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Endocrine oncology is a broad subject that would be difficult, if not impossible, to
cover adequately in a single book. Cancers of endocrine tissues, such as breast and
prostate, are very important from a public health point of view because of their increasing
prevalence; they have also been the focus of intensive research, which has expanded
dramatically in recent years.  In order to keep this book to a manageable size and still have
it be useful to the reader with an interest in this subject, I decided to focus primarily on
the endocrinology of cancers of the breast, prostate, endometrium, and ovary. As a result,
there is very little information in this book on the molecular genetics of endocrine can-
cers, and such information is available in other excellent books.

Despite the great advances in our understanding of the genetics of endocrine can-
cers, important and controversial issues relating to the endocrinology and cell biology of
malignancies of endocrine tissues remain to be resolved, and I have tried to cover these
issues in detail in Endocrine Oncology. For example, while it has been known for many
years that steroid hormones, particularly estradiol, influence breast cancer development
and progression, many issues remain to be resolved regarding the true role of estradiol
in breast cancer progression. Indeed, it is still not clear how to predict response of breast
cancer patients with estrogen receptor-positive disease to antiestrogen therapy. Of further
importance to the field is the relatively limited understanding, still, of how steroid hor-
mones function to regulate normal mammary gland homeostasis in humans.  For that
reason, the first six chapters of this book focus on that specific area of research, and the
first three chapters focus primarily on the role of estrogen and progesterone receptors in
normal mammary gland function. The recent observations that estrogens and progestins
signal normal mammary epithelial cell proliferation via paracrine mechanisms to neigh-
boring cells, which are steroid hormone receptor-negative, are exciting and may help to
shed light on many aspects of human breast carcinogenesis. These findings are relevant
to the question of how many pathways or precursor cells are able to give rise to human
breast cancers that either express or do not express steroid hormone receptors, and this
important topic is the subject of Chapter 4. As is discussed in Chapter 5, expression of
certain growth factor receptors can modify the expression of steroid hormone receptors,
which in turn can influence breast cancer progression. These receptors may also influence
the response of steroid hormone receptor-positive breast cancer cells to antiestrogens. A
detailed discussion of factors that influence response to antiestrogens is presented in
Chapter 6. Thus, the first part of this book attempts to cover several important and
intertwined issues in ways that may help to clarify the important issues that remain to be
resolved in the field.

As is evident from Chapters 7 and 8, steroids are not the only hormones important
in breast cancer development.  Prolactin, which is clearly important in rodent models of
breast carcinogenesis, may play a similar role in human breast cancer development. In
addition, peptide hormones such as chorionic gonadotropin may play important roles in
modifying breast cancer progression.

With a similar approach, the second part of the book examines the role of steroid
hormones in prostate cancer development and treatment. In many ways, breast and pros-
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tate cancers are parallel diseases in that they are both influenced by steroid hormones,
both give rise to what is initially hormone receptor-positive disease that responds to
endocrine therapy, and both eventually progresses to a hormone-independent state.
These issues are discussed in Chapters 13 through 15, which also demonstrates that,
while there are many parallels between breast and prostate cancers, there are many
distinguishing features as well.

The next two chapters focus on epithelial ovarian cancer and endometrial cancer.
Once again, the emphasis of these chapters is on the endocrinology of these diseases.
Since the pathogenesis of endometrial cancer appears to be influenced by certain
antiestrogens that are used in breast cancer therapy, the issue of how estrogens affect
different target tissues is critically important to our understanding of disease progression
and the use of antiestrogen therapy.

Having focused on the role of hormones in the development of breast, prostate,
ovarian, and endometrial cancer in the first 13 chapters of the book, the next four chapters
present an in-depth discussion of the role of growth factors in endocrine neoplasia. A
wealth of data in the literature points to an intimate interaction between hormones and
growth factors in mediating normal tissue homeostasis and in pathological processes
involving endocrine tissues. In particular, members of the epidermal growth factor fam-
ily, the insulin-like growth factors and their binding proteins, and the fibroblast growth
factors have all been implicated in the progression of endocrine neoplasia. Clearly, a book
that focuses on endocrine aspects of cancers of endocrine tissues would be incomplete
without a detailed discussion of the role of growth factors in the progression of these
diseases.

