the control cell population (Figure 9B). We
decided to examine this senescence phenotype in an additional pancreatic cancer cell
line, Capan-1, to definitively illustrate that this is not a cell-type specific effect. We
employed commercially available lentiviral sShRNA vectors targeting TFF1 to confirm
results from our shRNA vectors as previously described. Once again, TFF1 knock down

resulted in increased senescence compared to the vector control (Figure 10B).

2.2.4 Addition of secreted TFF1 prevents senescence in cancer cells with
TFF1 knocked down and in epithelial cells with OIS.

We have demonstrated that knocking down TFF1 results in senescence in
prostate and pancreatic cancer cells, and we next wanted to examine if this was the
result of its secreted function. To answer this question we cultured PC3 cell populations
stably expressing the shRNA-2 construct or control cells in normal culture media or
media conditioned with TFF1. When grown in normal culture media, the stable cell line
expressing the shRNA-2 construct showed approximately a 6-fold increase in beta-
galactosidase positive staining compared to vector control cells (Figure 11). The cell
population stably expressing the shRNA-2 construct grown in TFF1 conditioned media
from the vector control cell line expressing endogenous levels of TFF1 showed

approximately a 3-fold decrease in beta-galactosidase positive staining
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Figure 9: Loss of TFF1 expression results in increased senescence in prostate and
pancreatic cancer cells.

(A.) PC3 cells stably expressing the indicated shRNA constructs were stained for $—gal
and quantified using light microscopy. (B.) HS766T cells stably expressing the indicated
shRNA constructs were cultured as indicated and then stained for 3—gal. The senescent
population was quantified using light microscopy. All error bars represent the results of
3 independent experiments.
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Figure 10: Senescence in Kato III and Capan-1 cells with loss of TFF1 expression.

(A.) Kato III cells stably expressing the indicated shRNA constructs were stained for 3—
gal and quantified using light microscopy. (B.) Capan-1 cells stably expressing the
indicated shRNA constructs were stained for —gal. The senescent population was
quantified using light microscopy. All error bars represent the results of 3 independent
experiments.
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compared to cells with knocked down TFF1 levels. There remained a 2-fold difference in
beta-galactosidase positive staining between these cells cultured in control vector
conditioned media. This data suggests that addition of conditioned media containing
secreted TFF1 was sufficient in preventing a large increase in senescent cells in a
population of PC3 cells with diminished TFF1 expression.

To address the question of whether TFF1 is responsible for protecting cells from
entering OIS we chose to use a genetically-defined prostate epithelial cell system (Berger
et al,, 2004). OIS was induced in human prostate epithelial cells by the addition of
retroviral oncogenic HRas (HRas®'?V) which resulted in a flattened and enlarged cell
morphology associated with senescence as well as a 2.5-fold increase in beta-
galactosidase positive staining compared to cells expressing a control vector (Figure 12A
and 12B). After validation that this system could effectively induce OIS, normal prostate
epithelial cells were infected with retroviral oncogenic H-Ras as well as a vector control
(VC). These cells were then cultured in conditioned media collected from immortalized
prostate epithelial cells expressing TFF1 or a vector control (Figure 12C). A low level of
senescence was observed in both these cells treated with conditioned media collected
from the immortalized prostate epithelial cells expressing the vector control and TFF1
with percentage beta-galactosidase positive values of 4 and 5 percent, respectively

(Figure 12D).
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Figure 11: Secreted TFF1 protects cells from senescence.

(A.) B-Gal immunofluorescence and staining on PC3 cells expressing or
lacking TFF1 expression cultured in TFF1-containing conditioned media
collected and filtered from parental PC3 cells. (B.) 3-Gal quantitation of
the experiments described above.
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The addition of oncogenic Ras in prostate epithelial cells cultured in conditioned media
from vector control cells caused approximately a 10-fold increase to a value of 40 percent
beta-galactosidase positive (Figure 12D). In these same cells cultured in conditioned
media from cells expressing TFF1, there was a 2-fold decrease in beta-galactosidase
positive staining to a value of 20 percent when compared to the cells cultured in
conditioned media from vector control cells (Figure 12D). This data suggests that
addition of secreted TFF1 was sufficient to prevent a large percentage of prostate
epithelial cells from entering OIS after the addition of oncogenic Ras.

While these previous experiments demonstrate that secreted TFF1 can protect
prostate cells from entering Ras-induced senescence, Ras is only mutated in a small
percentage of prostate cancer (Dong, 2006). In order to address the biological relevance
of specific mutations in prostate cancer that can induce OIS, we chose to inducibly knock
down expression of the tumor suppressor PTEN, whose expression is frequently loss in
prostate cancer (Dong, 2006). Prostate epithelial cells were infected with an inducible
lentiviral ShARNA construct targeting the expression of PTEN or a control vector (VC-1).
These cells were subsequently cultured in media containing doxycycline, which was
used to induce knockdown of PTEN expression, or media without doxycycline. During
this period of infection and doxycycline treatment, the cells were cultured in

conditioned media collected and filtered from immortalized prostate epithelial cells
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Figure 12: TFF1 protects cells from Ras-induced OIS.

(A.) B-galactosidase staining in prostate epithelial cells expressing vector control (Panel
A) and H-Ras®?V (Panel B). (B.) $-galactosidase quantitation in prostate epithelial cells
expressing vector control and H-Ras®?V. (C.) TFF1 protein expression in PrEC-LHS cells.
(D.) Prostate epithelial cells were infected with constructs containing vector control or
H-Ras¢?V and then grown in normal media or TFF1 conditioned media. After 10 days
the cells were fixed and then analyzed by light microscopy for -gal staining. All error
bars are representative of 3 independent experiments.
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(Berger et al., 2004) expressing either a vector control (VC-2) or TFF1 containing vector.
The prostate epithelial cells infected with VC-1 and treated with conditioned media from
the VC-2 cells without doxycycline exhibited a basal level of beta-galactosidase staining
of approximately 17 percent, while the same cells cultured in conditioned media from
the VC-2 cells containing doxycycline showed beta-galactosidase staining of
approximately 19 percent with no significant statistical difference between these two
values indicating that doxycycline treatment at this concentration alone will not induce
senescence in these cells (Figure 13). The same cells previously described were also
cultured in conditioned media from the immortalized prostate epithelial cells expressing
TFF1 protein with or without doxycycline and these cells showed a basal level of beta-
galactosidase staining of approximately 21 and 23 percent respectively indicating that
addition of secreted TFF1 does not significantly increase or decrease senescence in these
cells (Figure 13). The prostate epithelial cells infected with the inducible PTEN shRNA
lentivirus and treated with conditioned media from the VC-2 cells without doxycycline
showed a basal level of beta-galactosidase staining of approximately 26 percent;
however, the same cells cultured in conditioned media from the VC-2 cells containing
doxycycline, which induced knock down of PTEN, showed beta-galactosidase staining
of approximately 43 percent indicating that loss of PTEN expression in these cells caused

approximately a 17 percent increase in senescence (Figure 13). The same cells
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Figure 13: TFF1 protects cells from OIS induced by loss of PTEN expression.

B-galactosidase quantitation in prostate epithelial cells expressing vector control or
inducible PTEN knock down vector with or without doxycycline treatment. Cells were
cultured with either media from LHS cells expressing VC or TFF1.
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previously described were also cultured in conditioned media from the immortalized
prostate epithelial cells expressing TFF1 protein with or without doxycycline.
Interestingly, the prostate epithelial cells that were treated in the media containing
secreted TFF1 with added doxycycline showed a beta-galactosidase staining of
approximately 26 percent, a 17 percent decrease from the same cells cultured in vector
control media (Figure 13). This value is the same as in the cells that were cultured in the
doxycycline-free conditioned media from the vector control cells, indicating not only a

reduction in the level of senescence but a complete return to basal level (Figure 13).

