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CHAPTER 1: INTRODUCTION

1. 1. TFF1 protein and gene

Trefoil factor1 (TFF1, previously pS2) (Masiakowski et al., 1982), is originally identified as
an estrogen-responsive gene in the MCF-7 human breast cancer cell line (Jakowlew et al.,
1984), and belongs to the family of small regulatory proteins consisting of three
mammalian members. The other two members are spasmolytic polypeptide, TFF2 (SP)
(Beck et al., 1996), and intestinal trefoil factor, TFF3 (ITF) (Schmitt et al., 1996). All the
trefoil peptides have seven conserved cysteine residues, six of which form three
intrachain disulfide bonds associating cysteines 1 and 5, 2 and 4, 3 and 6, that results in a
characteristic three-loop structure named trefoil domain or P-domain (Fig.1), and thus,
the trefoil factor family was given its name (Polshakov et al., 1997). TFF1 and TFF3 have

one trefoil domain, whereas TFF2 has two trefoil domains.

The trefoil domain, which has been well conserved throughout evolution from amphibia to
mammals, is extendedly defined as a conserved sequence of 42 or 43 amino acid
residues. This trefoil domain renders the protein resistant to proteases and acid
degradation (Suemori et al., 1991). Several molecular forms of TFF peptides have been
identified as monomers, homodimers and heterodimers. The dimers are formed via
intermolecular disulfide bonds between the seventh cysteine residue at the carboxyl
terminus of the peptides, and are suspected of being more active and potent than
monomers in a wounding model of restitution and stimulating migration of MCF-7 cells

(Marchbank et al., 1998; Prest et al., 2002).

The genes encoding TFF peptides are located in a head to tail orientation, clustered in a
55 kb region on chromosome 21g22.3 (Fig. 2). It is demonstrated that in the position
between the -428 to -332 5' flanking sequence of the TFF1 gene contains DNA enhancer
elements responsive to estrogens, tumour promoter
12-0-tetradecanoylphorbol-13-acetate (TPA, which activates protein kinases C),

epidermal growth factor (EGF), the c-Ha-ras oncoprotein (an oncoprotein corresponding
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to a GTP-binding protein) and the c-jun protein (a putative proto-oncoprotein related to
the trans-acting factor AP) (Nunez et al., 1989). The TFF1 5’ flanking region also contains
a TATA box, a CAAT box, AP1-like motif and a single imperfect estrogen responsive

element (ERE) (Fig. 2) (Nunez et al., 1989).
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FIG.1. TFF1 protein structures

(A) Conserved primary protein structure of the three human TFFs, including a signal peptide (PRE;
green), one or two TFF domains (TFF; red) and a carboxy-terminal acidic domain (Ac; yellow). GLU:
glutamic acid. Numbers indicate the size of the mature proteins in residues. (B)Trefoil two dimensional
structure. The one letter code is used, and only conserved amino acids are indicated. C1—-C6 and the
blue amino acids (AAs) represent the conserved AA of the TFF domain. C7 and the green AAs
represent the Ac domain. = indicates the disulfide bonds between C residues. Arrows indicate the
three loops resembling a clover-leaf. (C) Primary sequence conservation of the acidic domain in all
mammalian TFFs. * indicates carboxy-terminal end of proteins. C: Cysteine; h, human; m, mouse; r,

rat; p, pig (Ribieras et al., 1998)
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FIG. 2. TFFs gene structures

(A) Gene organization and regulatory elements. ERE: estrogen responsive element; AP1: jun/fos
responsive element; TATA: TATA box; +1: start site of the transcription; exons are in blue; circles: CpG
islands located at positions —420 to +20; black circles: CpG whose methylation is correlated with TFF1
expression; a signal peptide (PRE; in green); TFF domains (TFF; in red) and a carboxy-terminal acidic
domain (Ac; in yellow). (B) TFFs cluster on the human chromosome 21. Kb: kilobases (Ribieras et al.,

1998)

