
[Frontiers in Bioscience 10, 2346-2372, September 1, 2005]

2346

GENES RELATED TO ESTROGEN ACTION IN REPRODUCTION AND BREAST CANCER

Aninda Basu and Brian G. Rowan

Department of Biochemistry and Cancer Biology, Medical College of Ohio, 3035 Arlington Ave, Toledo, OH 43614

TABLE OF CONTENTS

1. Abstract
2. Introduction
3. Genes involved in estrogen action in breast cancer
                 3.1.Estrogen Receptor

                 3.1.1. ER expression in normal breast tissue and breast cancer
                 3.1.2. ER-alpha-positive and ER-alpha-negative tumors
                 3.1.3. Targeted disruption of ER in mice

                 3.2. Cyclin D1
                 3.3. C-Myc

                 3.3.1. Role of c-Myc in cell proliferation
                 3.3.2. Role of c-Myc in cell transformation
                 3.3.3. The c-Myc gene in human breast cancer

                 3.4. pS2
                 3.5. Progesterone Receptor
                 3.6. Cathepsin D
                 3.7. C-fos
                 3.8. BRCA1
                 3.9. EGF, EGFR and Transforming growth factor-alpha (TGF-alpha)
                 3.10. Bcl-2
4.     Perspective
5.     References

1. ABSTRACT

                Estrogen is an important steroid hormone with
diverse functions in different parts of the human body. The
developmental and physiological role of estrogen is
mediated by estrogen receptor alpha (ER−alpha) and newly
identified ER−beta. Regulation of expression of various
important cellular oncogenes and tumor suppressor genes is
a key component of estrogen and ER action. The
expression of these genes is crucial in various processes
such as cell cycle progression, mammary gland
development, growth factor pathways and apoptosis. A
very precise and accurate control of these genes is required
for normal growth and functioning of cells. Aberrant
expression of these genes through elevated expression,
gene amplification or mutation may lead to induction
and/or progression of different cancers including estrogen-
dependent breast cancers. This review briefly describes the
role of different genes that are regulated by estrogen in
female reproductive tissues and breast cancer.

2. INTRODUCTION

Estrogens are implicated in a wide variety of
developmental and physiological processes that affect
multiple tissues in the human body. The estrogen signaling
system has long been implicated in the induction and/or
promotion of carcinogenesis especially in tissues of the
female reproductive tract and the breast. Molecular
characterizations of breast tumors and epidemiological
studies have also indicated important roles for estrogen in
the genesis, progression, and treatment of breast cancers
(1,2). The majority of the cellular effects of estrogen are
mediated through nuclear estrogen receptors (ER), ERα
and ERβ, that are members of the nuclear receptor
superfamily known to mediate estrogen signaling and
function as ligand-dependent transcription factors (3).
However, compared to the multiple physiological functions
attributed to estrogen, relatively few genes have been
described that are under the control of estrogen and ERs.
These include genes for ER, PR, pS2, c-fos, c-Myc and
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Figure 1. Schematic diagram of the structure of ERα and ERβ showing percent amino acid homology between different
domains. The domains A-F and activation function 1 (AF1) and 2 (AF2) are indicated.

cathepsin D, all of which contain estrogen response
element (ERE) DNA binding sequences in the regulatory
regions (4-9). There are many more examples of genes that
are regulated by estrogen through non-ERE sequences
including epidermal growth factor (EGF), EGF receptor
(EGFR), cyclin D1 and bcl-2 (10-12) (13). With regard to
the EGF family of ligands and receptors (including
transforming growth factor-α (TGF- α), EGFR, and c-
erbB-2), there is a strong correlation between pathologic
overexpression of these proteins in breast cancer and poor
clinical outcome (14). Estrogen and growth factors appear
to exert principal influences on the cell cycle and cell
survival pathways through regulation of cyclin D1 and bcl-
2/bclXL, respectively (15,16). The c-Myc gene and the bcl-
2 gene family have been shown to be important
downstream mediators of estrogen and EGF ligand/receptor
family on cellular proliferation and survival (17).

In this review we will discuss the functions of the
above mentioned estrogen-regulated genes predominantly
in the context of the mammary gland and breast cancer.
Although much less is known about estrogen-regulated
genes in other reproductive tissues, several sections will
review estrogen action in the endometrium, ovary, and
cervix.

3. GENES INVOLVED IN ESTROGEN ACTION IN
BREAST CANCER

3.1 Estrogen Receptor (ER)
                ERα and ERβ are the products of separate genes
and like other members of the nuclear receptor superfamily,
consist of several functional domains (18). The N-terminal
domains of ERα and ERβ are highly divergent whereas the
DNA binding domain (DBD) or C domain and the ligand
binding domain (LBD) or E/F domain are approximately
95% and 55% homologous, respectively (Figure 1). The D
domain, or hinge region, is not well conserved (30%)
between the receptors and contains the nuclear localization
signal. The N-terminal A/B domain contains a ligand-
independent activation function (AF1) and in response to
ligand, AF1 synergizes with the ligand-dependent
activation function (AF2) in the LBD (19-21). AF2

contains a coregulator binding surface, the dimerization
domain, and a second nuclear localization signal. AF1
plays a role in both ligand-dependent and ligand-
independent transcription. However in some cell types and
on some promoters, AF1 does not significantly contribute
to transcriptional activation induced by ligand (22,23).

The transcriptional activity of the ER is mediated
by AF1 and AF2 (23,24) and the activity differs depending
on the cellular environment and promoter context (25). In
some cell lines, either AF1 or AF2 is dominant while in
other cell lines both activation functions synergize for
transcriptional activation (20). Estradiol (E2) is an agonist
regardless of whether AF1 or AF2 is dominant. The pure
antiestrogen ICI 164,384 blocks both AF1 and AF2, affects
dimerization (26) and targets the ER for degradation (27).
Tamoxifen acts by blocking AF2 activity and thereby
functions as an antagonist in cells where AF2 is dominant
and a partial agonist where AF1 is dominant (27).

The initiation of transcription is complex and
requires the interaction of many proteins at a target gene
promoter. Transcriptional activation by the ER requires the
recruitment of transcriptional regulators such as general
transcription factors, coactivators, corepressors,
cointegrators, histone acetyltransferases and histone
deacetylases (28,29). These regulators all interact to affect
transcription and accessibility of target gene promoters.
Coactivators preferentially interact with agonist-bound
nuclear receptors and enhance receptor transcriptional
activity whereas corepressors interact with either
unliganded or antagonist-bound nuclear receptors and
silence receptor transcriptional action. Coactivators for the
ER include steroid receptor coactivator-1 (SRC-1, NcoA),
TIF2 (SRC-2/GRIP1/NCoA2) and AIB-1 (SRC-
3/ACTR/pCIP/RAC3/TRAM-1) that are members of the
p160 family of coactivators. p300 and CREB binding
protein (CBP) are two other well-characterized coactivators
for the nuclear receptor superfamily. In addition to these
coactivators, at least thirty other nuclear receptor
coactivators have been identified (for reviews see (28))

Relatively fewer examples of corepressors exist
with nuclear receptor corepressor (N-CoR) and silencing
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mediator for retinoid and thyroid hormone receptor
(SMRT) identified as the major corepressors for the nuclear
receptor superfamily (29). N-CoR and SMRT have been
shown to interact with antagonist occupied ER and PR and
block the partial agonist activity of mixed antagonists (29).

Local chromatin structure is remodeled by
coactivators and corepressors affecting both gene
transcription and repression (28,29). p300/CBP, SRC-1 and
SRC-3 contain intrinsic acetyltransferase activity that
promotes decondensation of chromatin to favor
transcription. In contrast, corepressors, although devoid of
histone deacetylase (HDAC) activity, recruit other proteins
that have HDAC activity that promote chromatin
condensation and gene repression.

In the classical pathway for ER action, the ER
activates target gene transcription through direct interaction
with ERE sequences in the promoter region. The liganded
ER associates with a dimeric partner and recruits
coactivator proteins that further facilitate receptor
interaction with the promoter and the basal transcription
machinery (for review see (30)). In a general sense, ER-
dependent gene activation at promoters containing ERE is
potentiated by coactivator interaction with the liganded ER.
In another cellular context where corepressors may
dominate, expression of the same gene may be blocked.
Given the complexity of mammalian promoters, studies
examining coregulator effects on ER target genes should be
considered in a gene specific manner.

In addition to the classical pathway, the ER also
regulates both activation and repression of gene
transcription through alternate pathways that do not involve
direct binding of the ER to EREs in the promoter. These
alternate pathways are the result of binding of the liganded
ER not to DNA, but to other transcription factors at
promoters including Sp-1 proteins (31), AP-1 proteins (32),
NfkappaB (33) and GATA-1 (34). Estrogen-responsive
genes activated through non-consensus ERE half sites and
GC rich motifs include c-Myc, cathepsin D, TGF-α and
progesterone receptor (PR) (35). ERα and ERβ were shown
to bind to the C-terminal domain of the Sp1 protein (36).
Transient transfections of MCF-7 and MDA-MB-231
breast cancer cells and HeLa cervical cancer cells with a
Sp1 reporter and ERα or ERβ showed varying pattern of
activation by estrogen and antiestrogens. In MCF-7 and
MDA-MB-231 cells, E2, 4-hydroxytamoxifen (4-OHT) and
ICI 182,780 activated Sp1 through ERα. 4-OHT activated
Sp1 through ERβ in MCF-7 cells but no changes were
observed by any ligand in MDA-MB-231 cells (36).  All of
the ligands decreased Sp1 reporter activity in HeLa cells in
the presence of ERβ.

Steroid receptors are phosphoproteins and
receptor phosphorylation regulates the transcriptional
activity of the ER. There is a well-established crosstalk
between estrogen and growth factor signaling pathways in
the uterus. Estrogen was found to upregulate growth factors
and growth factor receptors and could activate certain
signal transduction pathways. Insulin-like growth factor
(IGF-1) and the IGF-1 receptor in rodent uterus was

induced by estrogen (37), activated the IGF-1 receptor (38)
and IGF-1 was shown to be required for estrogen-induced
uterine proliferation in the mouse (39). Estrogen, through
ERα rapidly activated the IGF signaling pathway (40) and
the MAP kinase pathway (41). Activation of cellular
signaling pathways could potentiate steroid receptor
activation and reproduced estrogen effects on proliferation
and gene transcription. Seminal in vivo experiments
established that the proliferative effect of the EGF on the
uterus required functional ER as established using the ERα
null mouse model (42,43). Elevation of intracellular cyclic
AMP (cAMP), could enhance steroid-dependent activation
of the ER (44), PR (45), glucocorticoid receptor (GR) (46),
androgen receptor (AR) (47), and the mineralocorticoid
receptor (48) as well as induced a ligand-independent
activation of the ER (44), chicken PR (cPR) (49) and the
AR (47,50). The protein kinase A (PKA) pathway has been
shown to phosphorylate ERα and ERβ differentially (51).