2.2.5 Loss of TFF1 expression results in increased expression of the OIS
marker p21

Having established that TFF1 plays a critical role in allowing cells to overcome
senescence, we wanted to identify potential downstream genes that may be important
for this process. We screened stable TFF1 knock down PC3 cells using an RT-PCR array
containing 84 genes involved in the regulation of the cell cycle. From this initial screen it
was we determined that knockdown of TFF1 in PC3 cells resulted in a 7-fold increase in
the cyclin-dependent kinase inhibitor p21 (CDKN1A or CIP1) mRNA expression (Figure
14A-C). To confirm this result we performed RT-PCR with primers specific for p21 in
the PC3 stable knockdown cell line. The results from the RT-PCR confirmed the results
from the cell cycle array by showing a 6-fold increase in p21 expression (Figure 14D).

Since p21 mRNA expression was clearly increased with
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Figure 14: Loss of TFF1 expression results in increased p21 expression.

(A.) List of genes upregulated in cell cycle RT-PCR array of PC3 prostate cancer cells
stably expressing shRNA-1 versus VC. (B.) List of genes upregulated in cell cycle RT-
PCR array described above. (C.) Plot of PC3 shRNA-1 versus PC3 VC. (D.) Quantitative
RT-PCR analysis for p21 expression in PC3 cells stably expressing VC or shRNA-1.
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TFF1 knock down, we chose to examine whether or not p21 protein levels were
increased as well. Indeed, western blot analysis indicated that p21 protein levels were
increased in both the shRNA-1 and shRNA-2 stable TFF1 knock down PC3 cell lines
compared to the vector control cell line (Figure 15). From our cell cycle RT-PCR array
experiments no other senescence markers were as highly upregulated as p21. We chose
to examine the protein expression of other well defined senescence markers such as p14,
p15, and p16 in the PC3 cells with reduced TFF1 expression. There was no difference in
expression of the p14 and p15 proteins (Figure 15), and surprisingly, p16 protein levels
were dramatically reduced in the cells with reduced TFF1 expression compared to the
vector control cells (Figure 15). These results confirm our RT-PCR results showing

approximately a 2.8-fold decrease in p16 mRNA expression (Figure 14).
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Figure 15: Expression of senescence markers in PC3 cells.

Western blot analysis of indicated senescence markers in PC3 cells stably
expressing VC or shRNA-1.
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2.3 Discussion

Tumorigenesis in humans is a complex multi-step process consisting of genetic
alterations that allow normal cells to progress into malignant variants that become
highly invasive tumors (Hanahan and Weinberg, 2000). The tumorigenic process
consists of a molecular interplay of tumor suppressors and tumor promoters that serve
to allow tumor cells to survive and thrive in environments that usually do not support
these cells. While many tumor suppressive and promoting mechanisms have been well
established and the genetic components underlying these mechanisms have been
extensively studied and understood, questions still remain concerning the underlying
mechanisms of cancer and the function of many of the genes involved in tumorigenesis.
One mechanism in the process of tumorigenesis that remains poorly understood is
cellular senescence. Several recent studies strongly suggest that oncogene-induced
senescence, similar to apoptosis, is a barrier that must be overcome in the progression of
tumorigenesis. Specifically, oncogene-induced senescence functions to arrest cells in the
preneoplastic stage of tumor development, acting as a tumor suppressive mechanism.
The processes allowing tumor cells to overcome this barrier are not fully understood,
but it has been demonstrated that tumor cells or neighboring cells in the tumor
microenvironment can secrete soluble factors that contribute to the ability of senescent

cells to avert this barrier and proceed through the tumorigenic process. Here, we
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identify Trefoil Factor 1 (TFF1) as a novel, secreted protein that functions to assist
pancreatic and prostate tumor cells in overcoming the barrier of senescence.

It has been previously shown that TFF1 is overexpressed in pancreatic and
prostate cancer tissue compared to normal tissue, but no definitive function has been
established for TFF1 in the process of tumorigenesis in these tissues. Our
immunohistochemistry demonstrated that TFF1 is expressed in preinvasive lesions, as
there was strong cytoplasmic staining in PIN tissue with no staining in normal tissue.
This expression pattern was also seen in pancreatic preinvasive lesions (PanIN) (Prasad
et al.,, 2005). In addition to staining in preinvasive lesions, TFF1 expression was also
seen in the majority of later stage tumors, but there was no distinct expression pattern
based on the Gleason score. It appears that TFF1 expression is turned on early in the
tumorigenic process and expression is maintained throughout the progression to more
malignant lesions.

While TFF1 overexpression in tumors has been well documented, little is known
about its function. We have demonstrated that knock down of this protein caused a
dramatic reduction in tumor cell viability and tumor growth in vivo indicating that TFF1
is essential for tumor growth. A likely explanation for this finding is that, similar to
other factors, these cells are “addicted” to expression of TFF1 (Felsher, 2008). Not only

did we demonstrate that these cells were reliant on TFF1 for viability, but loss of this
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protein resulted in increased cellular senescence. Interestingly, add back of secreted
TFF1 protected the TFF1 knock down cells from becoming senescent, indicating that it
was the secreted form of the protein responsible for its function in this context.

Under stress conditions, namely serum deprivation, there an increase in overall
senescence in all of the cell lines studied. This increase does not, however, appear to be
proportionally higher in the TFF1 knock down cells compared to control cells indicating
that TFF1 is likely not playing a critical role in stress-induced senescence. To confirm
the tissue specificity of TFF1 function in regulating senescence we decided to knock
down TFF1 in cancer cells derived from tissue where TFF1 is normally expressed.
Knock down of TFF1 in the gastric cancer cell line Kato III did not result in any
significant difference in either cell viability or cellular senescence. These results strongly
support our contention that the function of TFF1 is dependent on the tissue it is
expressed in. Normally this protein is localized to the gastrointestinal tract where it
plays a protective, tumor suppressive function; however, our results indicate that in the
pancreas and prostate it possesses a pro-tumorigenic function by helping tumor cells
overcome the barrier of senescence.

Senescence can be induced by many stimuli, but in the context of tumor biology
senescence caused by oncogenic activation frequently must be overcome for

tumorigenesis to continue. We hypothesized that secreted TFF1 helps cells within the
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tumor overcome oncogene-induced senescence, and to test this we used two separate
model systems where we induced senescence in prostate epithelial cells by either
overexpressing oncogenic Ras or knocking down the tumor suppressor PTEN. Addition
of media conditioned with TFF1 to the cells with PTEN knock down or Ras-induced
senescence was able to significantly reduce the senescent population of cells, indicating
that TFF1 plays a significant role in protecting prostate epithelial cells from entering
oncogene-induced senescence. It should be noted that while there was a significant
reversal of senescence in cells treated with TFF1 conditioned media, this reversal was
not a 100% return to basal levels. Likely explanations for these results are that a certain
population of the senescent cells had entered an irreversible senescent state, or that
perhaps there was degradation of the TFF1 protein in the conditioned media during
transfer leading to a reduction in overall function.