Transient transfection assays have demonstrated that the single imperfect ERE confers
estrogen responsiveness (Nunez et al., 1989). The ERE of the TFF1 gene has been
narrowed down by site-directed deletion mutagenesis to a 13-base-pair (position -405 to
position -393) imperfectly palindromic sequence 5- GGTCACGGTGGCC -3' (Fig. 3)
(Berry et al.,, 1989), and differing by 1 bp in its 3' stem from the canonical perfect
palindromic ERE (5'-GGTCANNNTGACC-3'), which is present in the Xenopus laevis
vitellogenin A2 gene, is an inverted palindromic sequence separated by three intervening
nucleotides (Klein-Hitpass et al., 1988). Deletion of the TFF1 ERE abolishes estrogen

response, but not TPA, c-Ha-ras, c-jun or EGF responses (Nunez et al., 1989).
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FIG. 3. TFF1 gene 5'-flanking sequence from position -430 to position -320

The imperfectly palindromic ERE (from position -405 to position -393) is underlined (Berry et al.,

1989).

TFF1 gene encodes an 84-amino acid polypeptide from which an N-terminal signal
sequence is removed to yield 60 amino acid residues and a 6.66-kDa cysteine-rich
secretory protein with a single trefoil domain (Mori et al., 1990). TFF2 contains 106 amino
acid residues with two trefoil domains, and TFF3 contains 59 amino acid residues and a

single trefoil domain (Fig.1).
1. 2. Tissue distribution of TFF1 peptide

TFF peptides are major constituents in gastrointestinal mucosa, expressed differentially,
with TFF1 and TFF2 principally in gastric epithelia, and TFF3 in goblet cells of intestine
and lung (Emami et al., 2004). TFF1 is mainly expressed in the gastric foveolar superficial
epithelium within the stomach, an area where cells undergo commitment to differentiation
in order to limit gland proliferation and give rise to a functional secreting mucosa through
association with another 25 kDa protein of gastric mucosa (Chadwick et al., 1997).
Besides, TFF1 is observed in the cytoplasm of expressing cells with a preferential
perinuclear accumulation, a subcellular localization appropriate for a secreted protein
(Rio and Chambon, 1990; Lefebvre et al., 1993). Immunolabelling and electron

microscopy analysis showed the subcellular co-localization of TFF1 and TFF2 to the cell



membranes of Golgi apparatus and surface/pit gastric mucous cells (Sarraf et al., 1995).
TFF peptides are often co-secreted with mucins into the lumen to form a gel-like mucus
layer. Accordingly, TFF1 interacts with MUCSAC through binding to the von Willebrand
factor C cysteine-rich domains VWFC1 and VWFC2 (Tomasetto et al., 2000), whereas
TFF2 is co-localized with MUCG6 and TFF3 is co-localized with MUC2 (Tab. 1) (Longman
et al., 2000). It is through association with mucins that TFF peptides influence protection
and healing of the gastrointestinal mucosa, serving as a barrier to protect the epithelium

from mechanical stress, noxious agents, viruses, and other pathogens.

Table 1. TFF peptides synthesized in the normal human gastrointestinal tract

Organs Cell TFF peptide Secretory Mucin
Salivary glands Submandibular glands TFF3 MUC7 or MUC5B
Minor salivary glands  TFF3 MUCS5B
Esophagus Submucosal glands TFF3 MUCS5B
Stomach Cardiac SMCs TFF1, TFF3 MUC5AC
Corpus SMCs TFF1 MUC5AC
Antral SMCs TFF1, TFF3 MUC5AC
MNCs TFF2 MUC6
Antral glands TFF2 MUC6
Intestine Brunner’s glands TFF2, TFF3 MUC2
Goblet cells TFF3
Vater’'s ampulla Goblet cells TFF3 MUC5AC/B, MUC6
Pancreas (Duct epithelium),islets (TFF1), TFF3 (MUCE6)
Liver LBDs,SBDs, PBGs TFF1, (TFF2), TFF3  MUCG6
Gallbladder Epithelial cells (TFE1), (TFF2), TFF3 (MUC5B), MUC6

Scarce TFF peptide levels are indicated by parentheses. Also shown are the secretory imucins, often
co-expressed. SMC, surface mucous cell; MNC, mucous neck cell; LBD, large biliary duct; SBD, small

biliary duct; PBG, peribiliary gland (Hoffmann, 2006).