It has recently become clear that the ability of steroid hormone receptors to influ-
ence gene expression is modified by the repertoire of transcriptional co-activators and
co-repressors present in target cells. Furthermore, some of the genes that code for these
proteins may function as oncogenes in breast and other cancers. It is also now known that
hormones can directly affect the expression of proteins that modify the cell death response
of epithelial cells under both physiologic and pathologic conditions. Finally, while it is
well known that inactivation of tumor suppressor genes is important in cancer progres-
sion, endocrine tissues such as breast and ovary seem to have their own special suppressor
genes, BRCA1 and BRCA2. Thus, these three subjects, which are of particular importance
to the development of endocrine malignancies, are covered in the final three chapters of
this book.

As I mentioned at the outset, no book on endocrine oncology can be complete, since
this subject encompasses a vast area of clinical medicine and cancer biology research. It
was my intention, and it is my hope, that in developing this book, some of the most
important issues relating to the endocrinology and cell biology of endocrine neoplasia
have been appropriately identified and thoroughly discussed. It is also my hope that the
readers of this book learn as much as I did from the outstanding contributions made by
the authors, to whom I am greatly indebted for their hard work and dedication.

Stephen P. Ethier, PhD
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INTRODUCTION

It is taken for granted that the ovarian steroid, estrogen, is required for normal human
breast development and tumorigenesis, but we still do not know exactly how this steroid
exerts its effects, or even exactly what these effects are. These questions are not just
academic: The mammary epithelium is the tissue from which most breast tumors arise,
and understanding how processes such as its proliferation and differentiation are con-
trolled may lead to an increased understanding of how cancers arise. Elucidation of
normal breast function and physiology may also identify new targets and/or strategies for
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preventing breast cancer (BC), a disease that affects more than 1/12 women in the West-
ern world. This chapter reviews what is known about the role of the estrogen receptor
(ER) in controling mammary gland physiology in human female breast tissue, although
animal models will be referred to when appropriate.

STRUCTURE OF THE HUMAN MAMMARY GLAND

The mammary gland is an unusual organ in that is not fully developed at birth. There
is further development at puberty, and the gland becomes fully differentiated and func-
tional only at the time of pregnancy and subsequent lactation. The various stages of human
mammary gland development have been elegantly and comprehensively described by
Russo and Russo (1). Briefly, the major histological unit of the human breast is the lobu-
lar structure arising from a terminal duct. These ductal and lobular structures are lined
by a continuous layer of luminal epithelial cells (ECs), which are, in turn, surrounded by
a second layer of myo-ECs. In the adult nonpregnant, nonlactating breast, these myo-ECs
are in direct contact with the basement membrane, and the whole structure is then sur-
rounded by delimiting fibroblasts and a specialized intralobular stroma. Most human
breast tumors are not only morphologically similar to the luminal EC population, but they
also retain many of their biochemical characteristics (2). For example, most tumors
express the same cytokeratin profile as luminal ECs, they contain steroid receptors, and
they express polymorphic epithelial mucin (3,4). This leads to the conclusion that it is
the luminal ECs in the mammary gland that are the major targets for malignant transfor-
mation and subsequent tumor formation. Consequently, an increased understanding of
the mechanisms controling growth and differentiation of this population may identify
new targets and strategies for early detection and prevention of BC in women.

ESTROGEN IS REQUIRED
FOR BREAST DEVELOPMENT AND TUMORIGENESIS

In terms of biological activity, the most important circulating estrogen in women is
estradiol (E2). From the advent of menarche until the menopause, E2 is synthesized and
secreted in a cyclical manner by the ovaries under the control of the pituitary gonadotro-
phins. The clinical and epidemiological evidence for an obligate role of estrogen in human
mammary gland development and tumor formation is considerable. Observation of girls
with estrogen deficiency through, e.g., gonadal dysgenesis or gonadotrophin deficiency,
demonstrates that the steroid is strictly necessary (although probably not sufficient) for
pubertal breast development (5). The incidence of BC in men is 1% of the incidence in
women. Reducing exposure of the mammary gland to the fluctuating E2 levels of the
menstrual cycle, through an early natural or artificially induced menopause, substantially
lowers the risk of developing BC. Conversely, increasing exposure through early men-
arche, late menopause, or late age at first full-term pregnancy raises the risk of cancer (6).
The paramount role of E2 in mammary gland development and tumorigenesis has been
confirmed in several rat and mouse models, and perhaps the most compelling evidence
comes from studies on mice in which the gene for the ER, the mediator of E2 action, has
been disrupted or knocked out. The mammary glands in these ER knockout (ERKO) mice
comprise rudimentary ducts without terminal end buds or alveolar buds. These structures
are confined to the nipple area, and cannot be induced to develop further (7). The rudi-
mentary mammary glands of these ERKO mice are resistant to malignant tumor forma-
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tion caused by introduction of the wnt-1 oncogene through transgenic manipulation, which
provides very strong evidence for the role of estrogen and its cognate receptor in tumor
promotion (7). Finally, a large number of studies on rat models of mammary carcinogen-
esis show that administration of exogenous estrogens greatly enhances tumor formation;
reduction of endogenous estrogen levels through, for example, ovariectomy or adminis-
tration of inhibitors of E2 synthesis, reduces or even eliminates tumor incidence (8,9).