To further explore the mechanism by which TFF1 aids cancer cells in overcoming
oncogene-induced senescence, we performed a screen of cell cycle regulators in prostate
cancer cells with ablated TFF1 expression compared to control cells maintaining an
endogenous level of protein. Our results identified the cyclin-dependent kinase inhibitor
p21 as a potential downstream target of TFF1. Specifically, p21 was upregulated greater
than 7 fold in TFF1 knock down cells compared to control cells. p21 is known to play a

significant role in maintaining senescence under conditions of oncogenic stress, and our
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results show a clear ability of TFF1 to suppress expression of p21, providing a novel
mechanism whereby TFF1 may allow cells to escape from oncogene-induced senescence.
Interestingly, in contrast to p21, the senescence marker p16 was downregulated in cells
lacking TFF1 expression. It has been shown that p21 and p16 senescence pathways can
function independently and p21 may play a role in early stage senescence with p16
functioning in later stage senescence (Stein et al., 1999). While it is clear that TFF1
knock down leads to increased p21 expression, the mechanism of how TFF1 regulates
p21 levels still needs to addressed. It will also be interesting to determine how loss of
TFF1 contributes to reduction in p16 expression. We did show that TFF1 knock down
results in decreased apoptosis, and p16 has been shown to be involved in the apoptotic
response, so it is possible that decreased pl6 expression is a result of decreased
apoptosis. In the future, it will be interesting to further explore how TFF1 regulates p21

and p16 to influence senescence and apoptosis in the tumor microenvironment.
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3. Trefoil Factor 3 contributes to prostate tumorigenesis
and is regulated in a PI3-kinase-dependent manner.

This chapter contains unpublished observations

3.1 Introduction

Several candidate genes have been implicated in prostate cancer tumorigenesis
including the gain of function of oncogenes including MYC and Ras as well as loss of
function of tumor suppressor genes such as PTEN, Rb, p53, and NKX3.1 (Dong, 2006).
While many genes have been identified to either be lost or gained in this cancer the
underlying molecular mechanisms involved in the development of prostate cancer
remain largely unknown. While a linear progression model of tumorigenesis detailing
specific mutations and associated histopathological changes for a number of cancers
(Vogelstein et al., 1988), including colon and pancreatic, a model does not currently
describe prostate tumorigenesis. It has been proposed that development of prostate
carcinoma proceeds through the initiation of high grade PIN and progresses to invasive
carcinoma and metastasis marked by disruption of the tissue architecture inside the
prostate epithelium including loss of basal cells and basal lamina. As previously
mentioned, the exact genes and molecular mechanisms involved in this process have yet

to be defined.
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One interesting gene that may play a role in the development of prostate cancer
is one member of the trefoil factor family, Trefoil Factor 3 or TFF3. TFF3 is a 7-kD
protein normally secreted in the intestine where it plays a critical role in maintaining
normal architecture of the mucosal epithelium but has also been shown to be
overexpressed in numerous cancers. The functions TFF3 participate in during human
tumorigenesis remain unknown. TFF3 was found to display differential expression
profiles  during  prostate cancer development, based on  microarray,
immunohistochemical analysis and SAGE analysis of prostate cancer tissue compared to
normal prostate epithelium (Ahram et al.,, 2002; Dhanasekaran et al., 2001; Ernst et al.,
2002; Faith et al., 2004; Garraway et al., 2004; Luo et al., 2001; Rhodes et al., 2002; Welsh
et al., 2001). Meta-analysis of multiple prostate cancer cDNA microarray studies
indicated that TFF3 was one of the most prevalent overexpressed genes (Rhodes et al.,
2002) and recently it was shown that increased plasma TFF3 levels in patients with
prostate cancer correlated with invasiveness of this disease (Vestergaard et al., 2006).
While TFF3 is frequently overexpressed in prostate cancer, its function in promoting
prostate tumorigenesis has not been established. In this process of tumorigenesis, the
transition from normal epithelium to PIN and/or from PIN to invasive carcinoma are the
most likely stages where TFF3 could exert its effect to promote the progression of this

disease to a more advanced state. This assertion is based on review of the gene

-81-



expression and histopathological data as well as our previous studies on the TFF3
homolog TFF1 that is involved in assisting tumor cells to overcome oncogene-induced
senescence. It has been shown that higher levels of immunostaining specific for TFF3
was significantly higher in prostate cancer tissue compared to normal prostate
epithelium. Microdissection of this tissue and immunostaining with TFF3 illustrated
higher levels of this protein in PIN than in hyperplastic or normal prostate tissue.
Additionally a prostate-specific Ras transgenic mouse model of prostate cancer showed
high levels of TFF3 expression in metaplastic and dysplastic tissue indicative of PIN
when compared to normal prostate epithelium (Scherl et al., 2004).

To elucidate the role TFF3 may play in promoting prostate tumorigenesis we
have employed both in vitro and in vivo tools to establish both a biological role of this
protein and understand the signaling mechanisms regulating expression of TFF3. We
have shown in our studies that TFF3 promotes cell survivability in an in vitro model
system using the PC3 prostate cancer cell line and additionally have shown that knock
down of endogenous TFF3 expression in this cell line results decrease in tumor mass
when these cells are subcutaneously implanted in immunocompromised mice. Using a
genetically-defined prostate cancer cell line we have also shown that TFF-3 is regulated
in a PI3-kinase-dependent manner. A prostate-specific TFF3 transgenic mouse has also

been generated and initial phenotypic characterization shows that these mice develop
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Normal Tumor

Figure 16: TFF3 expression in prostate cancer.

Immunohistochemical staining of TFF3 in prostate tissue microarray
(TMA) showing normal and cancerous prostate tissue.
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hyperplasia in the prostate.

Our initial studies of TFF3 in prostate cancer demonstrate that this gene plays an
important role in the development of prostate cancer and may be involved in the
initiation step of tumorigenesis as TFF3 expression was highly induced after
immortalized prostate epithelial cells were transformed with expression of oncogenic
Ras. Additionally, loss of expression of TFF3 resulted in decreased viability of PC3
prostate cancer cells and diminished capacity to form tumors when subcutaneously
implanted in mice. Based on the fact that depletion of this protein in cancer cells results
in these aforementioned phenotypes, TFF3 may be a potential therapeutic target or

potential biomarker in the treatment and diagnosis of prostate cancer.

3.2 Results

3.2.1 Overexpression of H-Ras in immortalized prostate
epithelial cells results in an upregulation of TFF3 expression.

We hypothesized that TFF3 functions to promote prostate cancer initiation so we
decided to use a genetically-defined cell based system to examine the molecular changes
associated with the transformation from normal, immortalized prostate epithelial cells to
transformed, tumorigenic prostate cells. While the established human prostate cancer
cells lines have been used extensively to generate valuable information about the

mechanism of tumorigenesis, those cells contain unknown collections of genetic
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alterations that make it difficult to identify and characterize the roles of specific
molecules and signaling pathways in the development of this disease. For our purpose,
the use of this model system with two genetically defined transformed human prostate
cell lines with varying capacities to develop tumorigenic phenotypes has significant
advantage over the use of established prostate cancer cell lines to pinpoint the specific
stage of tumorigenesis that TFF3 overexpression may contribute to. In this model
system the two cell lines PrEC-LHS, or LHS, and PrEC-LHSR, or LHSR, were developed
by the introduction of three or four genes into the primary human prostate epithelial
cells (PrEC). These genes include the following: SV40 large T antigen (L) which targets
and inactivates the tumor suppressors pRb and p53; human telomerase gene hTERT (H)
which immortalizes the primary cells; SV40 early region oncoprotein small t antigen (S)
which promotes cell cycle progression; and constitutively active H-Ras (R) which
stimulates cell proliferation (Lim et al., 2005). The LHS cell line contains the large T
antigen, hTERT, and small T antigen genes, whereas the LHSR cell line contains the
large T antigen, hTERT, small T antigen, and H-Ras genes (Berger et al., 2004). It has
been shown that the addition of H-Ras was necessary for these transformed cells to
become tumorigenic (Berger et al., 2004). This transition from non-tumorigenic,
immortalized cells to tumorigenic cells allows us to analyze if TFF3 may promote or