Besides their expression in the gastrointestinal system, TFF1 and TFF3 are also detected
in salivary glands, corneal, conjunctival, and lymphoid tissues where they might play a

role in inflammation and epithelial ulceration (Emami et al., 2004). The presence of TFF1



and TFF3 in human hypothalamus, pituitary, gastric juice, and urine is also demonstrated,
suggesting the paracrine, autocrine and endocrine functions for these peptides

(Hoffmann and Jagla, 2002).

In addition, TFF1 is also described in tissues such as heart, spleen, muscle and brain in
the adult mouse (Hirota et al., 1994). It is demonstrated that the TFF1 mRNA was
additionally detected in astrocytes cultured from the whole brain of the newborn mouse,
where it reached its maximal level at day 3 after birth, and then gradually decreased after
confluence had been reached. Therefore, TFF1 mRNA is considered to be correlated with
the growth of mouse astrocytes. Furthermore, it was shown that the TFF1 mRNA was
especially expressed in the late G1/S phase of the cell cycle in astrocytes (Hirota et al.,
1994). In the adult rat brain, TFF1 mRNA was predominantly expressed in hippocampus,
followed by the cerebral cortex and cerebellum. The developmental expression of TFF1
mMRNA in hippocampus, which is known to mature after birth, showed a clear peak in 1- or
3-day-old rats, and gradually decreased by 7 weeks after birth. In midbrain, the
maturation of which occurs at an early developmental stage, TFF1 mRNA was retained at
a low level from postnatal 1 day to week 7. Summarizing those data leads to the
hypothesis that TFF1 protein plays an important role in the development of the central

nervous system (Hirota et al., 1995).

In mouse embryos, from 8 day post coitum to birth, TFF1 is only observed in the
developing stomach, all other tissues studied being negative (Lefebvre et al., 1993). At
day 17, TFF1 starts to express in the epithelial cells lining the surface and the nascent
stomach pits and glands (Lefebvre et al., 1993). In addition, 18 day embryos show
expression of both TFF1 and TFF2 in the glands of the gastro-duodenal junction
corresponding to the developing Brunner’s glands. Although TFF2 continues to express
in Brunner’s glands, TFF1 is not observed there beyond post-natal day 14 (Lefebvre et al.,
1993). TFF3 is not expressed during embryonic development. It first becomes detectable

in 3-day-old mice (Mashimo et al., 1996).



In addition, TFF1 is demonstrated to be expressed in the human and mouse uterus and
vagina as well (Wiede et al., 2001; Masui et al., 2006; Lefebvre et al., 1993; Rye et al.,
1993). It is demonstrated that vaginal expression of TFF1 mRNA is markedly increased
by estrogens in neonatal mice but not in adults, and its expression is even observed when

the neonatally estrogenized mice come into adulthood (Masui et al., 2006).

Furthermore, under pathological circumstances, TFF1 is shown to be ectopically
expressed in gastrointestinal inflammatory disorders such as Crohn’s disease, duodenal
peptic ulcer, hemorrhagic rectocolitis (Rio et al., 1991; Wright et al., 1990; Rio and
Chambon, 1990), and in various human solid tumors of the mammary gland, pancreas,
large bowel, biliary tract, lung, esophagus, bladder, prostate and mucinous-subtype

ovarian as well as in their associated metastases (Ribieras et al., 1998).