EFFECTS OF E2 ARE MEDIATED BY ER

Like the other steroids, E2 is lipophilic and enters cells and their nuclei primarily by
diffusing through plasma and nuclear membranes. Once in the nucleus, E2 encounters
proteins known as ERs, because they bind E2 with high affinity and specificity. Until rela-
tively recently, only one ER gene (now called the ER ) was thought to be present in either
humans or rodents. However, in 1996, a second species, or ER , was isolated and cloned
from rat prostate and ovary, closely followed by the human homolog in the same year
(10,11). Both ER and ER are members of the steroid/thyroid hormone nuclear receptor
superfamily, and may be described as ligand-dependent nuclear transcription factors.
Both proteins have the modular structure that typifies the nuclear receptor superfamily
comprising six functional domains designated A–F, which include regions involved in
steroid binding and interaction with DNA. The ER gene shows a high degree of sequence
homology with the ER in its hormone-binding (96%) and DNA-binding (58%) domains
(11). However, the ER gene is smaller than the ER gene, has a different chromosomal
location, and encodes a shorter protein (477 vs 595 amino acids for the ER  and ER ,
respectively) (12). These features, together with the overlapping but distinctly different
tissue distribution of ER , compared to ER mRNA, have led many workers to suggest
that the ER mediates some of the nonclassical effects of the estrogens and antiestrogens
(13). Alternatively, the fact that the ER is expressed in some of the same tissues as ER has
led to speculation that ER might interact with and modulate the actions of the ER (14).
Much progress has been made recently toward understanding how binding of E2 to either
ER or ER enhances specific gene transcription: This is described later in this volume.

As far as the human mammary gland is concerned, ER mRNA can be detected, but
ER mRNA appears to be present in greater amounts (12). Furthermore, mice in which
the ER gene has been knocked out have fully developed and functional mammary
glands, but ER knockout mice, as mentioned above, have only vestigial ductal struc-
tures (15). Taken together, these data imply that the ER might not play a major role in the
physiology of either the human or the mouse mammary gland, and the remainder of this
chapter presents findings related only to the ER .

ESTROGEN STIMULATES PROLIFERATION OF NORMAL
HUMAN NONPREGNANT, NONLACTATING BREAST EPITHELIUM

The first studies on the effects of estrogen on the adult human mammary epithelium
examined proliferative activity and other parameters throughout the menstrual cycle. It
is difficult to obtain truly normal breast tissue for investigations of this type. To study nor-
mal physiology and function, it is highly desirable to use breast tissue from women who
are not at increased risk of cancer, or who do not have a pre-existing malignant lesion.
This means that most groups, including the authors, have used tissue from reduction
mammoplasties or tissue adjacent to fibroadenomas, because these lesions were thought
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not to be associated with an increased risk of cancer. More recently, the relationship
between the presence of a fibroadenoma and subsequent risk of BC has become less
certain (16), but material from women with these lesions still represents the most normal
tissue that can be obtained, and it continues to be used in the authors’ and other studies.