assist in this transition.
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We screened these two cell lines as well as the PrEC cell line for expression of
TFF3 using qRT-PCR. As shown in Fig.17, our data suggests that TFF3 expression is
significantly upregulated in LHSR cells compared to the LHS cell line. Quantitation of
mRNA expression between the two cell lines demonstrated approximately a 7000-fold
increase of TFF3 expression in the LHSR cell line compared to the LHS cell line. The
PrEC cell line showed no endogenous expression of TFF3. Protein expression of TFF3
was also examined using Western blot and analysis and there was a substantial increase
of expression corroborating the qRT-PCR results. Interestingly enough, a prostate-
specific H-Ras transgenic mouse showed a high level of expression of TFF3 in dysplastic
prostate tissue compared to normal epithelium of the wild-type mice further confirming
our aforementioned results (Scherl et al., 2004). As previously reported another member
of trefoil factor family, TFF1, is overexpressed in prostate cancer and plays a protective
role in preventing oncogene induced senescence (OIS) induced by expression of
activated Ras and loss of the tumor suppressor PTEN. It was of interest to examine if
Ras expression induced expression of TFF1 in this system. Our results indicated that
TFF1 was, in fact, not upregulated by expression of Ras in the LHS cells illustrating
differential regulation of TFF1 and TFF3 expression in this model of prostate

tumorigenesis (data not shown).
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Figure 17: H-Ras induces TFF3 expression.

(A.) Quantitative RT-PCR anaylsis of LHS and LHSR cells showing
increased TFF3 mRNA expression in Ras-transformed cells. (B.)
Western blot showing TFF3 protein expression in these two cell lines.
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3.2.2 Expression of TFF3 is regulated in a PI3-Kinase-dependent
manner in immortalized and transformed prostate epithelial
cells.

Our experiments have shown that addition of H-Ras to the immortalized
prostate epithelial cells causes a dramatic increase in TFF3 expression but the biological
relevance for this increase needed to be established. Ras mutations in prostate cancer
patients are seen most commonly in Asian men but not in men of European descent.
While Ras mutations may not be as prevalent as other mutations in prostate cancer we
have reasoned that deregulation of downstream Ras effector molecules RAF kinase, PI3-
kinase, and RalGDS may play a role in regulating expression of TFF3. We have decided
to use specific H-Ras effector domain mutants substituted for H-Ras that preferentially
bind and activate each of these effectors to probe the potential pathways where TFF3 is
functioning. The H-Ras (12V, 35S) mutant preferentially binds and activates the Raf
signaling pathway but does not bind PI3-K or RalGDS. The H-Ras (12V, 37G) mutant
preferentially binds and activates RalGDS but not Raf or PI3-K. Finally the H-Ras (12V,
40C) mutant preferentially binds and activates the PI3-K pathway but not Raf/MAPK or
RalGDS pathways (Khosravi-Far et al., 1996). We have overexpressed each one of these
effector mutants in LHS cells substituted for H-Ras. A negative control cell line was

generated by infection with an empty pBabe.puro vector. These cell lines were then
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Figure 18: Expression of Ras effector mutants in LHS cells.

Expression of the (12V,40C) effector mutant specific for activation of PI3-
Kinduced TFF3 mRNA expression, whereas expression of effector
mutants specific for Raf and RalGDS did not induce expression.
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screened for TFF3 expression using qRT-PCR. Our preliminary data shows that addition
of the 12V, 40C mutant effector, specific for PI3-K activation, caused approximately a 40-
fold increase of TFF3 expression compared to the vector control LHS cell line (Figure 18).
Additionally, we have shown that addition of the other two effector mutants specific for
Raf/Erk/MapK and RalGDS activation did not increase TFF3 expression when compared
to the vector control cell line. These findings are very interesting as PI3-K has been
shown to be deregulated very frequently in prostate cancer and has become an
important target in prostate cancer therapy. It may be possible that TFF3 expression is
regulated in a PI3-K-dependent manner in prostate cancer. Based on the findings of
these experiments we decided to use pharmacological inhibitors specific for PI3-K and
MAP-K to further confirm these results. LHSR cells were treated with LY294002, a
specific inhibitor of PI3-K, over 24 hours at concentration of 20uM with time points
collected at 3, 6, 10, and 24 hours post treatment. A DMSO solvent control was used as a
negative control. We observed approximately a 98% reduction in TFF3 expression after 3
hours of treatment with LY294002 (Figure 19). Treatment with MAP-K inhibitor UO126
caused no significant reduction in TFF3 levels (data not shown) indicating that
regulation of TFF3 expression is being regulated in a PI3-K manner rather than through

the ERK/MAPK pathway.
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Figure 19: Pharmacological inhibition of PI3-Kinase results in reduced TFF3 expression.

Treatment of LHSR cells with the PI3-K inhibitor LY294002 over the indicated time
points. 0 hours consisted of treatment with a DMSO solvent control. Phospho-Akt was
used as a positive control.
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3.2.3 Knock down of TFF3 expression results in decreased cell
viability of prostate cancer cells in vitro and decreased tumor
growth in vivo

While the in vitro experiments previously described have given us some
important information on the potential signaling mechanisms of TFF3 in prostate cancer,
we have chosen to use both in vitro cell viability assays and an in vivo xenograft model
system to test our hypothesis that TFF3 functions to help promote prostate tumor
growth. Based on our previous work showing the homologous protein TFF1 promotes
tumorigenic development in prostate and pancreatic cancer, it is possible that this
protein may play a similar role. After screening multiple prostate cancer cells we
determined that the PC3 cell line had the highest level of endogenous expression of TFF3
and chose to stably knock down expression of TFF3 in this cell line and determine the
specific phenotype. Successful knock down of TFF3 protein expression was obtained
using the TFF3 shRNA-150 targeting construct compared to the cells stably expressing
the vector control (Figure 20A). We performed the MTT cell viability assay on these
cells under basal serum conditions and showed that there was approximately a 35
percent decrease in cell viability in the cells expressing the TFF3 shRNA-150 construct
compared to the cells expressing a vector control (Figure 20B). To determine if this
phenotype was enhanced under stress conditions, we chose to culture these cells under

serum starvation conditions at 0.5% serum in DMEM over a period of 144 hours (Figure
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20C). Percent relative cell survival was calculated at 0, 24, 48, 96, and 144 hours. After 24
hours of serum deprivation we observed a 61 percent decrease in percent relative cell
survival in the cells with diminished TFF3 expression compared to control cells and this
percentage was also seen after 48 hours. Cell viability decreased slightly over the next
48 hours as a 67 percent decrease in cell number was seen at 96 hours and this
percentage remained constant at the final time point as a 66 percent decrease in cell
number was seen at 144 hours of serum deprivation. It was apparent that cells with
reduced TFF3 expression had reduced viability and that serum deprivation further
diminished the viability of cells compared to the control cells maintaining endogenous
TFF3 expression. As this phenotype was also demonstrated in experiments examining
the role of TFF1 in tumorigenesis, described in Chapter 3 of this dissertation, we chose to
explore the possibility that TFF3 may be functioning to promote tumor cell aversion to
senescence.

While we demonstrated that knocking down TFF3 resulted in decreased cell
viability in vitro, we decided to examine the tumorigenic capacity when TFF3 is knocked
down in the PC3 cancer cells. For this purpose we chose to use these aforementioned

cells in a mouse xenograft system. For our xenograft model, 4x10° cells expressing either
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Figure 20: Loss of TFF3 expression results in reduced viability of PC3 cells.