Ligand-independent activity of ERα is influenced
by phosphorylation of the receptor. Phosphorylation of the
ERα is largely on serine residues in the AF1 region. The
identified phosphorylation sites in ERα were serines 104,
106, 118, 167, 236, 305, threonine 311 and tyrosine 537
(for review see (52)) (53,54). Evidence indicated that S118
was a major site of phosphorylation by E2 and phorbol ester
(TPA) in COS-1 monkey kidney cells and that S118 was
required for EGF activation of ERα via MAP kinase
(MAPK). Although controversy exists as to which kinase
phosphorylated S118, reports suggested that S118 was a
target of MAPK in vitro and in response to EGF or IGF
treatment in vivo. Other reports suggested that MAPK
phosphorylated S118 independent of ligand whereas CDK7
phosphorylated S118 in response to E2 in COS-1 cells. In
response to E2, S167 was the major phosphorylation site in
recombinant ER expressed in Sf9 insect cells and MCF-7
cells and this site was phosphorylated by casein kinase II
(CKII). Upon EGF stimulation, S167 was a target of pp90rsk1
that is phosphorylated by MAPK. Phosphorylation of S167 has
also been implicated in the phosphatidylinositol-3-OH kinase
(PI3K)/Akt pathway. The phosphorylation of S104 and S106
was mediated by the cyclin A-CDK2 complex in U-2 OS
human osteosarcoma cells. S236 in the DNA binding domain
was phosphorylated by PKA and this phosphorylation
regulated dimerization. Recent studies have demonstrated that
S305 was directly phosphorylated by p21 activated kinase 1
(PAK1) and this phosphorylation promoted receptor
transactivation function (53). It was also reported that in ERα-
expressing endometrial cancer cells, E2 activates p38 MAPK
pathway that in turn mediated the phosphorylation of ERα on
threonine-311 promoting receptor nuclear localization and
interaction with steroid receptor coactivators (54). Tyrosine
phosphorylation has been detected at Y537 in MCF-7 and Sf9
cells (55) mediated by p60c-src and p56lck kinases. Y537 was
not phosphorylated by E2 treatment indicating that Y537 is a
basal phosphorylation site.

Activation of ERα via phosphorylation at
multiple sites is likely mediated by growth factor signaling
in breast cancer. Increased growth factor signaling might
account for the loss of E2-dependence thereby producing
antiestrogen resistant tumors (56). Although the precise
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relationship between ERα phosphorylation and clinical
outcome remains to be determined, the ER phosphorylation
fingerprint has the potential to be a predictive biomarker and
intervention target for breast cancer.

Selective estrogen receptor modulators (SERMs)
might regulate transcriptional activity of ER through both ERE
and non-ERE sequences in ER-regulated genes (57). In cells
transfected with ERα and an AP-1 reporter, E2, or the SERMs
DES, tamoxifen, raloxifene and ICI 164,384 stimulated
reporter activity to varying degrees dependent upon the cell
type (58). In contrast ERβ activated the AP-1 reporter in the
presence of raloxifene, tamoxifen and ICI 164,384 but not E2
and DES. ERα and ERβ therefore responded differently to
estrogens and SERMs at AP-1 sites. The regions of the ER
required for stimulation of AP-1-mediated transcription varied
depending on the cell type and ligand (58-60).

In summary, cell-specific regulation occurs as a
result of multiple factors, including coregulator expression
and recruitment, the ratio of ERα and ERβ, the nature of
the ligand, ER phosphorylation and the type of DNA
sequence in the promoter (e.g. ERE, Sp-1 or AP-1). The
activity of ERα and ERβ is also complicated by the fact
that functional homo- and hetero-dimers may form (61) that
may differentially affect ER-regulated genes. The inherent
structural differences between ERα and ERβ in the A/B
domain, where ERβ lacks a functional AF1 domain, may result
in a large effect on the activation profiles of target genes
especially when coregulators that interact preferentially with
the AF1 domain are considered.

3.1.1. ER expression in normal breast tissue and breast
cancer

There are marked differences in the expression of
ERα and ERβ in normal versus malignant mammary gland. A
very small percentage of epithelial cells in the normal, adult
mammary gland are proliferating and these proliferating cells
express very little or no ERα. In contrast, ERα was highly
expressed in most proliferating epithelial cells of breast cancer
(62) and these cells were strong candidates for growth
inhibition by antiestrogens (63). This shift from absence of
ERα in normal tissue, to expression of ERα in breast tumors
was found to occur early in carcinogenesis. ERα was detected
in early proliferative and benign disease and this might
underlie the chemopreventative efficacy of tamoxifen and
possibly selenium in high-risk breast cancer patients. ERβ
appears to have an opposite expression pattern in breast tissue.
In contrast to ERα, ERβ is widely expressed in normal
mammary epithelium. However expression of ERβ was
decreased with progression to breast tumors and ERβ
expression was generally correlated with less malignant
tumors.  This might be due to the reported inhibitory effect that
ERβ has on ERα function in breast cancer (64,65).

3.1.2. ERα-positive (ERα+) and ERα-negative (ERα-)
tumors

The majority of breast tumors are initially ERα+
but tumors may progress to an ERα- phenotype that is
often associated with advanced disease (for reviews see
(1,66)). Loss of ERα expression was often associated with

constitutive expression of mitogenic proteins that were
induced by estrogen (e.g. growth factors, growth factor
receptors, cyclin D1, c-Myc). This induction often
increased the level and activities of kinases in the MAPK
cascade (ras, raf, MEK, ERK). As a possible link to ERα
downregulation, hyperactivation of ERK1/2 leads to
downregulation of ERα in MCF-7 cells. Elevated AP-1
activity was also associated with ERα- tumors. For
example, overexpression of c-Jun in MCF-7 cells leads to
hormone resistance (67,68).

Much less information is available about the role
of ERα and ERβ in other gynecological cancers like
ovarian, cervical and endometrial cancer. The proliferative
effect of estrogen has been demonstrated in different ER+
ovarian cancer cell lines (69). Approximately 90% of
ovarian cancers arise from ovarian surface epithelial cells
(OSE) (70). Both ERα and ERβ were expressed in normal
OSE cells as well as in malignant cells (71) although some
studies of normal and malignant human ovaries
demonstrated conflicting results with regard to relative
expression levels of ERα and ERβ (72). The majority of
studies support a scenario in which ERα becomes the
dominant ER in ovarian cancer. This implies a mechanism
that results in ERα overexpression or a selective growth
advantage for ERα+ cells.

To determine the expression and clinical
significance of ER in adenocarcinoma of cervix, Fujiwara
and coauthors (73) found that 20% of primary cervical
adenocarcinomas were ERα + although ER status was not
significantly associated with either overall survival or
disease free survival (73). It was also demonstrated that
expression of ERα was not related to tumor cell
proliferation and differentiation in cervical cancer (74).

The other most common gynecological cancer,
endometrial adenocarcinoma, is considered to be an
endocrine-related neoplasm. Like normal endometrium,
many endometrial carcinomas express ERα. Endometrial
hyperplasia occurs in the setting of exogenous or
endogenous estrogen levels and is opposed by progesterone
levels. The ERα content appeared to correlate with several
histopathological features in particular with tumor
differentiation (75). It has been also shown that the
ERα content in the endometrium was closely related to
endogenous hormone stimulation and hyperplastic changes
in the endometrium (76).

Several lines of evidence have suggested that
ERβ could be involved in prostate cancer. Importantly,
ERβ was expressed at high levels in the prostate. Within
the prostate ERβ localized primarily in the epithelium
whereas ERα was expressed in the stroma (77). ERβ has
also been detected in malignant prostate tissue and studies
with ERβ −/−  mice demonstrated that these mice exhibited
prostatic hyperplasia (reviewed in (77)). However, no
evidence of hyperplasia was observed in ERα-/- mice
suggesting that ERβ may protect against abnormal growth
in the prostate.
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3.1.3. Targeted disruption of ER in mice
The analysis of ER null mice has provided a

framework from which to study the functions of ERα and
ERβ in human target tissues. Initial analysis indicated
complete infertility in both male and female ERα-/- and
ERα-/-ERβ-/- mice whereas ERβ-/- males exhibited normal
fertility (78). ERβ-/- females overall exhibited decreased
fertility but some animals exhibited complete infertility
(78). Examination of the ERα-/- ovaries revealed lack of
fully developed follicles and no apparent corpora lutea.
Unlike the ERα-/- ovaries, the ERβ-/- ovaries appeared to
contain normal follicles at all stages of development as well
as corpora lutea (78). Serum concentrations of estrogen
were increased in the ERα-/- mice but were normal in the
ERβ-/- mice (78). The studies in ER null mice have
demonstrated that the observed infertility could be partly
attributed to reduced ovulation and that both ERα and ERβ
are required for efficient ovulation.

The uteri of both the ERα-/- and ERα-/-ERβ-/-
mice were immature in appearance. Thus, although lack of
ERα did not prevent normal uterine development, post
pubertal growth was disrupted. The uteri of ERα-/- and
ERα-/-ERβ-/-  mice did not exhibit sensitivity to E2 as
evidenced by  lack of a growth response and lack of
induction of ER-target genes such as lactoferrin and PR
(reviewed in (79)). The uteri of ERβ-/- mice appeared
comparable to that of wild type (wt) animals and the uteri
responded normally to E2. Estrogen induced the expression
of membrane receptor tyrosine kinase ligands, EGF and
IGF-I, in the mouse uterus. In addition, estrogen treatment
resulted in activation of the IGF-I receptor signaling
pathway (80). When IGF-I-/- mice were treated with E2
uterine epithelial cells did not undergo mitosis indicating
that activation of the IGF-I pathway was necessary for this
uterine response to estrogen (81). Conversely, EGF or IGF-
I could induce estrogen-like responses such as epithelial
mitogenesis, induction of estrogen target genes and
increase in uterine mass (82). The mechanism appeared to
require ERα as studies using cells in vitro demonstrated an
ERα requirement for IGF-I or EGF to induce estrogen-
responsive reporter constructs (43). These studies led to a
model of “cross talk” in which growth factor receptor
activation results in maintenance, amplification or
induction of ER transcriptional activity even in the absence
of circulating estrogens. In one example of this crosstalk,
ERα-/- mice were treated with IGF-I and EGF to determine
whether ERα was required for uterine responses to these
growth factors. In both cases, the membrane receptors were
present and activated by the growth factor (39,42), yet the
uteri failed to respond to the peptide hormones in the
absence of ERα.

Because ERα is involved in mammary
development and breast cancer growth, the effect of
crossing ERα-/- mice with mice overexpressing mammary-
tumor-inducing oncogenes has been examined. Expression
of the Wnt-1 transgene under the control of the mouse
mammary tumor virus (MMTV) promoter leads to
mammary hyperplasia and tumors. Similarly, transgenic
mice that overexpress the erbB2 oncogene (an EGFR-like

receptor overexpressed in 20-30% of human breast tumors
(83)) or a constitutively active mutant neu exhibited an
increased incidence of mammary tumors compared with
nontransgenic partners (84). The tumors occurred in both
wt and ERα-/- mice although tumor onset was significantly
delayed in the ERα-/- X MMTV-Wnt1 (85) and ERα-/- X
MMTV-neu (86) mice compared to wt transgenic
counterparts. Therefore, functional ERα was not obligatory
for MMTV-Wnt-1 or MMTV-neu induced mammary
tumors but contributed to the rate of tumor progression.
When progesterone levels in the ERα-/- X MMTV-neu
mice was increased either by treatment with progesterone
or prolactin, the mammary tumor onset rate equaled or
exceeded that of untreated wt X MMTV-neu mice despite a
low content of epithelial tissue in ERα-/- X MMTV-neu
relative to wt X MMTV-neu mice (86).