The proliferative activity of normal breast tissue taken at different times of the men-
strual cycle was first assessed by labeling with tritiated thymidine ([3H]-dT). The tissue,
once removed from the patient, is incubated with the [3H]-dT, then fixed and sectioned.
Autoradiography reveals the cells that have incorporated [3H]-dT and a thymidine-label-
ing index (TLI) can then be calculated as the percentage of ECs labeled with the radio-
active nucleotide. One very striking finding is the variation in the TLI measurements
between individual patients, which cannot be attributed to experimental variability. Whether
this has any biological significance in terms of breast tissue estrogen sensitivity and risk
of BC remains to be seen. Despite the high level of interindividual variation, the consen-
sus is that the proliferative activity of human breast ECs is elevated in the luteal phase of
the menstrual cycle (17–23). Detailed analysis of other kinetic parameters, such as the
mitotic and apoptotic indices, shows a similar pattern of change, because they also are
higher in the second half of the cycle, compared to the first, although the apoptotic index
reaches a peak around 3 d after the peak of proliferative activity (19). Cyclical variation
in epithelial expression of other proteins related to the proliferative and apoptotic pro-
cesses has also been shown. For example, the antiapoptotic protein, Bcl-2, reaches peak
levels in the middle of the menstrual cycle, and falls to a nadir at the time when apoptosis
is greatest (24).

Cyclical variation in mammary gland activity is not restricted to humans: The mouse
mammary gland also undergoes cycles of proliferation and quiescence within the 5 d of
the estrous cycle, so that the epithelial TLI is 3–4 higher during estrous, compared to
proestrous (25).

The obvious candidates for the control of these changes in the human and mouse
mammary epithelia are E2 and progesterone (P), because they are produced cyclically by
the ovaries, and maximal breast proliferative activity in humans coincides with the mid-
luteal phase peaks of E2 and P secretion. In contrast, proliferation of the human endo-
metrium, regarded as the classical estrogen target tissue, is highest in the follicular phase,
and declines when P levels rise in the second half of the menstrual cycle. These obser-
vations have led several groups to suggest that, for the human breast epithelium, P is the
major stimulatory steroid, either alone or after estrogen priming ( 21). This suggestion has
been investigated further, using a variety of different experimental approaches and models.

The simplest approach is the establishment of breast EC cultures in which the effects
of E2 and P can be determined under strictly defined conditions. However, it has proved
difficult to establish luminal ECs in culture without them losing their original characteris-
tics and steroid responsiveness. There is only one study (26) in which reasonably normal
ECs have been cultured, but this does show that E2 and not P enhances proliferative activity.

Because cultures of human breast ECs appear to be poor models for the study of ster-
oid responsiveness, the other approach adopted by many workers is an in vivo system in
which human breast tissue is implanted into athymic nude mice. This approach was first
devised in the 1980s, and involved implanting several small pieces of normal human
breast tissue subcutaneously into female athymic nude mice (27). The mice were then
treated with E2, P, thyroxine, or human placental lactogen, either singly or in combina-
tion, and breast tissue pieces were removed at various time points thereafter for measure-
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ment of proliferative activity by [3H]-dT labeling. This first study showed that human
breast EC proliferation was stimulated by E2. Thyroxine also stimulated proliferation,
but human placental lactogen alone was without effect, although it did enhance the effects
of E2 when given in combination. In contrast, P did not alter the proliferative activity of
the implanted tissue either alone or in combination with the other agents. Other investi-
gators (28–30) used variations of this model  inwhich, e.g., the human breast tissue was
partially enzymatically digested before being implanted into either intact mammary fat
pads of the athymic mice or into pads that had been cleared of their parenchyma. Yet
another variation involved embedding human mammary ECs into extracellular matrices
(type I collagen or reconstituted basement membrane) before subcutaneous implantation
into the athymic mice (31). Few of these studies addressed the effects of the ovarian
steroids, but, when these were investigated, E2 was shown to stimulate proliferation (29).

Although informative, some of the early in vivo experiments used tissue taken from
the periphery of diffuse benign breast lesions, and most of the studies used treatment
schedules that resulted in the delivery of uncertain amounts of E2, P, and other hormones.
The authors’ studies, using the in vivo model as originally conceived, tried to address
these problems by ensuring that the tissue to be implanted was confirmed as histologi-
cally normal by a pathologist. The authors also calibrated the slow-release steroid-silas-
tic pellets used, so that they delivered serum levels of E2 and P similar to those seen in
women during the menstrual cycle (32). The results of these experiments are summarized
in Fig. 1, and the most important take-home points are that E2 stimulates the proliferative