(A.) Western blot analysis of TFF3 protein levels using the TFF3 shRNA-150
construct. (B.) Knock down of TFF3 expression reduces MTT levels. (C.) MTT
assay of cells with and without TFF3 expression under serum starvation
conditions.
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the TFF3 shRNA-150 were subcutaneously implanted using a right flank injection into
immunocompromised Nude mice. Five male mice were used for both injection groups-
the vector control group and the knockdown experimental group. Mice were sacrificed
12 weeks after injection and tumors were excised, weighed for mass. In the mice with
knock down cells implanted tumors grew to an average weight of 0.2 grams (standard
error + 0.1) with control group tumors weighing an average of 0.9 grams (standard error
+ 0.2) (Figure 21). These results represented a 4.5-fold or 78 percent decrease in tumor
mass in the TFF3 knockdown cells compared to cells expressing endogenous TFF3.

All our experiments outlined in this part of the chapter were conducted using
one shRNA construct targeting TFF3 expression. We designed this targeting construct
based on multiple algorithms for the most effective sequences and were limited in the
number of possible sequences. To address this concern, we chose to purchase additional
lentiviral shRNA constructs targeting TFF3 expression. Using quantitative RT-PCR we
demonstrated that all five of these constructs successfully knocked down expression of
TFF3 mRNA compared to the cells stably expressing a non-targeting control construct

(Figure 22).
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Figure 21: Loss of TFF3 expression in PC3 cells results in decreased tumorigenicity.

Representative results showing the formation of subcutaneous tumors in Nude mice
injected with PC3 cells. **, p<0.002; *, p<0.05 (n=5).
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Figure 22: Stable knock down of TFF3 expression.

qRT-PCR of stable expression of lentiviral ShARNA constructs
targeting TFF3 expression compared to non-targeting vector (NT).
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These cells will be used to repeat the experiments described above to eliminate any

potential off-target effects.

3.2.4 Development of a prostate-specific TFF3 transgenic
mouse model of prostate cancer.

To further test our hypothesis that TFF3 promotes prostate tumorigenesis, we
developed a transgenic mouse model system prostate tissue-specific expression of TFF3.
To develop the TFF3 transgenic mouse strain, we isolated the TFF3 cDNA from the SW-
620 colon cancer cell line, which displays a high level of endogenous expression of TFF3,
using polymerase chain reaction (PCR). The TFF3 cDNA was subcloned into the PB-
IRES-hrGFP vector (Klezovitch et al.,, 2004) (Figure 23A). This modified pBluescript II
KS (Stratagene) vector contains the ARR2PB synthetic probasin promoter to direct
expression of the TFF3 cDNA to the prostate epithelium with no expression in other
tissues including the bladder, testis, liver, lung, kidney, stomach, heart, intestine, brain,
and spleen (Klezovitch et al., 2004).

After cloning, expression of TFFE3 through this construct was tested by
transiently transfecting this construct into the prostate cancer cell line DU145 that
displays low endogenous expression of TFF3. Expression of this construct was tested
using qRT-PCR. Transfection of the probasin-TFF3 into the DU145 cells led to
approximately a 10,000-fold increase in TFF3 expression compared to the empty

probasin control construct. Additionally cell-type specificity was tested in non-prostate
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cancer cells, HS766T pancreatic cancer cells and 293T cells, and these cells displayed no
TFF3 expression. The probasin (PB)-TFF3 fragment was isolated from the vector and
given to the Duke University Medical Center Transgenic Mouse Facility that generated
the transgenic founder mice. Two out of sixteen PB-TFF3 mice founder mice on the FVB
background were obtained and crossed with C57BL/6] mice (Figure 23A). An F1
generation was bred and subsequently backcrossed onto the C57BL/6 background for
seven generations creating PB-TFF3 N7 mice.

The N7 generation mice were allowed to age for nine months before initial
characterization was performed. Prostates were excised and processed for
immunohistochemical analysis using eosin and hematoxylin (H&E) staining. The
morphology of the ventral and lateral lobes of the prostate was normal, however, the
dorsal prostate contained areas of hyperplasia which is not normally seen in mice, even
at advanced age (Roy-Burman et al., 2004) (Figure 23B). It should be noted that this is an

initial characterization and analysis was done on a limited number of mice.
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Figure 23: Development of TFF3 transgenic mouse.

(A.) Prostate-specific transgenic construct used to develop the TFF3
transgenic mouse. Genotyping of the founder colony showing one
positive animal out of a litter of 8. (B.) H&E staining of prostate
lateral lobes (panels I and I1), ventral lobe (panel I11), and dorsal lobe
(panel 1V). Arrow marking hyperplastic epithelium.
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3.3 Discussion

TFF3 has been shown to be overexpressed in various human cancers including
prostate cancer (Ahram et al., 2002; Dhanasekaran et al., 2001; Ernst et al., 2002; Faith et
al., 2004; Garraway et al., 2004; Luo et al., 2001; Rhodes et al., 2002; Welsh et al., 2001).
Multiple studies have demonstrated both mRNA as well protein expression is
upregulated in prostate cancer tissue compared to normal prostate epithelium.
Interestingly, TFF3 is one of the most upregulated genes in prostate cancer when
multiple cDNA array studies were compared using meta-analysis indicating that this
gene may be of importance in the development of prostate cancer (Rhodes et al., 2002).
Current understanding of TFF3’s role in promoting tumorigenesis remains unclear,
especially in a prostate cancer context. Previous studies have indicated that it may
function in promoting tumor invasion and metastasis by modulating cytoskeletal
components of the cells including the cadherins and catenins (Efstathiou et al., 1998;
Meyer zum Buschenfelde et al., 2004). Our initial experiments in prostate and pancreatic
cancer cells did not indicate that this function was occurring in these two cancers and it
may be context dependent, primarily functioning in this manner in the gastrointestinal
tract. TFF3 has also been implicated in promoting tumorigenesis by conferring anti-
apoptotic capacities to cancer cells (Kinoshita et al., 2000; Taupin et al., 2000) and

promoting angiogenesis (Rodrigues et al., 2003b). While these functions have been
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established in cancer cells isolated from the gastrointestinal tract, no studies have been
performed on cancer cells from tissues outside of the GI tract. We chose to examine the
tumorigenic functions of TFF3 primarily in a prostate cancer model system using both in
vitro and in vivo approaches.

Initial studies of TFF3’s role in promoting prostate tumorigenesis were
conducted in a genetically-defined prostate cancer model system to elucidate potential
signaling pathways regulating TFF3 expression. The expression of oncogenic Ras in
immortalized prostate epithelial cells resulted in a substantial induction of TFF3
expression both at the mRNA and protein level. This was an interesting observation as
TFE3 expression was so highly expressed during the oncogenic transformation of these
cells. Additionally previous data has shown that a transgenic mouse expressing H-Ras
in the prostate and exhibiting PIN histopathology expressed TFE3 at high levels in the
prostate (Scherl et al.,, 2004). This was confirmatory of our results, however, the
biological relevance of H-Ras deregulation in prostate cancer is questionable (Carter et
al., 1990). Mutations in this gene in prostate cancer are seen primarily in specific ethnic
groups (Anwar et al., 1992), however, downstream pathways of Ras are activated in this
cancer including the PI3-kinase signaling cascade. When the Ras-effector mutant
(12V,40C), specific for activation of PI3-K, was expressed in immortalized prostate

epithelial cells it resulted in upregulation of TFF3 while the two effector mutants for the
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Raf/Erk/MapK and RalGDS pathways did not result in increased expression of TFF3
indicating that regulation of its expression was being controlled in a PI3-K-dependent
manner. This was further confirmed when pharmacological inhibition with the
compound LY294002 of PI3-K in the Ras-transformed prostate epithelial cells resulted in
a dramatic decrease in TFF3 mRNA expression. Conversely, pharmacological inhibition
of the Raf/MapK/Erk signaling pathway with the UO126 had no effect on expression of
TFF3 which coincided with the experiments expressing the effector mutant specific for
activation of this pathway. It has been shown that anti-apoptotic effects of TFF3 in rat
intestinal cells are regulated via the PI3-K signaling pathway (Chen et al., 2000) and
TFF3’s ability to prevent apoptosis after injuries in cell lines requires transactivation of
EGFR and PI3-K (Taupin et al., 2000). To further elucidate the entire signaling cascade
regulating TFF3 expression we plan to probe upstream components of PI3-K that are
deregulated in prostate cancer including addition of constitutively active EGFR as well
as knocking down PTEN expression, both potent regulators of the PI3-K cascade. It
appears that in the intestine TFF3 uses PI3-K activation to prevent cell death after injury
to promote restitution of areas of cellular damage, but this process may be also used in a
cancer context to promote the aversion of tumor cells to apoptosis.