3.2. Cyclin D1
Induction of cyclin D1 by estrogen is one of the

key events in estrogen induced proliferation of the breast,
uterus and tumors of these tissues. The cyclin D1 protein is
encoded by the CCND1 gene that is situated on
chromosome 11q13 and is amplified and overexpressed in a
significant percentage of breast cancers (87). Most clinical
studies that have compared CCND1 amplification with
cyclin D1 mRNA and protein expression found the
majority of cases demonstrated overexpression of both
mRNA and protein compared to gene amplification. This
feature has been noted in cell lines and in clinical material
from both infiltrating and in situ carcinomas. Cyclin D1
amplification was detected in 24% of cases with cyclin D1
mRNA overexpression in 45-83% of cases (88). Cyclin D1
protein overexpression also varied from 25 – 81%. Most
tumors with gene amplification also demonstrated
overexpression of the protein (reviewed in (88)) but not all
tumors exhibited overexpression of both mRNA and
protein. This suggested a posttranscriptional or
posttranslational mechanism that induced overexpression of
mRNA and protein without gene amplification. Steady state
cyclin D1 protein levels were also regulated by protein
stability under the control of associated proteins, in
particular the retinoblastoma protein (pRb) (89). The close
association between cyclin D1 and ERα/ERβ as well as
pRb underlies the role these proteins play in enhancing
cyclin D1 levels found in some tumors.

Cyclin D1 forms a complex with either cyclin
dependent kinase 4 (CDK4) or CDK6. Activation of these
CDKs has occured in conjunction with CDK activating
kinase (CAK) thus enabling the enzymes to phosphorylate
pRb (90,91). pRb is pivotal in controlling progression
through the cell cycle. In its hypophosphorylated form in
early G1, pRb binds to and inactivates the E2F transcription
factor that transcribes genes associated with DNA
synthesis. Activated CDK4 and CDK6 induces
phosphorylation of pRb until a stage is finally reached
when pRb is no longer able to perform its inactivating
function and is incapable of binding to E2F, thus releasing
E2F to carry out its transcriptional role (89). When levels
of cyclin D1 fall during mid to late G1 and phosphorylation
of pRb cannot be sustained by cyclin D1/CDK4 or CDK6
alone, regulation of pRb is continued by the action of
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Figure 2.  Progress from G1 to S phase depends on the actions of molecular pathways, include several estrogen regulated genes.
Estrogen binding to ER initiates a cascade of events including transcriptional activation of c-Myc and cyclin D1 gene expression.
The increased expression of cyclin D1 stimulates the formation of active cyclin D1-CDK4 complexes containing p21, which act
as an assembly factor rather than an inhibitor of the kinases. Activation of cyclin E-CDK2 involves conversion to a high
molecular weight form lacking p21. The protooncogene c-Myc together with its dimerization partner Max activates cyclin E-
CDK2 complex by dissociating p21 from cyclin E-CDK2 and also activates gene transcription that is necessary for completion of
G1 phase. The active form of cylin D1-CDK4 and cyclin E-CDK2 phosphorylate pRb, leading to the release of pRb bound
transcription factor E2F and in turn transcription of genes necessary for entry into S phase. Estrogen regulation of BRCA1
involves blocking of both ER and c-Myc which are important mediator of cell cycle and thus affect the cell cycle progression.
Estrogen also influences the activity of apoptosis regulatory genes like bcl-2, bax, bclX and bad through ER and drives the cells
to the apoptotic cycle from G0 instead of normal cell growth cycle. A1 denotes early stage of apoptosis, F means DNA
fragmentation and A2 denotes the late stage of apoptosis.

CDK2 that is activated by cyclin E. Cyclin D1 and its
associated CDKs are required to initiate phosphorylation of
pRb and progress the cell through the restriction point at
which stage the cell was committed to divide and further
progression is no longer growth factor dependent (92)
(Figure 2). However, further phosphorylation of pRb is
required before the cell can enter S phase and this is
achieved by increased levels of cyclin E during late G1 and
its subsequent activation of CDK2.

Cyclin D1 is synthesized in response to growth
factors whereas cyclin E is not. Therefore, unless the cell
has passed through the restriction point and is committed to
divide, removal of the growth factor would lead to a rapid
drop in the level of cyclin D1 and cells would arrest in G1.
When the cell has passed through the restriction point,
removal of growth factor has no effect on the activity of the
cell and the cyclin E/CDK2 complex assumes regulation of
cell cycle progression. The phosphorylation of pRb itself
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acts as a stimulator of both cyclin D1 and cyclin E protein
expression thereby perpetuating its own phosphorylation.
Such intricate feedback systems require careful regulation
to prevent cells from undergoing multiple rounds of
proliferation. This control is achieved by a series of cyclin
dependent kinase inhibitors (CKI) that are specific to one
or more CDKs (reviewed in (93,94)). The function of the
CKIs varies according to level of expression. At low levels,
CKIs enable CDKs and activating cyclin partners to form a
complex (95) whereas higher CKI levels result in
preferential interaction between CKIs and CDKs thereby
reducing the ability of cyclins to activate the enzyme. pRb
itself and unbound E2F are both activators of the CKI p16
that binds to CDK4 and CDK6 limiting the phosphorylation
of pRb in the early part of G1 (96). Other CKIs important
in G1 include p21 and p27 both of which inhibit cell cycle
progression when levels are increased in response to
specific stimuli.

Studies with transgenic mice demonstrated that
cyclin D1 required cooperation with other oncogenes or
tumor suppressor genes to achieve full oncogenic potential.
Transgenic mice were generated with CCND1 linked to an
immunoglobulin enhancer (97). Initially, the only
abnormality observed in the offspring was a reduction in
the number of mature B and T cells. The lymphocytes had
normal cell cycle reactivity and mitogen responsiveness.
Spontaneous tumors were infrequent in these animals but
when they were crossed with analogous ras or c-Myc
transgenic animals, lymphomas rapidly developed in the
next generation. In a different study (98) cyclin D1 cDNA
was cloned into an expression plasmid regulated by the
MMTV promoter and the construct was microinjected into
fertilized mouse oocytes. Cyclin D1 protein was found to
be overexpressed in the transgenic mammary tissue and the
females developed proliferative abnormalities and well-
differentiated adenocarcinoma within one year.

Studies with CCND1 (D1-/-) null mice linked
cyclin D1 to steroid induced proliferation of mammary
epithelial cells. The work on D1-/- mice clearly
demonstrated the importance of cyclin D1 in cell cycle
control of the mammary gland. Clinical studies of human
breast cancer also confirmed the importance of cyclin D1 in
malignancy of the breast (99). Most studies in breast cancer
have found that high levels of cyclin D1 were associated
with ER positivity and with well differentiated carcinomas
(99,100), both features associated with a good prognosis. It
was shown using breast cancer cell lines that when
estrogen-dependent, ERα+ cells were deprived of estrogen
the cells arrested in G1 with a concomitant reduction in
levels of cyclin D1 and CDK4 and an increase in p27
expression. After estrogen treatment, cyclin D1 mRNA and
protein expression increased and the cells were able to
progress through the cell cycle. These experiments
demonstrated that the level of cyclin D1 is dependent upon
the presence of estrogen and ERs. However, other evidence
indicated that cyclin D1 forms a direct complex with ER
and could activate transcription without a requirement for
estrogen (101). This finding indicated that cyclin D1 can
operate through both the ER ligand-dependent and -
independent transactivation domains with potential

implications in resistance to endocrine therapy. ERα+ cells
that overexpress cyclin D1 continued to proliferate in the
presence of antiestrogens (102).

In addition to binding CDKs, cyclin D1 was
found to associate with several different intracellular
proteins including ERα, AR, P/CAF (p300/CBP associated
factor) (103,104) and the cyclin D1, myb-like binding
protein (DMP1) (89). ERα transcriptional activity (101)
was enhanced by binding of cyclin D1 with ERα and by
recruiting the coactivator SRC-1 as demonstrated in vitro
(105). Cyclin D1 bound to ERα in vivo and this interaction
overcame the BRCA-1 mediated repression of ERα activity
(106). The induction of ERα function by cyclin D1 likely
contributed to estrogen proliferative effects and this
interaction was thought to contribute to cellular
proliferation in a subset of breast cancers.

Cyclin D1-/- mouse studies suggested an
important role for cyclin D1 in erbB2-induced mammary
tumorigenesis (107,108). In the mammary gland of cyclin
D1-/- mice there was a reduction in phosphorylated
STAT5A, an alteration of the PR-A/PR-B isoform ratio
(109) and evidence for attenuated induction of estrogen-
responsive genes (109).

In ovarian cancer, cyclin D1 levels increased
during progression from normal ovarian tissue to benign
tumors (110) and carcinomas (111) with an association of
higher cyclin D1 expression with a well differentiated
phenotype (G1-G2) within the malignant tumor group
(112). In contrast to breast cancer, follow-up studies with
ovarian carcinomas did not reveal any correlation of cyclin
D1 expression and survival (113).

Expression of cyclin D1 is activated by estrogen
during the proliferative phase of the menstrual cycle in
normal endometrial glands (114). In endometrial
carcinomas, 28-56% of cases were cyclin D1 positive
(115). In gene expression profiles, cyclin D1 was
differentially expressed between benign endometrial tissues
and endometrial carcinomas suggesting a prominent role
for cyclin D1 in endometrial carcinogenesis (116).

The role of cyclin D1 for cervical carcinogenesis
and clinical outcome is not clearly understood. Cyclin D1
expression was lower in cervical carcinomas compared to
the normal cervical epithelium. Positive cyclin D1
immunostaining occurred in 28-33% of invasive cervical
carcinoma that was significantly associated with a
decreased disease-free and overall survival (117,118).
Reports also demonstrated cyclin D1 gene amplification in
cervical carcinoma (24%) although this was not correlated
with cyclin D1 overexpression.

3.3. C-Myc
                The proto-oncogene c-Myc was first identified as
the mammalian homologue of the viral transforming
oncogene, v-myc. The c-Myc gene is transcribed into three
major transcripts yielding three major proteins with
transcription factor function termed c-Myc1, c-Myc2, and
c-MycS (119). c-Myc2, one of three transcripts produced
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by differential transcriptional initiation from the c-Myc
genomic locus on the human chromosome 8q24, is the
dominantly expressed mammalian c-Myc isoform. It
encodes a 62 kDa protein composed of an N-terminal
domain containing the critical Myc box I and II elements
responsible for control of transcriptional activation and
repression. The C-terminal domain of c-Myc contains basic
helix-loop-helix and leucine zipper motifs responsible for
DNA binding, protein-protein interactions, and
heterodimerization with the Max transcription factor
(critical for c-Myc regulation of transcription). Numerous
genetic targets for c-Myc activation and repression have
been identified (reviewed in (119,120)) and provide
evidence for a c-Myc contributory role in controlling
cellular functions such as apoptosis, differentiation, growth,
metabolism, and proliferation. While c-Myc influence on
these cellular functions was constrained through precise
control of expression by extracellular growth signals, it was
clear that uncoupling of c-Myc expression from cell cycle
and cellular environmental controls via its translocation,
locus amplification, gene mutations, or transcriptional
and/or translational alterations was crucial for c-Myc
mediated cellular transformation and subsequent
tumorigenesis (119,121).

Rearrangement of the c-Myc gene and
overexpression of c-Myc was found to occur in 5% and
70% of human breast cancers, respectively (122).
Alterations in the c-Myc locus are recurring genetic lesions
that were identified in human breast tumors (123).
Expression and function of c-Myc might be altered by
additional mechanisms in breast malignancies. The breast
cancer gene 1 (BRCA1), a tumor suppressor, associated
with familial breast and ovarian cancer syndrome when
mutated in the germ line, was shown to block the
transcriptional activity of c-Myc (reviewed in (124)).
Therefore, absence of BRCA1 activity might result in
partially unchecked c-Myc-mediated transcriptional activity
resulting in tumorigenesis. The coding region determinant-
binding protein (CRD-BP) capable of binding and
stabilizing c-Myc mRNA in proximity to Her-2/neu/erbB2
(amplified in 30% of breast tumor samples) was likely
responsible for a significant portion of tumor-associated c-
Myc deregulation (125).