Fig. 1. Estradiol, but not P, stimulates the proliferative activity of normal human breast tissue
implanted into athymic nude mice. This figure summarizes the results of measuring the proliferative
activity of tissue implanted into athymic mice 14 d after the insertion of pellets containing either no
steroid (Control), 2 mg estradiol (E2), 4 mg P (Prog), or 4 mg P inserted after priming for 7 d with
a 2-mg E2 pellet (E2 + Prog). Proliferative activity was assessed by determining the uptake of [3H]-dT,
and the data are the thymidine labeling indices (TLIs) calculated as the percentage of luminal ECs
containing radiolabel. The open columns indicate the interquartile ranges; the horizontal bars indi-
cate the median values; the numbers in parentheses along the abscissa indicate the number of obser-
vations in each group. *, significantly different (P < 0.05) from the pretreatment value by the
Mann-Whitney U test.
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activity of normal human breast ECs, as measured by [3H]-dT uptake, and that P, either
alone or after E2 priming, has no effect on EC proliferation. Further experiments have
shown that the response to E2 is dose-dependent between median E2 serum concentra-
tions of 400–1300 pmol/L, which are representative of those seen in the menstrual cycle.
However, raising E2 levels to those of early pregnancy (a median of 4400 pmol/L) does
not further increase the levels of proliferative activity. The conclusion of these studies
is that E2 is the major steroid mitogen for the nonpregnant, nonlactating human breast,
but other factors, in addition to E2, must be required to enhance breast EC proliferation
to the early pregnancy levels reported by other groups.

ESTROGEN INDUCES PROGESTERONE
RECEPTOR EXPRESSION IN HUMAN BREAST EPITHELIUM

Because it seemed clear that human breast epithelium was an estrogen target tissue in
terms of the control of proliferation, interest developed in other potential effects of estro-
gen on this tissue. Again, the first studies examined the expression of the ER and products
of ER action, such as the progesterone receptor (PR) in breast tissue obtained at different
times through the menstrual cycle. Using immunohistochemistry (IHC) on frozen sec-
tions of breast tissue, the authors, and others, demonstrated that approx 5% of luminal
ECs contained ER (33–36). Moreover, the number of cells expressing ER was highest
in the follicular phase of the cycle, lowest in the luteal phase, and, consequently, was
inversely related to proliferative activity. In contrast, IHC detection of PR expression on
adjacent frozen sections revealed that 15–20% of ECs contained PRs, and that this
proportion did not vary appreciably during the cycle. Comparison with the endometrium,
where PR is an estrogen-inducible protein, led to the suggestion that the PR may be
constitutively expressed in the human breast. Again, the cell culture models proved dis-
appointing, although, in the single report (26) of estrogen-responsive normal ECs in
culture, E2 treatment was shown to increase expression of both ER and PR. The in vivo
model of human breast tissue implanted into athymic mice has provided more informa-
tion on the control of steroid receptor content. First, it was found that the percentage of
normal ECs expressing the ER fell from ~5%, at removal from the patients, to <1% 2 wk
after being implanted into untreated mice (32). Administration of E2 or P, either singly
or in combination, had no effect on ER expression, but it is now known that these rather
low levels of ER expression resulted from the insensitivity of the IHC technique for ER
detection in frozen sections, especially after it had been adapted for use in the xenograft
experiments. Second, the proportion of ECs expressing PR was also <1% 2 wk after being
implanted into untreated mice, but the percentage of cells expressing PR was increased
15–20-fold by E2 treatment at luteal-phase concentrations. This provided firm evidence
that PR expression in human breast epithelium was controlled by estrogen, at least when
the tissue is implanted into athymic mice.

The early studies on human breast EC proliferation and steroid receptor expression
suggested that, although these processes may be controlled by ovarian steroids, the mech-
anisms involved could be appreciably different from those in the endometrium. How-
ever, later studies, using experimental models such as the implantation of human tissue
into athymic mice, demonstrated that both mammary EC proliferation and PR expression
are under estrogenic control. One explanation for the differences between the early and
late studies may lie in the differential sensitivity of proliferation and PR expression to
estrogen stimulation.
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PROLIFERATION AND PR EXPRESSION
ARE DIFFERENTIALLY SENSITIVE TO ESTROGEN STIMULATION

The suggestion that maximal induction of proliferation and PR expression may require
exposure to differing concentrations of estrogen came from studies using human tissue
implanted into athymic mice (37). The upper panel of Fig. 2 shows the results of IHC
detection of PR in sections cut from fixed and paraffin-embedded specimens of breast
tissue xenografts removed from mice treated with follicular- or luteal-phase levels of E2.
These measurements show that the low E2 levels of the follicular phase are sufficient to
maximally induce PR expression, because the higher luteal-phase concentrations do not
further enhance PR expression. However, follicular-phase E2 levels are not sufficient to
stimulate proliferative activity above that of the untreated breast tissue, and it is only