Our signaling experiments point to a PI3-K-dependent regulation of expression

of TFF3 in a prostate cancer context, however, the biological role of this protein

-103 -



remained to be established. We chose to use loss-of-expression experiments to
determine the answer to this question. After achieving substantial knock down of TFF3
protein expression we examined cell viability and determined that there was both a
biologically and statistically significant reduction in cell survivability and this effect was
further enhanced under stress conditions, namely serum deprivation. Additionally,
when these cells were implanted in mice there was diminished tumor growth with the
cells lacking TFF3 expression when compared to control cells expressing endogenous
levels of TFF3. Both these results illustrate that TFF3 is critical for tumor cell viability as
well as their tumorigenic capacity. It must be emphasized that these are initial
experiments and must be confirmed using additional shRNA targeting sequences to
eliminate any off-target effects. Additionally, as previously mentioned TFF3 has been
shown be involved in the aversion of apoptosis in other cell systems and may be one of
the mechanisms functioning to promote tumorigenesis in our model. Further
experiments to explore this possibility must be conducted as well as ruling out other
potential mechanisms including the effect of TFF3 on cell proliferation, for example. In
Chapter 2 of this dissertation we determined that another member of the trefoil factor,
TFF1, promoted tumorigenesis by assisting cancer cells avert senescence so it was of
interest to explore the possibility of TFF3 functioning similarly. We, in fact, determined

that TFF3 did not function in this manner as TFF3 knock down in PC3 cells neither
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resulted in a senescent morphological phenotype nor was there an increase of the
senescence marker B-galactosidase. We have already shown that there is most likely
differential regulation of expression of these two factors so it is not surprising that these
two family members do not have redundant functions in the same cancer cells.

Finally, we developed a transgenic mouse expressing TFF3 specifically
expressing this protein in the prostate to examine the effect of TFF3 in promoting
tumorigenesis in a more realistic biological system. Successful generation of the mouse
was obtained and multiple generations have been backcrossed onto the C57BL/6
background. Initial characterization of a small number of mice has suggested potential
morphological changes in the prostate including hyperplasia. These are initial
observations and many more animals need to be characterized to make any definitive
determinations of TFF3’s role in promoting prostate pathology in these mice. While
neoplasia is not currently regarded as a precursor to prostate cancer, crossing these mice
with mice containing additional genetic components of prostate cancer, including
animals lacking p53 expression, may lead to a phenotype that better recapitulate the

histopathological changes associated with prostate cancer.
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4. Materials and Methods

4.1 Immunohistochemical staining

Paraffin-embedded human prostate cancer tissue was processed for antigen
retrieval by heating in 10 mM sodium citrate (pH 6.0) for 20 min at 95°C. Then, sections
were immunostained with a monoclonal antibody against human TFF1 (Zymed
Laboratories, catalog no. 18-0162). The immunostaining was performed with an ABC
staining system (Vector Laboratories) using the avidin-bio-tinylated-peroxidase
detection method.
4.2 Tissue culture

HS766T cells and their various derivatives of cell populations as well as 293T
cells were cultured in DMEM growth medium (CellGro by Mediatech, Inc.)
supplemented with 10% FBS and antibiotics. PC3 cells and their various derivatives of
cell populations were cultured in RPMI growth medium (CellGro by Mediatech, Inc.)
supplemented with 10% FBS and antibiotics. Capan-1 cells and their various derivatives
of cell populations were cultured in DMEM growth medium (CellGro by Mediatech,
Inc.) supplemented with 20% FBS and antibiotics. Kato III cells and their various
derivatives of cell populations were cultured in IMDM growth medium (Gibco)
supplemented with 20% FBS and antibiotics. PrEC, PrEC-LHS, PrEC-LHSR (a kind gift
from Dr. Phillip Febbo), and PrEC-LHS-TFF1 cells were cultured in Prostate Epithelial

Basal Medium (PrEBM) supplemented with PrEGM SingleQuots (Lonza). Retroviruses
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expressing pBabe-TFF1-puro, TFF1 shRNA 1, and TFF1 shRNA 2, TFF3 shRNA 150 were
produced from the 293T packaging cell line. 293T cell transfections were performed
using the FuGene 6 reagent (Roche) according to the manufacturer’s instructions.
Viruses were harvested 48 and 72 h after infection, filtered, and used to infect HS766T,
PC3, Capan-1, Kato III, and PrEC-LHS cells in the presence of 5 ug/mL polybrene.

Infected cells were selected for puromycin resistance.

4.3 Real-time polymerase chain reaction

mRNA was isolated with the RNeasy Plus Mini Kit (Qiagen), and cDNA was

synthesized using the SuperScript III First-Strand Synthesis System for RT-PCR
(Invitrogen) according to protocols provided by the manufacturers. Following reverse
transcription, quantitative real-time PCR was performed using iQ SYBER Green
Supermix (Bio-Rad), and results were normalized to beta-2-microglobulin (B2M) levels.
Primers for TFF1, TFF3, and p21 were purchased from SABiosciences, Cat#s PPH00998B
PPHO00449A, and PPHO0211E, respectively. Primers used are as follows:

human-TFF1: GGAGGTTGTCTCTTTGGTCAAGGT

human-TFF1: TCTCATGACAGCAGCCACCAGAAT

human-B2M-F: GAGGTTTGAAGATGCCGCATT

human-B2M-R: TGTGGAGCAACCTGCTCAGATA

mouse -p21©rl-F: CAGATCCACAGCGATATCCAGACA
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mouse -p21°rl-R: GAAGAGACAACGGCACACTTTGCT

4.4 DNA constructs

The cDNA sequence encoding TFF1 was amplified from cDNA from HS766T
cells and cloned into the EcoRI and Sall sites of pBabe-puro (Morgenstern and Land,
1990) to generate pBabe-TFF1-puro. The cDNA sequence encoding TFF3 was amplified
from cDNA from SW620 cells and cloned into the EcoRI and Sall sites of pBabe-puro
(Morgenstern and Land, 1990) to generate pBabe-TFF3-puro. Retroviral vectors that
encode shRNAs against the TFF1 transcript were generated by cloning oligonucleotide
sequences into the pSUPER retro-puro vector (Brummelkamp et al., 2002). The coding
sequences of the TFF1 targeting shRNAs were AGACAGAGACGTGTACAGT (TFF1
shRNA-1) and GTGCTTCTATCCTAATACC (TFF1 shRNA-2). The coding sequences of
the TFF3 targeting shRNAs were ACAACGGTGCATAAATGAG (TFF3 shRNA-150).
pLKO.1 lentiviral non-targeting shRNA clone (NT), TFF1 targeting shRNA clones (TFF1
shRNA 4-7 and TFF3 shRNA 624-627 ) were purchased from Sigma (MISSION® shRNA
bacterial stock). The pBabe-HRas®?V-puro vector and Ras effector mutants were kind
gifts from Dr. Christopher Counter. TRIPZ Lentiviral Inducible shRNAmir for PTEN
and control vector were purchased from Open Biosystems. Probasin vector was a kind
gift from the laboratory of Dr. Vasioukhin. TFF3 cDNA was cloned into the Probasin

transgenic construct using the Spel and Sphl restriction sites.
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4.5 Generation of virus

Retrovirus for TFF1 and TFF3 knockdown experiments was produced in 293T
cells by co-transfection with the gag/pol and pVSVG packaging vectors. Lentivirus for
TFF1 and TFF3 knockdown experiments was produced in 293T cells by co-transfection
with the psPAX2 and pVSVG packaging vectors. Media was replaced with fresh DMEM
24 hours after transfection, and supernatant containing virus was collected 48 hours
later. Supernatant was filtered, mixed with 4 ug/mL polybrene (Sigma), and added to
target cells. For TFF1 and TFF3 overexpression experiments, retrovirus was produced in
293T cells by co-transfection of pBabe constructs with the gag/pol and pVSVG packaging
vectors.