1. 3. Biological functions of TFF1 peptide

The biological functions of TFF1 are not very well understood, especially, in the female
reproductive system. Most studies are mainly related to the gastrointestinal tract. It is
demonstrated that TFF1 plays a crucial role in mucosal defense and healing. In case of
mucosa aggression (due to bacteria, virus or medication), inflammatory diseases and
ulcerous pathology, TFF1 is involved in epithelium regeneration, mucus stabilization and
stimulation of normal epithelial cells restitution during wound repair in the stomach
(Mathelin et al., 2005; Emami et al., 2004). In wound healing assays, TFF1 is
up-regulated during gastrointestinal damage as motogens to induce cell migration in
gastrointestinal epithelial cells to protect the mucosa in the gastrointestinal tract (Emami
et al., 2004). Ectopic overexpression of TFF1 in the rat jejunum, using the intestinal fatty
acid-binding protein promoter (pFABP), protects the mucosa from drug-induced damage
(Playford et al., 1996). Furthermore, it is reported that TFF1 is involved in the
differentiation of epithelial cells and leads in a TFF1 knock-out mouse model to improper
differentiation and dysfunction of stomach and small intestine (Lefebvre et al., 1996).
Indeed, it is shown that TFF1 participates in gastrointestinal cell differentiation by

delaying G1-S phase transition and reducing apoptosis (Bossenmeyer-Pourie et al.,
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2002). In addition, TFF1 is required and controls the commitment program of epithelial
progenitors in the mouse oxyntic mucosa (Karam et al., 2004). Moreover, TFF1 peptide is
considered as the early embryonic marker of epithelial cell differentiation in rat intestine
and stomach (Familari et al., 1998) due to its expression at day 17 in the epithelial cells
lining the surface, the nascent stomach pits and glands of mouse embryos (Lefebvre et

al., 1993).

TFF1 functions as a gastric tumor suppressor gene under physiological conditions and is
involved in the neoplastic progression of the digestive system with the other TFFs (Prest
et al., 2002; Rodrigues et al., 2001). Interference with cellular attachment has been
implicated during the neoplastic process (Pignatelli and Vessey, 1994), in which there is a
disruption of tissue architecture and a derangement in differentiation in tissue. It is
demonstrated that in a TFF1 knock-out mouse model, the antral and pyloric gastric
mucosa is dysfunctional and exhibits severe hyperplasia and dysplasia, and the
development of adenoma and carcinoma in the stomach (Lefebvre et al., 1996).
Downregulation of human TFF1 levels through hypermethylation of the TFF1 promoter
seems to be implicated in tumor formation at early stages of gastric carcinogenesis
(Fujimoto et al., 2000). In support of a tumor suppressor role, both TFF1 and TFF3 are
demonstrated to reduce the growth of the human colon cancer cell lines LoVo and SW837
in vitro and in vivo, which is accompanied by reduced mitogen activated protein kinase
(MAPK/ERK) phosphorylation and activation (Calnan et al., 1999). Furthermore, TFF1
shows the ability to lower gastrointestinal cell proliferation by delaying the G1-S phase
transition, and increases the levels of the cyclin-dependent kinase inhibitors p16INK4 and
p21CIP1/Waf1. Both p21Cip1/Waf1 and p16INK4 inhibit the activity of cyclin D1/cdk4 and
cyclin E/cdk2 complexes, which phosphorylate and inactivate the retinoblastinoma tumor
suppressor pRb1. This leads to the sequestration of the transcription factor E2F involved
in the expression of a large panel of genes essential for cell cycle progression and DNA

replication (Bossenmeyer-Pourie et al., 2002).