Hyperactivity of the MAPK and the PI3K
pathways were associated with Her-2/neu/erbB2
amplification or with the loss of the phosphatase and tensin
homologue deleted on chromosome ten gene (PTEN)
(reviewed in (126,127)). Both of these common alterations
in breast tumors could result in abnormally strong and
persistent Ras and Akt/protein kinase B (PKB) kinase
activity. Ras-mediated phosphorylation of c-Myc at serine
62 resulted in stabilization of the protein (128). The PI3K
pathway stimulated translation of c-Myc mRNA species.
Furthermore, PI3K-activated Akt blocked the kinase
activity of glycogen synthase kinase 3b (GSK3b) thereby
limiting GSK3b degradation-promoting phosphorylation of
c-Myc at threonine-58 (128,129). These studies strongly
suggested that deregulation of c-Myc expression and of c-
Myc function were significant features of human breast
cancer.

3.3.1. Role of c-Myc in cell proliferation
From a physiological perspective, the central role

of c-Myc may be its promotion of cell replication in
response to extracellular signals via driving quiescent cells
into the cell cycle. This function was originally thought to
be elicited mainly via activation of transcription of those c-
Myc target genes that are positive regulators of the cell
cycle (130) such as cyclins D1, D2, E and A, CDK4, E2F1
and E2F2. However, consensus Myc E-box elements were
found only in the regulatory regions of CDK4 and cyclin
D1 and D2 (reviewed in (131)). The promotion of cell
cycle progression by c-Myc could also be achieved by
suppression of transcription of growth inhibitory genes like
gadd45, CDK inhibitors p21cip1, p19ARF and p27kip1
(131).

3.3.2. Role of c-Myc in transformation
Transformation of a cell might not be a

physiological function of c-Myc; rather, transformation
might occur only when c-Myc is aberrantly expressed or
genetically altered. Transformation of rat embryonic
fibroblasts (REF) or certain primary cultured cells by c-
Myc required co-transfection with another oncogene or
growth factor gene such as ras or TGF-α (130). The role of
c-Myc in transformation might be directly related to c-Myc
regulation of human telomerase transcriptase (hTERT)
expression (132) since telomerase functions to immortalize
cells. Analysis of the 5’- flanking region of hTERT
revealed that transcription of this gene was dependent on a
proximal 181 bp region of the promoter that was essential
for hTERT expression in immortalized and cancer cells
(133). This promoter region contained c-Myc E-boxes and
GC-boxes (the consensus binding sequence for Sp-1) and
thus presumably was responsible for the observed
cooperation between c-Myc and Sp-1 in transcriptional
activation of the hTERT gene (133,134). In addition,
estrogen was also shown to activate hTERT in part via
estrogen induction of c-Myc expression (135).

3.3.3. The c-Myc gene in human breast cancer
Between 1 to 94% (15.5% on average) of breast

cancer biopsies exhibited c-Myc gene amplification three-
fold or greater. About 22% of the breast tumor cases
exhibited c-Myc mRNA expression and overexpression that
was rarely the result of gene amplification (136). In breast
cancer, amplification of c-Myc might correlate positively or
negatively with alterations in other genes (137). HER2
(erbB2), a gene in the EGFR family, was amplified in about
20-30% of human breast cancer biopsies (137-139). Some
investigations have shown that amplification of HER2 and
c-Myc genes were positively correlated or simultaneously
occurred in certain breast cancer biopsies (138,139).
However, an inverse correlation between amplification of
HER2 gene and c-Myc was also reported in other studies
(140). Amplification or overexpression of c-Myc occured
more frequently in cases that were ERα- (139) and/or PR-
(140) although other investigations did not find such
inverse correlations nor show an opposite correlation.
Amplification of the cyclin D1 gene (CCND1) was also
detected frequently in human breast cancer and occured
preferentially in cases without c-Myc amplification (141).
In cultured breast cancer cells c-Myc was able to mimic
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estrogen action by inducing cyclin E/CDK2 activity by
maintaining p27kip1 in the cyclin D1/CDK4 complex earlier
in the cell cycle. This kept the cyclin E/CDK2 complex free
from p27kip1 binding (reviewed in (142)). Pathological data
also demonstrated that levels of p27kip1 and cyclin D1 were
associated in breast cancer (142). BRCA1 could physically
bind to c-Myc and repressed c-Myc-mediated transcription
(143). These data indicated that the mechanism for BRCA1 to
function as a tumor suppressor might be related, in part, by
binding with c-Myc and repression of c-Myc transcriptional
activity. In a myc promoter-CAT reporter gene system, ectopic
expression of PTEN (a tumor suppressor gene inactivated in a
number of tumor types, including breast cancer) repressed
transcription of c-Myc in MCF-7 and MDA-MB-486 breast
cancer cells indicating that among its activities, PTEN might
be a transcription factor and c-Myc might be its target gene.
The repression of c-Myc by PTEN in these cells was coupled
with increased apoptosis and with growth inhibition of the
tumor developed from these cells in nude mice (reviewed in
(131)). Thus the tumor suppressive role of PTEN might be
exerted, in part, by down-regulation of c-Myc.

Multiple transgenic studies in which c-Myc was
overexpressed under the control of mammary specific
promoters have identified an important role for c-Myc in
the progression of breast cancer (144-146). Use of the
MMTV promoter to overexpress c-Myc in mouse
mammary gland resulted in spontaneous mammary
adenocarcinomas (146). Another transgenic study
demonstrated formation of locally invasive mammary
tumors in four multiparous females by 10 to 19 months of
age (144). In one MMTV/c-Myc transgenic strain, c-Myc
expression was detected in a wide range of tissues. Despite
the broad pattern of tissue specific expression, these mice
developed a limited subset of tumor types including
mammary tumors. Thus elevated expression of c-Myc
appeared capable of inducing tumors at selected tissue
sites. Elevated expression of c-Myc in the mammary gland
was also achieved by placing the c-Myc oncogene under
the transcriptional control of the whey acidic protein
(WAP) promoter (145). These studies demonstrated that c-
Myc can induce mammary tumor formation when
overexpressed in the mammary gland. However, additional
genetic events are required for the development of
mammary carcinomas as evidenced from the fact that
overexpression of c-Myc does not result in transformation
of the entire mammary gland. Many in vitro studies and
some in vivo experiments have demonstrated that
expression of c-Myc mRNA was induced by estrogen
(147). A 116 bp DNA sequence that does not contain a
canonical ERE in the promoter region of the human c-Myc
gene was responsible for the transcriptional activation of c-
Myc by estrogen (148). It is likely that activation of the c-
Myc gene by estrogen required binding of some ER-
associated proteins to ER. It remains unknonwn if and how
ER signaling regulates c-Myc expression in human breast
tumors as several reports demonstrate that overexpression
and/or amplification of c-Myc occurs preferentially in ER-
tumors (149).

ER+ breast tumors from patients undergoing
tamoxifen therapy showed a decreased level of c-Myc

mRNA compared to patients not undergoing therapy.
Similar inhibition of c-Myc expression by SERMs was also
observed in ERα+ T-47D and MCF-7 breast cancer cells
(reviewed in (131)). These results suggested that tamoxifen
antagonized the effect of estrogen on c-Myc expression
both in vivo and in vitro. However treatment with
tamoxifen has also been shown to induce apoptosis of both
ER- and ER+ breast cancer cells in association with an
induction of c-Myc expression (131). Tamoxifen also
inhibited the growth of MCF-7 tumors in nude mice in
association with an induction of c-Myc expression (131).

There has been much controversy regarding the
prognostic implications of c-Myc expression. It has been
shown that high c-Myc mRNA levels in breast cancer were
correlated with better survival (136). Several studies
showed that benign breast lesions such as fibroadenomas
and fibrocystic disease expressed c-Myc at levels as high as
that detected in breast cancer (150). This suggested that c-
Myc might be involved in the early development of the
cancer and could be used as a marker for pre-malignancy or
for risk of development of cancer. It was found that
consistently elevated c-Myc levels as detected in the major
c-Myc tumor areas tend to commit cells to apoptosis.
However cells may escape apoptosis if c-Myc levels drops
to allow G1 cyclins to increase as seen in the c-Myc tumor
foci, or the level of TGF-α or other survival factors were
concomitantly increased to rescue G1 cyclins from
suppression by c-Myc and to cause induction of cyclins.
Consistent overexpression of c-Myc in breast cancer
without concomitant increase in TGF-α or G1 cyclins
might direct tumors to undergo apoptosis and be more
sensitive to apoptotic stimuli or to chemotherapy all of
which might be reflected in a better prognosis.

Estrogen and IGF-1 are major mitogens for breast
epithelial cells and when co-administered, synergistically
induce G1-to-S cell cycle progression. It was also
demonstrated that estrogen significantly increased c-Myc
and cyclin D1 protein while insulin predominantly
increased cyclin D1 levels. This cumulative increase in c-
Myc and cyclin D1 contributed to the cooperativity of these
mitogens since ectopic expression of c-Myc and cyclin D1
cooperated with either the estrogen or insulin signaling
pathways to increase cell cycle progression. Inhibition of
the MAPK or PI3K pathways significantly reduced c-Myc
and cyclin D1 protein levels and cell cycle progression.
Ectopic expression of cyclin D1 partially overcame this
inhibition while ectopic expression of c-Myc partially
overcame MAPK but not PI3K inhibition. Thus estrogen
and insulin/IGF-1 differentially regulated c-Myc and cyclin
D1 to cooperatively stimulate breast cancer cell
proliferation (151).

c-Myc mRNA levels were also stimulated by
estrogen and correlated with growth stimulation of ovarian
carcinoma cells while estrogen-induction of c-Myc was
uncoupled from a proliferative response. Amplification of
the c-Myc gene and expression of the c-Myc protein was
found in a fraction of ovarian cancers where elevated levels
likely indicated gene dose rather than estrogen-
responsiveness (152).
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Recent studies have suggested that c-Myc
amplification took place in pre-invasive stages of cervical
disease and could cooperate not only in tumor progression
but also in cell transformation. Association of c-Myc gene
amplification with the infection of the oncogenic HPV 16
showed that the pattern of virus infection and oncogene
activation could be specific for different viral genotypes
(153). Soh and coauthors (154) found a statistically
significant trend for increasing risk of cervical cancer with
higher quantities of c-Myc mRNA (154).

Amplification of c-Myc gene was more frequent
(18.5%) in advanced endometrial carcinoma compared to early
tumors. It was also suggested that c-Myc amplification may
play a crucial role in the development of various subtypes of
endometrial carcinoma (155). Expression of c-Myc was
variable in endometrial carcinoma and high c-Myc expression
was associated with populations of tumor cells selectively
capable of myometrial and vascular invasion (156).