4.6 Subcutaneous injection of immunocompromised mice

Cancer cells were harvested from subconfluent cell culture plates, washed with
PBS, and resuspended in DMEM or RPMI with 10% FBS. 2 x 10° HS766T cells and 4 x 10°
PC3 cells in a final volume 0.2 mL were injected subcutaneously into 5-wk-old male
Balb/C AnNcr-Nu/Nu (Nude) mice (NCI-Frederick). Mice were sacrificed 90 days post
injection and tumors were excised and weighed.

4.7 MTT cell viability assays

Cells were plated at a density of 20 x 105 cells per well in a 24-well plate and

grown in culture for 48 h at which time MTT reagent was added to each well and

assayed according to manufacturer’s protocols. MTT absorbance readings were taken at
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570 nM and background absorbance readings were taken at 690 nM on a Beckman
DU640 Spectrophotometer. Background absorbance at 690nM was subtracted from
readings taken at 570 nM for final absorbance of MTT.

4.8 Senescence Assays

For colorimetric analysis of senescence, PC3, HS766T, or Kato-3 cells stably
expressing either scrambled control or shRNA constructs targeting TFF1 were seeded
into 35 mm dishes at a density of 1.0 x 10° and allowed to grow overnight. These cells
were then fixed for beta-galactosidase staining according to the Senescence Detection Kit
protocol (Calbiochem Cat.# QIA117) or were subjected to serum starvation in media
containing 0.5% FBS for the times indicated in the results section and then fixed as
described above. The fixed cells were then incubated with X-gal reagent from the
Senescence Detection Kit following the manufacturer’s protocol and colorimetric
staining was visualized using an Olympus CK40 light microscope equipped with an
Olympus DP20 digital camera. For IF detection of senescence, PC3 cells stably
expressing either scrambled control or shRNA constructs targeting TFF1 were seeded
onto coverslips in 35 mm dishes at a density of 1.0 x 10° and allowed to grow overnight.
These cells were then washed with PBS and fixed with 2% paraformaldahyde for 15
minutes. Following fixation, cells were washed twice with PBS and then with 0.2%
Triton-X 100 in PBS for five minutes on ice. Cells were then blocked with 1% BSA in PBS

for 30 minutes and then incubated with primary antibody against B-gal (Abcam) for 1
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hour at room temperature. Cells were then washed with 1% BSA in PBS and then
incubated with secondary antibody conjugated to FITC for 30 minutes at 37° C.
Following incubation the cells were washed with PBS and the coverslips were mounted
onto slides using mounting medium for Trevigen. B-gal florescence was visualized
using a Zeiss Axio Imager widefield fluorescence microscope equipped with a
Hamamatsu Orca ER monochrome cooled-CCD camera with IEEE. Analysis was
carried out using MetaMorph software.

4.9 Annexin V assays

Prostate and pancreatic cancer cells were plated in 6-well plates at a density of
200,000 cells per well. The following day, the percentage of annexin V-positive cells was
determined by FACS analysis using the Annexin V-PE Apoptosis Detection Kit from BD
Biosciences.
4.10 Cell cycle analysis

PC3 and HS766T cells stably expressing either scrambled control or shRNA
constructs targeting TFF1 were seeded into 10 cm dishes at a density of 1.0 X 10° an
allowed to grow overnight. The cells were then harvested and fixed with 70% ethanol
overnight at -20° C. Cells were then washed with PBS and stained with a 25 ug/ml
propidium iodide solution containing RNAse A (0.1 mg/ml) for 20 minutes at room
temperature. Cell cycle profiles were then determined using a FACSan analyzer and the

data was analyzed using CellQuest software.
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4.11 Western analysis and antibodies

Protein for Western blot analysis was isolated from whole-cell lysates prepared
in Universal Lysis Buffer pH 7.5 (50mM Tris, 150mM NaCl, 50mM NaF, 0.5% NP-40).
TFF1 protein expression levels were assayed by immunoblot with a specific anti-TFF1
(pS2) polyclonal antibody (Santa Cruz Cat# sc-28925). TFF3 protein expression levels
were assayed by immunoblot with a specific anti-TFF1 monoclonal antibody
(Calbiochem). p21 protein expression was assayed by immunoblot with a specific anti-
p21 antibody (Cell Signaling). p14, p15, and pl6 protein expression was assayed by
immunoblot with a specific anti-p14, anti-p-15 and anti-p16 polyclonal antibodies (Cell
Signaling). The phosphor-Akt antibody was purchased from Cell Signaling. As a
loading control, whole cell lysates were blotted with anti-y-tubulin antibody (Sigma).

4.12 Cell Cycle RT-PCR Array

Human Cell Cycle PCR Arrays were performed according to manufacturer’s
instructions, RT? Profiler™ PCR Array Human Cell Cycle (SABiosciences).
4.13 Transgenic Mouse Generation

The probasin transgenic construct containing TFF3 was purified from the
pBluescript backbone through digestion with Ascl/Clal. This purified insert was then
delivered to the Duke University Medical Center Transgenic Mouse Facility for
microinjection. A founder colony on the FVB background was generated and

subsequently genotyped. Positive mice carrying the TFF3 transgene were backcrossed
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onto the C57BL/6 background. Genotyping primers for the TFF3 transgene are as
follows:
TFF3 Genotyping Forward: TGATCATAATCAGCCATACCA

TFF3 Genotyping Reverse: ATTTGTAACCATTATAAGCTG
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5. Conclusions and considerations

5.1 TFF1 is expressed higher in prostate cancer than normal
prostate epithelium

In order to definitively show that TFF1 protein expression was seen during
prostate cancer progression, we performed immunohistochemistry on a panel of normal
prostate tissue, prostatic intraepithelial neoplasia (PIN), and malignant carcinoma. We
have shown that TFF1 protein expression is present in preinvasive (PIN) lesions within
the prostate and this expression continues throughout the progression of prostate
tumorigenesis as samples of all Gleason scores displayed positive expression. Although
there were limited tissue sample numbers, we were able to obtain eight normal prostate
samples, all of which showed no positive cytoplasmic TFF1 expression. Both PIN
samples had a high level of expression and approximately 63 percent of prostate
carcinoma samples showed positive cytoplasmic TFF1 expression. Expression of TFF1
did not seem to correlate with Gleason score. It appears that TFF1 expression is turned
on early in prostate tumorigenesis and expression is maintained throughout
progression.

It should be noted that there was a limited number of tissue samples available for
this analysis which hindered our ability to correlate TFF1 expression with Gleason score.

We originally requested double the samples to get a better representation. We hope in
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the future to acquire a larger panel of tissue samples with a higher numbers of PIN
tissue and carcinoma samples of Gleason score 8 or higher.