However, under pathological conditions, TFF peptides function as tumor progression
factors and proangiogenic factor and promote tumor cell invasion (Prest et al., 2002;
Rodrigues et al., 2001). Evidence of TFF1 overexpression has been found in a range of
carcinomas such as breast, bowel, prostate, pancreas, thyroid and lung carcinomas
(Ribieras et al., 1998). In some breast cancers, TFF1 is overexpressed independently of
the estrogen receptor (ER) status, even though estrogen induces cancer cell migration
and the formation of complex branched structures, probably through TFF1 (Crosier et al.,
2001; Lalani et al., 1999; Prest et al., 2002). Some studies show that TFF peptides are
involved in cell scattering and tumor cell invasion via autocrine and paracrine loops
(Rodrigues et al., 2001; Emami et al., 2001). Exogenous TFF peptides alone are not
sufficient to induce the invasive phenotype in premalignant human colonic adenoma cells
PC/AA/C1 and kidney MDCK epithelial cells, but require the priming and permissive
action of src and RhoA to exert their proinvasive activity, as shown in their src- and
RhoA-transformed counterparts (Emami et al., 2001). Conversely, ectopic expression of
TFF1 is sufficient to induce a constitutive invasive phenotype in stably transfected human
colorectal cancer cells HCT-8/S11-TFF1 through a RhoA-independent mechanism. In
addition, it has recently shown that TFF peptides function as proangiogenic factors
through cyclooxygenase-2 and EGF receptor signaling in vivo and in vitro (Rodrigues et

al., 2003) .

An antiapoptotic role is also proposed for TFFs. TFF1 protects cells from anoikis (an
anchorage-dependent form of apoptosis induced by cell detachment from the
substratum), chemical-, or Bad-induced apoptosis, by reducing caspase-3, caspase-6,
caspase-8, and caspase-9 activities (Bossenmeyer-Pourie et al., 2002). It has been
observed that TFF2 reduces apoptosis induced by serum starvation and anoikis by
decreasing the number of apoptotic bodies and DNA fragmentation in the breast cancer
cell line MCF-7 (Lalani et al., 1999). Cell lines overexpressing TFF3 are resistant to
serum starvation and drug-induced apoptosis (Kinoshita et al., 2000; Taupin et al., 2000).
Mice deficient in TFF3 show increased apoptosis in colon cells, unaccompanied by

changes in expression of receptor-related (TNFR/Fas) or stress-related (Bcl-family) cell



death regulators (Taupin et al., 2000). TFF3 also blocks apoptosis in a p53-dependent
manner after challenge with the topoisomerase inhibitor etoposide in human colonic

cancer cells HCT116 and in the non-transformed rat intestinal epithelial cell line IEC-6.

TFF peptides exert their action not only extracellularly but also are considered to
contribute to protein folding within the cells. The lack of TFF1 leads to an accumulation of
misfolded proteins in the endoplasmic reticulum. Consequently, several abnormal
proteins, including GRP78, ERp72, p58IPK CHOP10, and clusterin, are accumulated in
the endoplasmic reticulum machinery in TFF1 knock-out antropyloric tumors (Torres et al.,

2002).

Nevertheless, the biological functions of TFF1 in female reproductive organs are not well
understood. It is considered that TFF1 might play a major role while influencing the
rheological properties of the endocervical mucus (Wiede et al., 2001). But whether and
how TFF1 influences differentiation of epithelial cells in the female reproductive system is

still unknown.

1. 4. Transcriptional regulation of TFF1

1. 4. 1. Transcriptional regulation by transcriptional factors

The human TFF1 gene is about 4.5 kb long and consists of three exons (Fig. 2). The
proximal 5' flanking region contains typical regulatory elements like a TATA box, a CACT
element, and a GC rich motif (Nunez et al., 1989d). Further upstream, a functional AP-1
like site between -518 and -512 (Gillesby et al., 1997), a single imperfect ERE between
-405 and -393, and a complex enhancer region responsive to EGF, the tumor promoter
TPA and the protooncoproteins c-Ha-ras and c-jun are detected between -428 and -332.
The ERE and the TATA box are each located at the edge of a nucleosome. Furthermore,
motif |l (adjacent to the ERE and considerably matching the binding site of heat shock
factor HSH-2) and motif Ill (close to the TATA box matching a GATA consensus sequence)
are discovered due to their similarity to sequences in the 5' flanking region of TFF2 (Beck
et al., 1998; Gott et al., 1996). Therefore, the cell-specific expression of the TFF1 gene is
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coordinately regulated by several transcription factors, regulatory proteins and epigenetic
factors such as estrogens, EGF, gastrin, FGF2/bFGF, FGF7/KGF, upstream stimulating
factor (USF), hepatocyte nuclear factor-3, GATA-6, and Ha-Ras/AP-1 by binding to their
corresponding binding sites in the promoter (Nunez et al., 1989; Miyashita et al., 1994;

Khan et al., 2003).