3.4. pS2
                pS2 or TFF1, a member of the trefoil protein family,
was found to be expressed in normal breast epithelium  and
human breast carcinomas (157). pS2 might be involved in
controlling expansion or contraction of the ductular system
through its mitogenic properties. Poulsom and coauthors (158)
noted that although the expression of pS2 was linked to
“complex architechtural proliferation” in the ducts, it did not
seem to be associated with simple epithelial hyperplasia as no
pS2-positive cells were found in the ducts of lactating breast.
pS2 was first identified by virtue of its regulation by estrogen
in breast cancer cells (159). pS2 mRNA could be detected in
68% of breast tumors (160). pS2 was also expressed in a
variety of other carcinomas including stomach, pancreas, large
intestine, endometrium, ovary, uterus, bladder, and prostate
(161). In breast cancer, pS2 expression patterns have not
shown consistent results. pS2 expression was greater in the in
situ compared to the invasive component of a tumor and pS2
expression was associated with a good prognosis. (158). This
might simply reflect the dependence of pS2 expression on the
ERα that was also a marker for good prognosis (162). The
highest levels of pS2 expression in a series of breast
carcinomas were detected in lobular carcinomas (160) that
were more likely to be ERα+ than ductal carcinoma. ERα
expression was suggested to be a contributory factor to the
high level of pS2 expression.

It has been suggested that elevated pS2
contributes to the characteristic histological appearance of
lobular carcinoma. The metastatic pattern of lobular and
ductal carcinoma is different. Metastasis to the uterus and
stomach were significantly more frequent with infiltrating
lobular compared to ductal carcinoma (161). pS2
expression has also been found in the normal uterus and
stomach. The mechanisms underlying this intriguing
observation are obscure but it is conceivable that lobular
carcinoma cells have a propensity to be drawn towards
tissues expressing pS2 peptide possibly by some
chemotactic mechanism.

The fact that pS2 was originally identified by
virtue of its regulation by estrogen in an estrogen-

responsive breast cancer cell line (159) suggested that it
might be a marker of estrogen responsiveness and could
potentially play a role in the selection of patients who
would be most likely to benefit from antiestrogen therapy.
There was a statistically significant association between the
expression of pS2 and ER and studies in which the
expression of pS2 has been assessed in tumors before and
after antiestrogen treatment have demonstrated that pS2
expression was controlled by estrogen in vivo (161). The
relationships between pS2 expression in the primary tumor
and patient response to endocrine therapy on relapse have
been examined. Studies with small numbers of patients
revealed that pS2 expression was associated with response
to endocrine therapy. pS2 expression in the primary tumor
was also useful for predicting progression-free survival on
tamoxifen following relapse but pS2 was not a better
predictor than ERα. For tumors containing intermediate
levels of ERα, those tumors that were also pS2 positive had
a significantly increased relapse-free and overall survival
(161). These studies suggested that pS2 may be particularly
useful for predicting response to endocrine therapy.
Preselected group of potentially hormone-responsive
patients demonstrated that pS2 expression was the best
marker for predicting women who would respond to neo-
adjuvant antiestrogen therapy (163). These studies
emphasized that pS2 should be strongly considered as a
marker of endocrine responsiveness of breast cancer.

The observation that pS2 was a marker of
endocrine response raised the question of whether the
regulation by estrogen of pS2 protein expression may be in
part responsible for the effects of estrogen on tumor
progression. On the other hand, the beneficial effects of
anti-estrogens on women with breast cancer may be partly
due to a reduction in pS2 protein expression.

Estrogen regulated pS2 protein was also reported
as an important tumor parameter in ovarian cancer. It was
found that 27% of total ovarian cancer samples tested were
pS2 positive tumors with significantly higher
concentrations of pS2 measured in mucinous versus serous
carcinoma. No significant correlation was found between
pS2 and ER or PR status in ovarian carcinoma (164).

In uterine cervical adenocarcinomas and invasive
squamous cell carcinomas, a significant upregulation of
pS2 expression at both the mRNA and protein level for
adenocarcinomas in situ was found. The pS2 scores were
inversely correlated to ERα status (165). In squamous
lesions, pS2 values did not differ between normal and
malignant lesions which indicated that alterations in pS2
expression may occur relatively early in the development of
cervical glandular lesions (165).

Koshiyama and coauthors (166) demonstrated
that pS2 protein was expressed in 70% of endometrial
carcinoma samples. There was significant association
between pS2 expression and ER/PR expression. pS2
protein was also observed in the normal endometrium. A
progressive increase in the immunoreactivity of the pS2
protein was found during the progression from normal
endometrium to endometrial hyperplasia to well
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differentiated carcinoma. These data suggested that pS2
expression was likely correlated with estrogen-related
endometrial carcinoma and was possibly involved in early
disease progression (166).

3.5. Progesterone receptor (PR)
Like estrogen, progesterone is an essential

regulator of female reproductive activity. Through its
cognate receptor progesterone regulates the normal
development of the ovary, uterus and mammary gland and
plays a key role in tumorigenesis of these tissues. It was
demonstrated in ER-/- and PR-/- mice that estrogen
controls the early ductal morphogenesis of the mammary
gland whereas progesterone controls ductal branching and
alveolar development of the mammary gland during
pregnancy (167). The physiological functions of
progesterone are mediated by two distinct receptor
isoforms, termed PR-A and PR-B that arise from alternate
splicing of the same gene (168). Both receptors have a
modular protein structure consisting of distinct functional
domains that are capable of binding steroidal ligand,
dimerization, interaction with hormone responsive DNA
elements, and interaction with coregulator proteins (168).
PR-A and PR-B differ only by an additional sequence of
amino acids at the amino terminus of PR-B. This region
encodes a transactivation function (AF3) that is specific to
the PR-B protein (169). When activated by ligand, PR-A
and PR-B proteins dimerize and bind DNA as three
species: A:A or B:B homodimers or A:B heterodimers. The
specific contribution of each of these species to mediating
the regulatory effects of progesterone depend on the ratios
of the individual isoforms expressed in target tissues and on
the differential transactivation properties by the PR-B-
specific AF3 domain. The ratios of PR-A and PR-B within
a target cell under specific physiological conditions can
alter the relative complement of dimeric complexes and
exert a significant impact on the overall cellular responses
to progesterone. The presence of an AF3 domain permits
binding of a subset of coactivators to PR-B that are not
efficiently recruited by progesterone bound PR-A (170).
Thus when expressed individually in cultured cells, PR-A
and PR-B display different transactivation properties that
are specific to both cell type and target gene promoter
context (171,172). The differences in transactivation
properties observed in these systems are also reflected in
distinct PR isoform dependent regulation of endogenous
gene expression in human breast cancer cell lines (173).
The PR-A:PR-B ratio varies as a consequences of
developmental and hormonal status and during uterine and
mammary carcinogenesis (174,175).

PR-/- mice have provided evidence of an
essential role of PRs in a variety of female reproductive and
nonreproductive activities. Female mice lacking both PRs
exhibited impaired sexual behavior, altered neuroendocrine
gonadotrophin regulation, anovulation, uterine dysfunction,
and impaired ductal branching morphogenesis and
lobuloalveolar differentiation of the mammary gland (176).
The PR-/- mouse demonstrated that PRs were specifically
required for pregnancy-associated ductal proliferation and
lobuloalveolar differentiation of the mammary epithelium.
The mammary glands of PR-/- mice failed to develop

pregnancy associated side-branching of the ductal
epithelium with attendant lobular alveolar differentiation
despite normal post pubertal mammary gland
morphogenesis of the virgin mice (176,177). Thus, in
contrast to its antiproliferative role in the uterus,
progesterone was an essential pregnancy-associated
proliferative stimulus in the mammary gland. The use of
PR-/- mice in combination with mammary gland
transplantation techniques has provided important insights
into the mechanisms underlying progesterone-dependent
mammary gland morphogenesis.

Both isoforms of PR were expressed in the
mammary gland of the virgin and pregnant mouse,
although the level of PR-A exceeded PR-B by at least a
ratio of 2:1. Ablation of PR-A in PR-A-/- mice did not
affect the ability of PR-B to elicit normal progesterone
responsiveness in the mammary gland. The morphological
changes in ductal side branching and lobular alveolar
development in these glands were similar to those observed
in wt mice (178). Thus PR-B was sufficient to elicit normal
proliferation and differentiation of the mammary
epithelium in response to progesterone and neither process
appeared to require functional expression of the PR-A
protein. However, the PR-B-/- mouse has demonstrated that
in the absence of PR-B, pregnancy-associated ductal side
branching and lobuloalveolar development in the mammary
gland were markedly reduced as a consequence of
decreased ductal and alveolar epithelial cell proliferation
and decreased survival of alveolar epithelium. Ablation of
both PR forms also resulted in a significantly reduced
incidence of mammary tumor growth in response to
carcinogen challenge relative to that observed in wt
counterparts and a failure to develop preneoplastic
mammary lesions in organ cultures of PR-/- glands exposed
to chemical carcinogen (178). These observations
underscore a specific role of PRs (as distinct from ERs) as
essential regulators of the intracellular signaling pathways
that are essential for the initiation of murine mammary
tumors induced by carcinogens. These findings are
consistent with studies in humans indicating that in contrast
to its protective effect in the uterus, progesterone appears to
contribute to breast tumorigenesis.

The selective contribution of PR-A and PR-B to
mammary tumorigenesis is unknown. However, recent
studies suggested that overexpression of PR-A in PR-
positive (PR+) tumors might be associated with a more
aggressive phenotype. Although the ratios of PR-A and PR-
B appeared to be equivalent in the normal mammary gland,
a subset of PR+ invasive tumors showed an imbalance of
PR isoforms in favor of PR-A (179). PR-A overexpression
in human breast cancer cells in monolayer culture was also
demonstrated to promote rounding up of cells and
detachment from the monolayer after progesterone
treatment. In transgenic mouse models in which either PR-
A or PR-B was expressed in the mammary gland under the
control of the cytomegalovirus promoter, PR-A expressing
transgenic mice displayed increased lateral ductal
branching and ductal hyperplasia, a phenotype clearly
opposite to that observed in PR-B-/- mice (180). In
contrast, transgenic expression of PR-B resulted in reduced
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ductal branching and alveolar development a phenotype at
odds with that observed in PR-A-/- mice in which PR-B
was sufficient to mediate normal branching and
alvelogenesis (181,182).

In contrast to the paracrine signaling pathways
operative in the normal gland, in many human breast
tumors the majority of ER+ and PR+ cells undergo
proliferation indicating that a switch in steroid dependent
regulation from a paracrine to an autocrine mechanism
might be an important part of the tumorigenic process.
Consistent with this hypothesis, it has been observed that
one of the earliest responses to carcinogen challenge is the
emergence of a population of proliferating mammary
epithelial cells that score positive for the expression of both
ER and PR, a pattern clearly at odds with the paracrine
signaling pathways operative in the normal gland (183).
Analysis of progesterone-dependent upregulation of cyclin
D1 in T47D breast cancer cell lines selectively expressing
either PR-A or PR-B also showed equivalent upregulation
by both PR isoforms in this tumor cell line in contrast to the
isoform selective regulation observed in the normal gland
(184). Given the central role of cyclin D1 in both normal
pregnancy-associated mammary gland morphogenesis and
in the development of mammary tumors, aberrant
regulation of cyclin D1 in PR+ proliferating tumor cells
might be one pathway by which PR contributed to
tumorigenesis in the mammary gland. The differences in
spatial organization of PR isoforms relative to proliferating
cells between normal and tumor mammary cells was likely
to result in significantly different PR isoform dependent
activation of downstream signaling pathways associated
with proliferation and differentiation. In most cases, PR-B
acts as a potent activator of transcription of target genes
whereas PR-A acts as a dominant repressor of transcription
of PR-B as well as other nuclear receptors (185).