5.2 TFF1 expression is critical for pancreatic and prostate
cancer cell viability and tumorigenicity

Tumor cells become reliant or addicted to expression of oncogenes that support
viability and growth of these cells. It appears that TFF1 may be one of these oncogenic
factors as depleted expression of this protein resulted in reduced capacity of these cells
to survive in culture as determined by the MTT assay which measures enzymatic
activity of viable cells. This reduced viability was seen in both the prostate and
pancreatic cancer cell lines PC3 and HS766T, respectively, indicating that this was not a
cell type-specific effect. Additionally, the degree of viability seemed to be correlated
with level of TFF1 knock down demonstrating a dose-dependent effect of this protein on
the phenotype. While TFF1 is not normally expressed in the pancreas or prostate, it is
expressed at high levels in the stomach where it is normally localized. To determine if
this truly an example of oncogenic addiction, we chose to knock down expression of
TFF1 in the stomach cancer cell line Kato III that endogenously expresses this protein. In
fact, knock down of TFF1 did not change the viability of these cells even under stress
conditions indicating that these cells have not become reliant on this protein for their
viability, or in other words, have not become “addicted” as in the pancreatic or prostate

cancer cells.
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These same cells were subcutaneously implanted in immunodeficient mice to
measure the tumorigenic capabilities of TFF1. As seen in the MTT cell culture assays,
the level of depletion of this protein caused a dose-dependent reduction of tumor
growth as measured by weight. An interesting observation was that in the cell lines
with almost complete ablation of TFF1 expression, tumors were barely visible and a

fraction of these cells never formed tumors.

5.3 Loss of TFF1 expression causes an increase of cells in the
sub G1 phase of the cell cycle

In prostate cancer cell line PC3 with diminished TFF1 expression we showed
there was a 40 percent increase of cells in the sub G1 phase of the cell cycle compared to
control cells expressing endogenous levels of TFF1. These results were repeated in the
pancreatic cancer cell line that showed an increase of approximately 67 percent in the
sub G1 phase of the cell cycle. Apoptotic cells are generally arrested in the sub G1 phase
of the cell cycle, so we probed the possibility that TFF1 was performing an anti-apoptotic
function. After experiments using Annexin-V as a marker for apoptosis there was not
increased apoptosis in the knock down cells compared to the control cells but rather a
lower level of apoptosis in the TFF1 knock down cells versus the control cells which was
an interesting finding. Senescent cells, similarly to apoptotic cells, stall in the sub G1
phase of the cell cycle so it was probable that these results could be explained by the

phenomenon of senescence.
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5.4 Loss of TFF1 expression causes senescence in pancreatic
and prostate cancer cells

Initial experiments on cells with reduced TFF1 expression showed that there was
an increase in cells arrested in the sub G1 phase of the cell cycle but there was no
increase in apoptosis indicating another possible mechanism occurring. These cells had
a flattened, highly vacuolated morphology characteristic of senescence and initial
quantitation of cell morphology determined that there was an increased “senescent-like”
phenotype in these cells. Using the standard method of beta-galactosidase staining for
quantifying senescence in cells we determined that there was an increase in senenscence
in these cells accounting for our cell cycle analysis results. Interestingly enough stress
conditions, serum deprivation in these experiments, did not cause a substantial increase
the level of senescence in cells with reduced TFF1 expression indicating that TFF1 was
not playing a role in mediating stress-induced senescence but rather by another stimulus
of senescence.

One of the main questions that remains is that of this senescence phenotype we
see in the in vitro experiments being responsible for the reduced tumor growth we see in
vivo. In order to address this issue we plan to inducibly knock down expression of TFF1
in the tumors post injection in mice. If we see tumor growth diminish and -gal staining
in these tumors increase, we can definitively link these two events.

5.5 TFF1 promotes aversion to oncogene-induced senescence

117



As loss of TFF1 expression did not mediate stress-induced senescence, another
another underlying mechanism must be responsible for this phenotype. Rescue
experiments culturing senescent cell populations, with reduced TFF1, in conditioned
media containing secreted TFF1 protected against senescence indicating that TFF1 was
most likely exerting its effects in the secreted form and in a paracrine manner. Using a
genetically tractable system we were able to induce senescence in prostate epithelial cells
by overexpressing an oncogene, Ras®?V, and inducibly knocking down a tumor
suppressor, PTEN, both of which have been shown to promote oncogene-induced
senescence (OIS) in vivo. When these cells were cultured in TFF1-enriched media we
were able to protect these cell populations from undergoing OIS. OIS is a potent barrier
to the progression of tumorigenesis so it can be deduced that TFF1 is important in
assisting tumor cells overcome this barrier senescence poses to their progression from
the preinvasive to malignant stage.

5.6 Suppression of TFF1 expression results in increased
expression of the senescence marker p21

To examine the potential downstream targets involved in the senescence
phenotype and/or either upregulated or suppressed by TFF1 we chose to use a RT-PCR
array of a panel of genes governing the cell cycle. Using the cDNA from PC3 cells with
diminished TFF1 expression in this array we determined that the cell cycle regulator p21
was highly induced at a 7-fold increase, by loss of TFF1 expression. p21, a cyclin-

dependent kinase inhibitor, is a known marker for oncogene-induced senescence and
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inhibitor of cell cycle progression. We confirmed expression of this target with both RT-
PCR and Western blot as well as examining the expression of other known markers of
senescence including p16. From both the cell cycle arrays and Western blot experiments
it appeared as if pl6 expression was actually downregulated that was an interesting
observation. It has been shown that p21 and p16 function independently of each other
in senescence with p21 promoting early stage senescence through its inactivation of both
cyclin-E and cyclin-D-associated kinase activity (Stein et al.,, 1999). pl6 may act to
promote later stage senescence and/or maintain this senescence after p21 levels are
depleted (Stein et al., 1999). This is an interesting angle that needs to be studied further

as TFF1 may be promoting its effects in the earlier stages of OIS.

5.7 Ras induces and the PI3-K pathway regulates TFF3
expression in immortalized prostate epithelial cells

Using a genetically-defined model of prostate cancer we were able to
demonstrate that expression of oncogenic Ras in immortalized cells induced TFF3
expression. Interestingly, a mouse model of prostate dysplasia driven by Ras expression
led to an increase of TFF3 expression corroborated what we observed. As Ras is
generally not mutated in prostate cancer we chose to examine downstream effectors that
are deregulated in prostate cancer including the Raf/Erk/MapK and PI3-K signaling
cascades. Using effector mutants that preferentially activate these pathways we
demonstrated that the PI3-K signaling pathway induced TFF3 expression and this was

confirmed using pharmacological inhibition of this pathway in the LHSR cells resulted
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in decreased expression of TFF3. The effector mutants specific for the Raf and RalGDS
pathways did not have any effect on TFF3 expression when expressed in the
immortalized prostate epithelial cells and pharmacological inhibition of the Raf pathway
did not change TFF3 expression levels in the LHSR cells. It is apparent that TFF3
expression in this system is mediated solely via PI3-K effector pathway.

5.7 Loss of TFF3 expression in prostate cancer cells results in
diminished cell viability and tumorigenicity

Knock down of TFE3 in the prostate cancer cell line PC3 resulted in decreased
MTT absorbance indicative of reduced cell viability. When these cells were implanted in
mice tumor formation was much lower in the cells with ablated TFF3 expression
indicating that this protein in critical for tumorigenicity. The TFF3 homolog TFF1
played an important role in allowing tumor cells overcome the barrier of senescence so
this function was investigated. Knock down of TFF3 in these cells did not results in
increased senescence indicating that these two proteins have not redundant roles in
promoting tumorigeneis in this cell line. One of the functions that TFF3 may be
promoting is the aversion of tumor cells to apoptosis, another tumor suppressive
mechanism.  The experiments described above were preliminary and further
experimentation needs to be conducted to elucidate the exact mechanism TFF3

participates in to increase the tumorigenicity of these cells.
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