It is demonstrated that 17 B-estradiol (E») is able to regulate the transcription of the
single-copy TFF1 gene and results in increased levels of TFF1 mRNA and secreted

protein (Brown et al., 1984).

EGF is proposed to regulate the expression of TFF1 in stomach at the post-transcriptional
level (Miyashita et al., 1994), since EGF is known to have an effect on the stomach where
it inhibits acid secretion (Carpenter and Cohen, 1979). Thus, the EGF-responsive
element in the TFF1 promoter region may control expression of the TFF1 gene, which
may be one of the EGF target genes in the stomach (Nunez et al., 1989f). It is further
suggested that there are also complex synergistic effects with EGF and TPA, which is
suggested to induce the translation of TFF1 mRNA but not in its transcription. Therefore,
It has been suggested that in the gastrointestinal tract, TFF1 expression could be
estrogen-independent but EGF-dependent (Ribieras et al., 1998). In addition, it is
reported that the gastric hormone gastrin is a well-defined positive regulator of TFF1 in
the stomach. Khan et al (Khan et al., 2003) have identified a gastrin responsive element
in the human TFF1 promoter, and have shown that both human and mouse TFF1 gene
can be activated by this hormone in the stomach. Regulatory sequences responsible for
stomach-specific expression of TFF1 are probably motif Il and motif Il (Beck et al.,
1998b). The latter is identified as a GATA-6-binding sequence that activates gastric
expression probably together with additional GATA sites at -174, -124, and -110 (Al-azzeh
et al., 2000; Al-azzeh et al., 2000). HNF-3 specifically activates TFF1 via motif IV, which is

probably of importance during inflammatory conditions and neoplasia (Beck et al., 1999).

The putative GATA-binding site, located 32 bp upstream of the TATA box (AGATAA) is
conserved in its flanking sequences and position between the two stomach-specific
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genes TFF1 and TFF2. The GATA-6 transcription factor was shown to express in a variety
of gastric, intestinal, and pancreatic tumor cell lines. Cotransfection with GATA-6
expression vectors and TFF reporter genes revealed that GATA-6 activates TFF1 and

TFF2 4-6-fold without an effect on TFF3 (Al-azzeh et al., 2000).

Furthermore, in gastric cell lines low micromolar concentration of TFFs can stimulate their
own as well as other family members’ release. And both TFF2 and TFF3 can up-regulate
the transcription of TFF1 and TFF2 (Bulitta et al., 2002) by binding to cis-regulatory
elements of their respective promoters in a mitogen-activated protein kinase-(MAPK/Frk)-
dependent fashion (Taupin et al., 1999). Cross-induction of trefoils requires indirect
activation of the EGF receptor since both TFF2- and TFF3-induced trefoil expression is

dependent on EGF receptor phosphorylation (Taupin et al., 1999).

The inflammatory cytokines interleukin (IL)-1B and particularly IL-6 are important
regulators of trefoil gene expression. It is reported that both IL-18 and IL-6 can repress
TFF1 promoter activity and gene expression synergistically via inhibition of nuclear factor
(NF-Kb) and CCAAT enhancer-binding protein (C/EBP), respectively (Dossinger et al.,
2002). Furthermore, a repression of TFF1 expression is observed by retinoic acid (Hirota

etal., 1992).