Changes in the expression level and pattern of PR
coactivators or corepressors or mutation of functional
domains might affect the transcriptional activity of the PR
and cause disorders of its target tissues including mammary
gland (186). All three members of the p160 coactivator
family (SRC-1, TIF-2, and AIB1) have been shown to
interact with the PR and enhance its transcriptional
activation in a ligand dependent manner (186). Targeted
deletion of the SRC-1 gene in mice has indicated that SRC-
1 was important for the biological actions of progesterone
in mammary gland development since the hormone-
induced ductal elongation and alveolar development was
greatly impaired in the SRC-1 null mice (186). E6-
associated protein (E6-AP) and RPF1, the human homolog
of yeast RSP5, are E3 ubiquitin-protein ligases that target
proteins for degradation by the ubiquitin pathway. These
proteins were also characterized as coactivators of steroid
receptors. It was demonstrated by transient transfection
assays that RPF1 and E6-AP could potentiate the ligand-
dependent transcriptional activity of the PR. Furthermore
RPF1 and E6-AP acted synergistically to enhance PR
transactivation (186). E6-AP is expressed in many tissues
including the mammary gland. From its ability to
coactivate the PR and the ER in a hormone-dependent
manner, it was assumed that E6-AP was an essential

regulator for the development of normal mammary gland
and mammary tumors (186). E6-AP expression was also
found decreased in tumors in comparison with the adjacent
normal tissues. It was also observed that expression of E6-
AP was stage dependent and that the expression of E6-AP
was inversely correlated with that of the ER in breast
tumors. Since the ER plays a major role in breast cancer
development and the PR is a target of estrogen, the changes
in the expression level of E6-AP might interfere with the
normal functioning of the ER and PR. Conversely, N-CoR
and SMRT are common corepressors for ER and PR and
slight alteration of these expression levels in certain tissues
might result in significant transcriptional changes leading
to altered development of the mammary gland and the
mammary tumors.

It has been suggested that ER+/PR+ tumors tend
to be more differentiated and more responsive to hormonal
therapies than the ER+/PR- tumors (187). Since estrogen,
progesterone and ER and PR play pivotal roles not only in
the development of breast cancer, but also in the treatment
and outcome of breast cancer patients, mechanisms
explaining the loss of the two receptor genes are important
areas of study. Recent studies (188) showed that
progesterone induces S-phase entry of T47D cells stably
expressing either wt PR-B or a MAPK consensus
phosphorylation site S294A containing PR-B. Both wt and
S294A PR were capable of activating p42/p44 MAPKs and
promoting proliferation. However cells expressing wt, but
not S294A PR exhibited enhanced proliferation in response
to combined EGF and progesterone. The PR antagonist
RU486 also induced MAPK activation, increased cyclin D1
expression, and stimulated S-phase entry that was blocked
by inhibition of either p42/p44 or p38 MAPKs. These data
suggested that PR mediates cell cycle progression primarily
through activation of cytoplasmic kinases and
independently of direct regulation of transcription while the
coordinate regulation of both aspects of PR action were
required for enhanced proliferation in response to
progesterone in the presence of growth factors (188).

It has been reported that progesterone or cellular
responses to progesterone offered protection against
ovarian carcinogenesis. Interestingly loss of heterozygosity
(LOH) at 11q23.3-24.3 that harbors the PR gene locus was
commonly found in ovarian carcinoma (75%) and this
genetic alteration was associated with poor prognosis
(reviewed in (189)). A marked downregulation of PR
expression was found in ovarian cancer cell lines when
compared to OSE cells and only 50% of ovarian tumor
specimens stained positive for PR compared to 86% for
ERα (189). No significant difference was noted in the
expression levels of PR-B in ovarian tumors and in normal
and/or benign ovarian tissues and cancerous specimens. In
contrast, PR-A was expressed in both normal and benign
ovarian tissues but exhibited marked reduction in malignant
cancer specimens. A loss of PR-A was found to be
associated with ovarian malignancy (189).

Kanai and coauthors (190) demonstrated weak
expression of PR mainly in the parabasal layer in normal
squamous epithelia of cervix. In cervical intraepithelial
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neoplasia (CIN) lesions and in invasive squamous
carcinoma (SCC) the expression of PR was significantly
increased compared to PR expression in the basal cells
(190).

In endometrial cancer cell lines both PR-A and
PR-B function to enhance differentiation with PR-A
inducing cell senescence and PR-B inducing a secretory
phenotype. Both isoforms sensitize endometrial cancer
cells to apoptosis and inhibit the cell cycle at the G1 to S
transition (191). However with respect to growth inhibition,
PR-B appeared to have the most substantial effects in
human endometrial cancer cell lines. This suggested that
PR-B is important for maintenance of endometrial
differentiation and endometrial cancers appear to
downregulate PR-A and PR-B or only PR-A (191).

3.6. Cathepsin D
Cathepsin D is a lysosomal protease catalytically

active at acidic pH and without known endogenous
inhibitors. This protease is found mostly in intracellular
vesicles such as lysosomes, phagosomes and late
endosomes of most mammalian cells and functions in the
normal degradation of intracellular and endocytosed
proteins. In addition, cathepsin D functions in the
proteolytic processing of protein precursors to their
biologically active form (192). An abnormally glycosylated
form of Cathepsin D was produced by breast cancer cells
and was secreted rather than transported to the lysosome
(reviewed in (193)).

Cathepsin D gene expression is stimulated by
estrogen in breast cancer through a nonconsensus ERE and
estrogen-induced overexpression of cathepsin D is
associated with poor prognosis (194). The natural
overexpression of cathepsin D observed in aggressive
breast cancer was not only associated with metastasis, but
also appeared to be one of the factors responsible for
further development of clinical metastasis, as demonstrated
by transfecting cathepsin D expression constructs into a
tumor cell line expressing low levels of endogenous
cathepsin D (194). An increase in cathepsin D expression
and secretion in transfected cloned cell lines markedly
stimulated cell growth. The overexpressed and secreted
pro-enzyme could act as a protease after its activation in an
acidic milieu or as a ligand on membrane receptors before
its activation. This action could take place extracellularly as
suggested by the hypersecretion of this proenzyme, or
intracellularly following or not its endocytosis via
membrane receptors. Overall, most studies indicated that
cathepsin D overexpression increased cell proliferation,
increased cell growth at high densities and decreased cell-cell
contact inhibition by degrading secreted growth inhibitors.
There was no experimental evidence of increased invasion
with cathepsin D since 3Y1-Ad12 cancer cells stably
transfected with cathepsin D recombinant or vector alone and
secreting high or low amounts of cathepsin D displayed the
same invasiveness. Similar results were observed by
comparing MCF-7 variants that expressed high or low levels
of cathepsin D (194). Cathepsin D acted more like a mitogen
than a protease in allowing cancer cells to cross the
basement membrane.

Large intracellular acidic vesicles (LAVs)
containing high levels of cathepsin D were more frequently
found in breast cancer cells than in normal mammary cells
in vitro (195). These vesicles have also been observed in
vivo in sections of breast cancer biopsies. To determine the
significance of the LAVs for breast cancer migration,
LAV-positive MDA-MB-231 breast cancer cells were
quantiated before and after migration through matrigel.
More LAV-positive cells were found after migration
through matrigel than before migration. The vesicles
contained phagocytosed extracellular material such as
pieces of extracellular matrix (195). Cathepsin D in these
vesicles was able to digest intracellularly many types of
proteins, including proteins of the engulfed extracellular
matrix thus providing nutrients, amino acids and space for
invasive breast cancer cells.

Secreted procathepsin D could also be activated
extracellularly in a sufficiently acidic environment. The
extracellular pH in tumors is generally more acidic than
normal tissues. When secreted in the extracellular matrix,
activated procathepsin D could degrade growth inhibitors
or liberate growth factors and angiogenic factors. One of
the characteristics of procathepsin D in cancer cells is the
increased secretion. The mechanism of this secretion is
intriguing since several receptors can transport cathepsin D
to lysosomes. Moreover following its secretion,
procathepsin D can be endocytosed by the same cancer
cells or by the adjacent stromal cells by autocrine or
paracrine mechanisms (reviewed in (195)).

Glondu and coauthors (196) stably transfected
MDA-MB-231 cells with a full length cDNA for cathepsin
D or a 535 bp antisense cathepsin D cDNA fragment and
found that clones expressing the antisense cathepsin D
cDNA exhibited a 70-80% reduction in cathepsin D
protein, both intra and extracellularly. These antisense-
transfected cells displayed a reduced outgrowth rate when
embedded in a matrigel matrix, formed smaller colonies in
soft agar and presented a significantly decreased tumor
growth and experimental lung metastasis in nude mice
compared with controls (196). These studies demonstrated
that cathepsin D enhanced anchorage-independent cell
proliferation and subsequently facilitated tumorigenesis and
metastasis of breast cancer cells.

A study performed by Losch and coauthors (197)
demonstrated a prognostic value of cathepsin D expression
in invasive ovarian cancer while cathepsin D in low
malignant potential (LMP) tumors was linked to
angiogenesis (197). It was also shown that cathepsin D
positivity was more frequent in serous than in other types
of ovarian cancer but no association was observed between
cathepsin D-positivity and ER or PR status of these tumors
(198).

In cervical cancer, positive staining for cathepsin
D was observed in 47% of tumors especially those that give
rise to lymph node metastases. The relapse free survival
was lower for patients with cathepsin D-positive tumors
(199).
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Cathepsin D was expressed in variable amounts
in endometrial cancer (200). Although there was evidence
that cathepsin D gene expression was increased by
progesterone but not by estrogen in normal human
endometrium (201), Falcon and coauthors (202) did not
find any correlation or association between cathepsin D and
PR in PR+ tumors. In endometrial cancer the hormone
dependence of cathepsin D expression was lost or the role
that growth factors play in its regulation was more
important than that exerted by sex hormones (202).
Cathepsin D has been demonstrated as an independent
prognostic factor in endometrial adenocarcinoma with its
low level expression being associated with a poor clinical
outcome (202).

3.7. C-fos
               The c-fos protooncogene is widely expressed in
mammalian tissues and plays an important role in both
normal and transformed cells (203). c-fos protein was
involved in the formation of a heterodimer with c-jun to
give the AP-1 transcription factor complex that modulates
expression of multiple genes through interactions with AP-
1 cis-elements in corresponding promoters (203,204). c-fos
protooncogene expression was shown to be modulated by
multiple endogenous and exogenous factors including
hormones, growth factors and related mitogens, cytokines,
and protein kinase inducers/inhibitors (205). c-fos
transactivation by these factors was highly cell-specific and
dependent on interactions of nuclear proteins with multiple
cis-elements in the c-fos protooncogene promoter.
Induction of c-fos in MCF-7 cells by E2 involved
interaction of an ER/Sp-1 complex with a distal GC-rich
promoter element at -1168 to -1161 (206). E2 activated the
ras-MAPK pathway resulting in phosphorylation of Elk-1
and activation of the serum response element (SRE) in the
c-fos protooncogene promoter (207). This study also found
that PI3K inhibitors inhibited E2-induced growth and that c-
fos gene expression in MCF-7 cells was linked to increased
PI3K-dependent phosphorylation of Akt and subsequent
activation of the serum response factor (SRF) that binds to
SRE. Growth factors induced similar responses suggesting
that the potent induction of c-fos protooncogene expression
in MCF-7 cells by E2, growth factors, and their
combination was linked to both MAPK- and P13K-
dependent activation of the SRE through kinase-dependent
phosphorylation of Elk-1 and SRF.