Fig. 2. Proliferation and PR expression in human breast tissue implanted into athymic mice are
differentially sensitive to the effects of E2. This figure summarizes the results of experiments in
which PR expression (upper panel) and proliferation (lower panel) were determined 7 d after the
insertion of pellets containing either no steroid (Con), 4 mg P (Prog); 0.5 mg E2 (Lo E2), which
increased serum E2 concentrations to the equivalent of those in the human follicular phase, 2 mg E2
(Hi E2), which gave the equivalent of human luteal-phase levels, and 2 mg E2 combined with a 4-mg
P pellet (E2 + Prog) as in Fig. 1. The open columns represent the interquartile ranges of the data; the
horizontal bars indicate the medians. *, significantly different from the control by Mann-Whitney
U test.
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when luteal-phase E2 concentrations are reached that the TLI is significantly increased
(lower panel, Fig. 2). These findings indicate that PR expression is far more sensitive to
estrogen than proliferation, and explain the discrepancy between the data on PR expres-
sion during the cycle and those obtained from the model of normal human breast tissue
implanted into athymic mice: Even the lowest levels of E2 seen in serum or in breast tissue
itself during the menstrual cycle are sufficient to completely induce PR expression, but
proliferation is only enhanced when luteal-phase levels are reached.

STEROID RECEPTOR EXPRESSION
AND PROLIFERATION ARE DISSOCIATED IN LUMINAL ECs

The above findings lead to the question of whether PR expression and proliferation
occur in the same cell that is differentially sensitive to two concentrations of E2, or whether
the two processes take place in separate populations of ECs. Dual labeling techniques,
in which steroid receptor expression and proliferation were detected simultaneously in
sections of human breast tissue, provided the answer to this question (38). In the first
experiments, sections of [3H]-dT-labeled breast tissue, taken at different times of the
menstrual cycle, were stained by IHC, to reveal the PR-expressing cells, then autoradio-
graphed to determine which cells had taken up [3H]-dT. Figure 3A shows an example
of this labeling, and indicates separation of the PR-expressing and -proliferating cells.
Quantitation of the number of PR-positive cells, those that were [3H]-dT-labeled, and
those in which labeling was coincident (see Table 1), confirmed the existence of two
separate populations of estrogen-responsive luminal ECs. However, an alternative expla-
nation suggested by studies on cultured human BC cells is that PR synthesis was down-
regulated during the S-phase of the cell cycle detected by [3H]-dT labeling. In order to
confirm the existence of the two separate populations of luminal ECs, dual fluorescent-
label IHC was used to simultaneously detect the Ki-67 proliferation-associated antigen
(Ag) and steroid receptor expression. The Ki-67 antigen has been reported as being
present in cell nuclei at all stages of the cell cycle, except G0, and should be co-localized
with the PR, if, as suggested above, the receptor is downregulated during S-phase (39).
Dual immunofluorescent labeling of normal tissue showed that very few cells contained
both the PR and the Ki-67 Ag, and this was confirmed by counting the numbers of cells
expressing these two Ags in many representative samples of normal human breast tissue
(Table 1).