Additional regulation by several growth factors, such as insulin, insulin-like growth factor |
(IGF-I), basic fibroblast growth factor (bFGF), and X-ray irradiation, phorbol ester
TPA/protein kinase C (PKC), aspirin, arachidonic acid, PPARYy ligands, and hydrogen
peroxide are involved in trefoil peptide gene expression (Azarschab et al., 2001;
Balcer-Kubiczek et al., 2002; Shimada et al., 2003). Enteric neurotransmitters,
acetylcholine, TNFa, short-chain fatty acids, and glucose, all regulate TFF peptides
expression and secretion (Loncar et al., 2003; Moro et al., 2001; Ogata and Podolsky,

1997; Taupin and Podolsky, 1999; Tebbutt et al., 2002; Tran et al., 1998)

In addition, methylation of the TFF1 promoter was shown to play an important role in its

transcription and tissue expression. It has been reported that the TFF1 gene exhibits
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tissue-specific methylation of its proximal promoter/enhancer region that correlates with
its expression. Specific sequences are methylated in non-expressing tissues and cell
lines but unmethylated in those which express TFF1 (Martin et al., 1995; Martin et al.,
1997). But the methylation status of the TFF1 promoter region changes in different
tumors and clearly affects TFF1 expression. For example, the region around the ERE is
hypomethylated in ER-rich breast tumors, which causes ectopic TFF1 expression.
Surprisingly, the ERE is not only recognized by the ER but also by a methylation-sensitive
DNA-binding protein. In contrast, hypermethylation of CpG sites within the TFF1
promoter region is observed at an early stage of stomach carcinogenesis resulting in

reduced TFF1 expression (Hoffmann and Jagla, 2002).

1. 4. 2. transcriptional regulation of TFF1 by estrogen through ER

The human TFF1 gene is initially characterized as a gene whose expression is
specifically controlled by estrogen in the breast cancer cell line MCF-7 (Jakowlew et al.,
1984). It is demonstrated that exposure of MCF-7 human breast cancer cells to E;
activates transcription of the single-copy TFF1 gene and results in increased levels of
TFF1 mRNA and secreted protein (Brown et al., 1984). Regulation of TFF1 expression by
estrogen requires the presences of ERs, which explains why expression of TFF1 is

restricted to a subclass of ER-rich human breast tumors.

1. 4. 2 1. Estrogen receptors

More than 30 years ago, Jensen and Jacobsen (Jensen and Jacobsen et al., 1962) came
to the conclusion, based on the specific binding of estrogen in the uterus, that the
biological effects of estrogen have to be mediated by a intracellular receptor protein, and
in 1986, the cloning of this ER was reported (Greene et al., 1986). And in 1995, a
second ER, ERB, was cloned from a rat prostate cDNA library (Kuiper et al., 1996). The
former ER is now called ERa. Both ERa and ER[3 belong to the steroid/thyroid hormone
superfamily of nuclear receptors, members of which share a common structural

architecture (Giguere et al.,, 1988). They are composed of three independent but
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interacting functional domains: the NH2-terminal or A/B domain, the C or DNA-binding
domain, and the D/E/F or ligand-binding domain. Binding of a ligand to ER triggers
conformational changes in the receptor and this leads, via a number of events, to
changes in the rate of transcription of estrogen-regulated genes. These events, and the
order in which they occur in the overall process, are not completely understood, but they
include receptor dimerization, receptor-DNA interaction, recruitment and interaction with
coactivators and other transcription factors, and formation of a preinitiation complex
(Beekman et al., 1993; Katzenellenbogen and Katzenellenbogen, 1996; Kraus and

Kadonaga, 1998; Kraus et al., 1995; Shibata et al., 1997).

The N-terminal domain of ERs encodes a ligand-independent activation function (AF1)
(Mclnerney and Katzenellenbogen, 1996), a region of the receptor involved in
protein-protein interactions (Onate et al., 1998), and transcriptional activation of
target-gene expression. The DNA binding domain (DBD) contains a two zinc finger
structure, which plays an important role in receptor dimerization and in binding of
receptors to specific DNA sequences (Schwabe et al., 1993). ERa and ERB can be
expected to bind to various EREs with similar specificity and affinity. The COOH-terminal,
E/F-, or ligand-binding domain (LBD) mediates ligand binding, receptor dimerization,
nuclear translocation, and transactivation of target gene expression (Tsai and O'Malley,
1994). The LBD also harbors activation function 2 (AF2), which is a complex region

whose structure and function are governed by the binding of ligands (Henttu et al., 1997).