In endometrial carcinoma, elevated expression of
c-fos was observed in tumors compared to normal
endometrial samples and c-fos expression was also
significantly correlated with the cell cycle promoters cyclin
E, cyclin B1, CDK2, and CDK4. Furthermore, elevated c-
fos correlated with low ER and PR immunoreactivity.
Correlation with classic cell cycle inhibitors such as Rb,
p16 and p21 was also observed for c-fos. It was suggested
that c-fos along with other AP-1 transcription factors is
important in regulation of cell cycle progression and
control in endometrial carcinomas (208).

It was found that 59% of the invasive cervical
carcinoma samples exhibited overexpression of c-fos in
comparison to 10% for CINs although no significant

relationship was found between c-fos overexpression and
clinical stage, histologic grade, or survival in invasive
cervical cancer (209).

3.8. BRCA1
BRCA1 encodes a 220 kDa nuclear

phosphoprotein. Approximately 5-10% of all breast cancer
is heritable and half of these are caused by mutations in
BRCA1. BRCA1 mutations have been identified in
approximately 45% of familial breast cancer cases and
about 90% of familial cases with combined breast and
ovarian cancers (reviewed in (210)). Numerous
investigations have revealed multiple roles for BRCA1 and
its interactions either directly or indirectly with a variety of
molecules including tumor suppressors, oncogene products,
DNA damage repair proteins, cell cycle regulators,
transcriptional activators and repressors (211). These
interactions would suggest that BRCA1 has essential roles
in multiple biological pathways.

Synthesis and phosphorylation of BRCA1 was
found to be cell cycle dependent and several cyclins and
CDKs were associated with the phosphorylation of BRCA1
(212,213). Addition of E2 to E2-starved cultures delayed
upregulation of BRCA1 in E2-responsive breast cancer
cells by an indirect mechanism due to entry into S-phase
(214). Exposure to DNA-damaging agents reduced BRCA1
mRNA levels and the protein disappeared over 24-72
hours. The downregulation of BRCA1 could be crucial for
survival because forced BRCA1 expression in cells with
endogenous functional BRCA1 conferred increased
sensitivity to apoptosis induced by DNA-damaging agents
(215).

BRCA1 tumor suppression might result in the
maintenance of genomic integrity. Thus, cancers with
mutant BRCA1  exhibited a higher frequency of
chromosomal aberrations than did sporadic cancers (216).
BRCA1 participated in transcription-coupled repair,
homology-directed repair, mismatch repair, nucleotide
excision repair and crosslink repair (210). BRCA1 was
associated with RAD51, a key component of the
mechanism in which DNA damage is repaired by
homologous recombination. A role for BRCA1 in double-
strand break repair was mediated by an interaction with
BACH1, a member of the DEAH family of RNA/DNA
helicases (210). Similar to p53, susceptibility to apoptosis
was regulated by BRCA1 suggesting a caretaker function
of BRCA1. BRCA1-/- cells underwent apoptosis due to
accumulation of DNA damage and p53 activation.
Exogenous BRCA1 confered increased sensitivity to
apoptosis induction by cytotoxic agents and inhibition of
BRCA1 confered resistance to apoptosis. The increased
apoptosis susceptibility was suggested to result from the
down regulation of bcl-2 and the transcriptional cofactor
p300, upregulation of the Gadd45α-JNK signaling pathway
and upregulation of Fas-Fas ligand interactions by BRCA1
(217). BRCA1 exerts both inhibitory and stimulatory
effects on cell proliferation. Exogenous BRCA1 caused a
modest reduction of in vitro proliferation but a marked
reduction of the growth of tumors in nude mice. Studies of
BRCA1-/- mice suggested that BRCA1 was required for
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embryonic cell proliferation (218). The BRCA1 and Rb
proteins directly interact and BRCA1 inhibited the entry
into S-phase in an Rb-dependent fashion (219).

BRCA1 interacts with basal transcription factors
(RNA polymerase II and helicase A) (220), coactivators (p300
and CBP) (221), corepressors (RbAp46/48, HDAC-1/2, CtIP
and LMO4) (222,223), and associated with Brg1 and a SWI-
SNF-like chromatin-remodeling complex (224). The BRCA1
C-terminus possesses a chromatin unfolding activity due to
recruitment of a novel cofactor, COBRA1 (225). BRCA1
could interact with sequence-specific transcription factors
providing selectivity to its transcription regulatory function.
Activation of the promoters of several growth inhibitory
genes (encoding Gadd45a, p21 WAF1 and p27Kip1) was
found to be mediated by BRCA1 (226-228). A study of
breast cancers revealed an association between BRCA1
mutations and low expression of p27Kip1 (229) consistent
with defective transactivation of p27 by mutant BRCA1.
BRCA1 bound to the c-Myc oncoprotein and inhibited c-
Myc transcriptional and transforming activity (230).
Binding of BRCA1 with p53 induced a subset of p53 target
genes involved in DNA repair and growth arrest, but not
apoptosis (231,232). However many BRCA1 activities did
not require functional p53 (226,227,233).

The wt BRCA1 gene (wt BRCA1) selectively
inhibited the E2-inducible transcriptional activity of ERα in
breast and prostate cancer cells (234) and also blocked E2-
stimulated expression of two endogenous E2-responsive
genes (pS2 and cathepsin D) in ERα+ breast cancer cell
lines (MCF-7 and T47D) (235). These findings suggested a
tissue specific function for BRCA1 for inhibition of ERα
signaling. The wt BRCA1 blocked the E2-induced activity
of the AF2 domain of ERα (234). Consistent with this
finding, BRCA1 was found to interact directly with the AF-
2/ligand-binding domain region of ERα (235), but
independent of E2. A second pathway of BRCA1 inhibition
of ERα activity was the down regulation of the nuclear
receptor coactivator p300 gene (236).Exogenous expression
of p300 reversed wt BRCA1 inhibition of AF-2 in
ERα (234,236). Mutant BRCA1 proteins were defective in
downregulation of p300 (236). Exogenous p300 or its
ortholog CBP reversed or rescued the wt BRCA1 inhibition
of ERα, but other coactivators such as GRIP1 and PCAF
did not. This rescue activity mapped to a conserved
cysteine/histidine rich domain (CH3) that interacts with
various transcription factors and was necessary and
sufficient to rescue ERα activity. The CH3 domains of
p300/CBP interacted directly with ERα and the p300 CH3
region disrupted the BRCA1-ERα interaction (236). It was
also confirmed that an interaction occured between BRCA1
and ERα mediated by two regions of BRCA1 (aa 1-306
and 428-683) and the AF-2 domain of ERα (237). This
interaction was quantitatively reduced in the presence of
E2. Tumor associated mutations that blocked the ability of
BRCA1 to bind ERα also abrogated BRCA1 inhibition of
production of vascular endothelial growth factor. The
absence of BRCA1 in BRCA1-deficient fibroblasts and
BRCA1 antisense-expressing BG-1 ovarian cancer cells
conveyed ligand independent activation of transfected ERα

or PR that was not observed in the BRCA1 competent
control cells (238). The BRCA1 knockdown BG-1 cells
showed higher expression of E2-responsive genes
(encoding cathepsin D, pS2 and PR) than control cells did
in the absence of E2. In MCF-7 cells, E2 caused a rapid loss
of BRCA1 from the promoters of endogenous E2-
responsive genes, coincident with increased promoter
occupancy by ERα. These studies suggest that BRCA1
regulates ERα action and is consistent with observations
linking BRCA1 mutations to E2-responsive tumor types.

BRCA1 is the most important known
predisposition gene for ovarian cancer. Mutation in this
gene caused a high lifetime risk of ovarian cancer. The risk
of ovarian cancer in BRCA1 mutation carriers was
approximately 40% by the age of 70 (239). Mutation of
BRCA1 and BRCA2 accounts for 5-13% of ovarian cancer
cases in Western countries and for the majority of the
familial aggregation of this disease (239). LOH for BRCA1
locus was detected in 18.1% of endometrial carcinoma
(240). LOH of BRCA1 correlated with medium grade,
positive ER status, and family history of cancer (240).  The
BRCA1 protein was also found in the nucleus of cervical
carcinoma derived cells (241).

3.9. EGF, EGFR and transforming growth factor-alpha
(TGF-α)

Both estrogenic and progestational steroids are
known to regulate expression of genes encoding several
polypeptide growth factors, growth factor binding proteins,
and growth factor receptors. In the case of the EGF family
of ligands and receptors that includes TGF-α, EGFR and
erbB-2, pathologic overexpression and functional relevance
of these proteins in breast cancer is supported by
experimental evidence both in vitro and in vivo as well as
in clinical studies.

Both estrogen and EGF are required for the
growth and survival of estrogen-responsive tissues.
However the receptors that mediate the effect of estrogen
and EGF utilize seemingly divergent signaling
mechanisms. The proliferative effects of estrogen are
primarily mediated by the ER and have been linked to its
ability to induce gene transcription in these tissues (242). In
contrast, the biological effects of EGF are transmitted
through transmembrane receptor tyrosine kinases (RTK),
termed EGFR, that signal via the ability to recruit
intracellular signaling cascades. The activation of EGFR is
strongly implicated in the development and progression of
human cancers. The EGFR family is comprised of EGFR,
erbB-2 (Neu,HER2), erbB-3 (HER3), and erbB-4 (HER4)
(reviewed in (243)). Elevated levels of various EGFR
family members have been observed in both primary breast
cancers and breast cancer cell lines. Expression of EGFR
and erbB-2 was implicated in the genesis of human breast
cancer (243). Expression of different members of the
EGFR family might play a critical role in mammary
tumorigenesis. The expression of EGFR-specific ligands
such as TGF-α and EGF were involved in the induction of
mammary tumors and could be detected in primary breast
cancers (244). Although erbB-2 could not bind directly
with the peptide ligands Neu differentiation factor (NDF)
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or EGF, erbB-2 activity could be profoundly influenced by
the expression of these growth factors. For example
following stimulation of cells with EGF or TGF-α, erbB-
2 was recruited as a substrate of the activated EGFR.
Similarly, erbB-2 could be transphosphorylated by either
erbB-3 or erbB-4 following stimulation of mammary tumor
cells with NDF (243). The ability of these growth factors to
modulate the activity of erbB-2 was likely mediated
through the formation of specific heterodimers of erbB-2
and the different EGFR family members (243). In support
of the heterodimerization paradigm, it was suggested that
the efficient transformation of mammary epithelial cells
required the concerted action of erbB-2 and another
member of the EGFR family.

The molecular basis for the cooperative ability of
the different EGFR family members to transform cells may
reflect the distinct signaling specificity of the different
heterodimers. EGF stimulation has been observed to
correlate with an increase in Src activity. Indeed, the ability
to respond to EGF is augmented by Src overexpression in
fibroblasts as well as in established tumor cell lines where
EGF stimulation induced a rapid and sustained increase in
Src family kinase activity (243). Moreover, profiles of
tyrosine hyperphosphorylation on the EGFR have identified
a number of sites that correlated with the overexpression of
Src suggesting synergy between Src and the EGFR in
mediating a biological response. However among the
EGFR family, erbB-2 appears to be the preferred binding
partner for the Src family of tyrosine kinases both in vitro
and in vivo. EGF stimulation might initiate the formation of
an erbB-2/EGFR heterodimer that allowes Src to bind
directly and specifically to erbB-2 providing a mechanism
for signaling specificity (243).

EGF and TGF-α were identified as important
ligands that mediate the activation of the EGFR. The
importance of these ligands in mammary tumorigenesis
stems from the derivation of a number of transgenic models
expressing these ligands in the mammary epithelium.
Mammary epithelial-specific expression of TGF-α initially
resulted in the induction of a range of morphological
abnormalities including lobular and cystic hyperplasias and
eventually development of focal mammary tumors after a
long latency period (245) suggesting that secondary genetic
events were involved in the induction of these TGF-
α tumors. TGF-α action synergised with the upregulation
of erbB-2 to transform mammary epithelial cells. In support
of this, overexpression of neu was found to be associated
with high endogenous levels of EGFR (246). The
transgenic experiments also revealed that coexpression of
TGF-α and erbB-2 resulted in dramatic acceleration of
tumorigenesis (247). Coexpression of TGF-α and c-Myc in
the mammary epithelium was also demonstrated to result in
acceleration of tumorigenesis (248). These observations
suggested that the elevated expression of either c-Myc or
erbB-2 cooperated with TGF-α to induce mammary
tumors. Interestingly, elevated expression of c-Myc or
erbB-2 was frequently observed in a large proportion of
human breast cancers (243). In addition to its role in the
induction of mammary tumors, the EGFR was found to be
critical for normal mammary gland development. Germline

inactivation of several EGFR family ligands has been
shown to result in the dramatic impairment of mammary
gland development (249). The frequent amplification and
overexpression of erbB-2 in human breast cancer strongly
suggested that erbB-2 played a significant role in the
development of mammary tumors (243).

It has been shown that TGF-α could elicit the
same biological effects in cultured mammary epithelial
cells and explants as does EGF. TGF-α is often co-
expressed with EGFR and binding of TGF-α to EGFR
activated the endogenous tyrosine kinase activity of EGFR
(250). TGF-α was responsible for the stimulation and
proliferation of mammary epithelial cell lines (251) and
could act as an autocrine growth factor in normal and
immortalized human mammary epithelial cells. These
autocrine and proliferative activities of TGF-α could be
blocked by an anti-EGFR antibody (250). In the absence of
ovarian steroids, exogenous TGF-α and EGF could
stimulate ductal growth of the mouse mammary epithelium
suggesting that these peptide hormones could act
independently of secondary signals (252). EGF and TGF-α
mRNA were present in pregnant and lactating rat and
human mammary glands and increased 2-3 fold at
pregnancy (253). The level of EGFR was also increased
significantly during pregnancy (254). The coincident
expression of TGF-α and its receptor with the proliferative
phases of mammary epithelial growth and direct mitogenic
effects of TGF-α on epithelium in vitro and in vivo
confirmed the functional role for this signaling pathway in
the development and proliferation of the mammary
epithelium.  TGF-α was the most commonly identified
EGF-like growth factor in primary breast tumors as
evidenced by the presence of TGF-α mRNA and/or protein
in 30-70% of tumors (255). Overexpression of TGF-α in
the mammary gland of transgenic mice was potently
oncogenic and coexpression of TGF-α with other
oncogenes shortened tumor latency (255). Mice that
overexpressed both c-Myc and TGF-α in the mammary
gland had an increased tumor incidence and decreased
tumor latency when compared to c-Myc alone transgenics
(256). It was demonstrated that synergism between these
two proteins was due to a cooperative growth stimulus and
inhibition of c-Myc induced apoptosis by TGF-α (257).
Interestingly, tumor cells from the mammary glands of
these bitransgenic mice could only become apoptotic when
exposed to a specific inhibitor of the EGFR kinase
pathway. This suggested that an intact TGF-α/EGFR
autocrine loop was required to mediate the survival effects
of TGF-α.

Overexpression of EGFR and erbB-2 was also
reported in the ovarian cancer. Most studies indicated that
elevated levels of EGFR and erbB-2 in ovarian cancer were
associated with poor patient prognosis (258,259). It was
speculated that the overexpression of these receptors
confered a growth advantage to tumor cells. EGFR/erbB-2
family was shown to play a key role in normal ovarian
follicle development and cell growth regulation of the OSE.
Disregulation of these normal growth regulatory pathways,
including overexpression and/or mutation of EGFR
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receptor family members as well as elements of their
downstream signaling pathways, were shown to contribute
to the etiology and progression of epithelial ovarian cancer
(reviewed in (260)).

Niikura and coauthors (261) in an attempt to
assess the significance of EGF-related protein in the
development and progression of endometrial carcinoma,
studied the expression of EGF, EGFR and TGF-α. EGFR,
EGF and TGF- α immunoreactivity was observed in
58.3%, 66.7%, and 91.6% of normal endometrial
specimens; 100%, 15.4% and 100% of endometrial
hyperplasia specimens; and 67.5%, 32.5%, and 65% of
endometrial carcinoma specimens, respectively (261).
There was a significant correlation between EGFR and
TGF- α expression and between EGF and TGF- α.
Coexpression of EGFR and TGF-α in carcinoma specimens
significantly correlated with advanced surgical stage (261).
EGFR was also found to be expressed in the endometrial
cell lines RL95-2 (derived from a moderately differentiated
adenosquamous carcinoma), HEC-I-A (from a moderately
differentiated adenocarcinoma), and KLE (from a poorly
differentiated adenocarcinoma) (262). Because the level of
expression was markedly different in these cell lines and
[3H]thymidine incorporation into DNA in these cell lines
was stimulated by EGF, it was suggested that EGF might
play a role in the growth promotion of endometrial
carcinoma (262).

It was demonstrated that EGF and TGF-α were
positive regulators on the invasion process of cervical
tumor cells (SKG-IIIb and OMC-4) that might be
associated with stimulatory action on the motility of tumor
cells, the expression of proteinases secreted by tumor cells,
and the angiogenic phenotype (263).

3.10. Bcl-2
Tissue homeostasis is the result of a fine balance

between cell proliferation, differentiation, and apoptosis.
Apoptosis is thought to play a key role in the development
and growth regulation of normal and neoplastic tissues
(264,265) and dysregulation of apoptosis can lead to
carcinogenesis. Apoptosis can be induced in tissues and
cell lines by withdrawal of essential growth factors and/or
hormones. As with proliferation, apoptosis appears to show
cyclic variations in normal breast tissue with a peak at the
end of the luteal phase (266). This increase in apoptosis
could either be due to the drop in estrogen and/or
progesterone occurring at the end of the cycle. The action
of E2 on apoptosis has been studied in E2-dependent breast
cancer cell lines in which cell death can be induced by E2
deprivation (267) or antiestrogen treatment (268). This
antiapoptotic action of E2 in breast cells together with its
mitogenic effect likely contributes to the promotion of
breast cancer.

The regulation of apoptosis is under the influence
of a large set of genes. Among them, the bcl-2 family is of
great importance since it contains proapoptotic and
antiapoptotic members. bcl-2 is a member of a larger
family of proteins that include proteins that promote cell
death (bax, bcl-x5, bak) and antiapoptotic proteins (bcl-xL)

(269,270). These proteins are able to form heterodimers
and thereby affect apoptosis (269,270) (Figure 2). Bcl-2 is
a key regulatory protein since it is able to counteract most
proapoptotic stimuli (271).

Drastic variations in bcl-2 levels with hormonal
treatments have been observed. E2 increased bcl-2
expression in MCF-7 cells (272) and in other cell lines such
as T47-D and ZR75-1 breast cancer cells (272,273).
Molecular regulation of bcl-2 expression by E2 has also
been studied by quantitative RT-PCR that confirmed the
biphasic induction of bcl-2 by E2 in MCF-7 cells. These in
vitro results were supported by data obtained in vivo on
surgical breast tissue samples that demonstrated a cyclical
variation in bcl-2 expression in normal breast tissues with
maximal expression at the end of the follicular phase and a
progressive decrease during the luteal phase (274). E2
induction of bcl-2 was reversed by antiestrogens. However,
4-OHT did not alter bcl-2 expression when added alone
(272). Various progestins (Org2058, OrgOD14, Org
OM38) dramatically decreased bcl-2 expression in T47-D
cells as well as in ZR75-1 (272). Progesterone effects were
observed independently of the presence of E2 (272).
Furthermore the other antiapoptotic protein, bcl-xL, was
also modulated by hormones but to a lesser extent than bcl-
2. In contrast, the proapoptotic proteins bax and bak did not
vary with hormonal treatments (272). Since the resultant
effects on apoptosis depend on the relative ratio between
bcl-2/bax, these results could explain the mechanism of the
reported effects of E2 and progesterone on apoptosis.
However, the fact that antiestrogens only decreased E2-
induced bcl-2 but not basal bcl-2 while at the same time
antiestrogens promoted apoptosis suggested that other
proteins involved in the apoptotic cascade were modulated.

It has been shown that both bcl-2 and bax were
distinctly expressed in the normal proliferative phase
endometrium. A decreased bcl-2/bax ratio in the secretory
phase endometrial gland cells due to suppressed bcl-2
expression was also observed (275). It was found that
apoptosis was scarce in normal proliferating endometrium
and was low in grade I adenocarcinoma of the
endometrium. In grade II adenocarcinoma a significant
increase in the rate of apoptosis was observed but apoptosis
was decreased in grade III adenocarcinoma although still
higher than in normal endometrium. bcl-2/bax ratio was
lower in endometrial carcinoma. It has been suggested that
the decrease in the rate of apoptosis in Grade III
endometrium adenocarcinoma may reflect loss of control of
cell homeostasis, decreased differentiation, and increased
malignancy (276).

Saegusa and coauthors (277) have demonstrated
that bcl-2 might play an important role in a relatively early
stage of cervical tumorigenesis in association with bax
expression and HPV infection (277).

4. PERSPECTIVE

In this report we summarize that the effects of
estrogen in reproductive tissues and related cancers are
mediated by its receptors, ERα and ERβ, through alteration
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in expression of several ER-regulated genes including PR,
c-Myc, pS2, cathepsin D, cyclin D1, c-fos, EGF, TGF-α,
EGFR, BRCA1 and bcl-2. Although the role of ERα in
breast cancer is well characterized, the role of ERβ is still
unclear although initial observations that ERβ expression is
higher in normal mammary gland versus mammary tumor
in conjunction with an ERβ antiproliferative role place this
receptor in a very important position in the context of
estrogen action in breast and other gynecological cancers.
The expression of the above mentioned genes by estrogen
is either through direct binding of the ER to promoter
regions of target genes or by protein-protein interaction
mediated by AP-1 or Sp-1 or other transcription factors.
Some of these genes contains full ERE sequences and some
genes contain only ERE half sites. Estrogen regulates the
expression of PR that, acting in combination with the ER,
regulates the development and differentiation of the
mammary gland. By controlling cyclin D1 and c-Myc gene
expressoin, estrogen can regulate cell cycle progression.
pS2 and cathepsin D expression is also controlled by
estrogen and higher expression of these proteins in breast
cancer might play a major role in breast tumor progression.
The control of BRCA1, a breast cancer associated gene, is
also linked to estrogen, demonstrating that estrogen
regulates tumor suppressor expression in breast tumor and
may also be involved in the development of familial cancer.
The apoptototic protein bcl-2 provides yet another example
of the mosaic of estrogen action. While estrogen regulates
the proliferation of mammary cells by controlling
expression of cyclin D1 and c-Myc, estrogen also controls
the apoptosis of the mammary cells by regulating bcl-2
expression. The EGFR family of receptors and ligands are
also regulated by estrogen through an indirect activation
mechanism that causes the development of antiestrogen
resistant breast tumors.  Many of these estrogen regulated
genes have very good potential to serve as diagnostic or
prognostic markers for breast and other cancers.
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