1. 4. 2. 2. Mechanisms through which ERs mediate the transcriptional regulation of

target genes

For several years it was thought that the only mechanism through which estrogens
affected transcription of estrogen sensitive genes was by direct binding of the activated
ER to an EREs. These EREs were first observed in the 5'-flanking region of the Xenopus
vitellogenin A2 gene (Klein-Hitpass et al., 1986). Today we know that ERa and ER[3 can
also modulate the expression of genes without directly binding to DNA (Fig. 4). One
example is the interaction between ERa and the c-rel subunit of the NFxB complex. This
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interaction prevents NFB from binding to and stimulating expression from the
interleukin-6 (IL-6) promoter (Galien and Garcia, 1997). In this way, E; inhibits expression
of the cytokine IL-6 (Galien and Garcia, 1997). Another example of indirect action on DNA
is the physical interaction of ERa with the Sp1 transcription factor (Porter et al., 1997).
ERa enhancement of Sp1 DNA binding is hormone-independent (Porter et al., 1997), and
both ERa and ERpB can activate transcription of the retinoic acid receptor a 1 (RAR-1)
gene, presumably by the formation of an ER-Sp1 complex on GC-rich Sp1 sites in the
RAR1 promoter (Sun et al., 1998). Besides, both ERa and ERB can interact with the
fos/jun transcription factor complex on AP1 sites to stimulate gene expression, however,

with opposite effects in the presence of estrogen (Paech et al., 1997; Webb et al., 1999).

1. 4. 2 .3. Transcriptional regulation of TFF1 by ERs

It was demonstrated that E; is able to activate the transcription of a single-copy TFF1
gene resulting in increased levels of TFF1 mRNA and secreted protein in MCF-7 human
breast cancer cells (Brown et al., 1984). Regulation of TFF1 expression by estrogen
requires the presences of ERs. It was demonstrated that ERs are able to induce the high
levels of transcription of TFF1 (Giamarchi et al., 2002; Surowiak et al., 2001). ERa has a
higher affinity and is a more potent activator of transcription of TFF1 than ERpB. In ER-rich
human breast tumors, the ERE is clearly the predominant element directly controlling the
TFF1 transcription. Therefore, the transcriptional regulation of TFF1 by estrogen seems
to function through the classic ERE model. Estrogens exert their transcriptional regulation
effects on the target gene by binding to the different ERs in the cytoplasm (Nilsson et al.,
2001). Binding of estrogens, such as E,, or ethinyl-17-3-estradiol (EE:), to the ERs
induces dissociation of heat shock protein-chaperone complex (HSP90) from ERs, which
enables the ERs to dimerize and to enter the nucleus where the ER complex binds to
EREs within the TFF1 promoter (Fig.5). After binding to the ligand of estrogen, the ER
ligand binding domain (LBD) assumes a conformation that enables the recruitment of
coactivators, proteins which help to assemble a multiprotein complex that facilitates both
chromatin remodeling and formation of an active transcription complex (Aranda and
Pascual, 2001; McEwan, 2000; McKenna et al., 1999).
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FIG.4. Model representing the various modes through which ERs can modulate transcription

of genes

In the first panel is depicted the classical interaction of the activated receptor with EREs on DNA. In the
other three panels are representations of the indirect effects of ERs on transcription interactions. This
occurs through protein-protein interactions with the Sp1, AP1, and NF¢B proteins (Nilsson et al.,

2001).
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FIG. 5. Proposed mechanism through which estrogen activates transcriptional regulation of

target genes such as TFF1 (Schonfelder G)
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