Since both the PR-expressing and proliferative cells are responsive to estrogen, it
seems reasonable to assume that both populations would contain the ER. Accordingly,
analysis of the coincidence of ER and PR expression and of ER and Ki-67 expression,
was carried out using the same methods and samples as above. The results from these
experiments show, first, that the proportion of luminal cells containing the ER is higher
than would be predicted from the previous studies on ER expression in the normal breast,
because of the greater sensitivity of the IHC method for detecting ER and Ki-67 expres-
sion in fixed paraffin-embedded tissue, which involves a microwave Ag retrieval step.
Second, and as expected, there is almost complete coincidence of labeling for the ER and
PR, in that 96% of cells labeled with the anti-PR antibody also contain ER (Fig. 3B and
Table 1). However, the third and most surprising finding was the almost complete disso-
ciation between ER expression and proliferation within the luminal epithelium. A repre-
sentative photomicrograph is shown in Fig. 3C, and quantitation of the proportion of
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Fig. 3. Steroid receptors are not expressed in proliferating luminal ECs. These are representative
photomicrographs obtained from dual-label IHC and autoradiography. (A) Section of [3H]-dT-
labeled normal human breast tissue, in which PR-expressing cells have been revealed by IHC
(brown nuclei), followed by autoradiography, to show the proliferating cells (black grains overlying
cell nuclei, as indicated by the arrows). (B) Section of normal human breast tissue in which ER and
PR expression have been determined using a dual-label immunofluorescent technique. In this par-
ticular case, all the ER-expressing cells (which would fluoresce green) also express the PR (which
would fluoresce red), to give a yellow color. The section has also been counterstained with the blue
fluorochrome, DAPI. (C) section of normal human breast tissue in which ER and Ki-67 expression
has been determined using a dual-label immunofluorescent technique. In this case, ER expressing
cells are labeled with the red fluorochrome, and those cells expressing the Ki-67 Ag are labeled
green. The arrows indicate areas in which proliferating cells are adjacent to those expressing the ER.
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doubly and singly labeled cells (Table 1) shows that far fewer cells than would be
expected contain both ER and the Ki-67 Ag. Also, as demonstrated in Fig. 3C, many of
the proliferating cells are adjacent to cells expressing steroid receptors, which appear to
be evenly distributed throughout the luminal epithelium. This dissociation between lumi-
nal cell steroid receptor expression and proliferation in the human breast has been con-
firmed by at least one other group (40). It also appears that a similar situation may occur
in rodents, because these authors have observed separate populations of PR expressing
and [3H]-dT-labeled cells in the rat mammary gland (40). In the mouse mammary gland,
there is dissociation between ER expression and [3H]-dT uptake in the terminal end buds
during both pubertal growth and estrous-cycle-associated proliferation (25).

It appears that the processes of PR expression and proliferation in human luminal ECs
are differentially sensitive to the effects of E2. Expression of the PR is exquisitely sensi-
tive, which means that, in vivo, there is always sufficient E2, either in the circulation or
in the breast tissue itself, to ensure that the receptor is maximally expressed. It is also clear
that steroid receptor expression and proliferation occur in separate populations of lumi-
nal ECs, although proliferating cells are usually adjacent to those containing steroid
receptors. The implication of these findings is that proliferation is not controlled directly
by E2, although other processes, such as PR expression, are. These findings raise many
questions about the hormonal control of normal breast physiology and function.

ARE EFFECTS OF ESTROGEN
MEDIATED BY PARACRINE GROWTH FACTORS?

The studies described above provide some clues about how E2 may control EC prolif-
eration indirectly, and these have been incorporated into the model illustrated in Fig. 4.
The fact that ER-negative but proliferative cells are often adjacent to those that are ER-
positive suggests that the ER-positive cells act as E2 sensors, which secrete juxtacrine
and/or paracrine factors that trigger proliferation of the ER-negative cells, once a thresh-
old E2 concentration is reached. Studies on cultured BC cell lines provide indirect support
for this model. These show that medium conditioned by E2-treated ER-positive BC cells
stimulates proliferation of ER-negative cell lines growing in culture or as xenografts in
athymic mice (41). Conversely, conditioned medium from ER-positive BC cells treated
with antiestrogens inhibits proliferation when applied to ER-negative BC cells (42). Fur-
ther analysis of the conditioned medium suggests that peptide growth factors, such as

Table 1
Data from the Simultaneous Estimation of Proliferation

and Steroid Receptor Expression in Samples of Normal Human Breast Tissue

No. Cells No. cells % dual
samples  counted  ER+ve  PR+ve  [3H]-dT+ve  Ki-67+ve  dual-labeled  labeled a

10  10,026  1735  46  1  2
25  25,302  3232  382  17  4.5
25  28,395  2107  639  9  1.4
25  28,018  3231  391  1.8
13  13,895  1792  1765  96

a Percentage of proliferating cells (as indicated by the cells labeled with [3H]-dT or the Ki-67 antibody),
also containing steroid receptors.
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insulin-like growth factor-I, and transforming growth factors- and - , are involved in
mediating these paracrine effects. A final piece of evidence for a paracrine mechanism
of controling proliferation in the mammary gland comes from tissue recombination
studies (43), in which epithelium isolated from ERKO mice is combined with stroma (in
this case, the fat pads) from wild-type mice, and cultured in the subrenal capsules of E2-
treated athymic mice. The results of this experiment and its reverse, in which wild-type
epithelium is combined with ERKO fat pads, demonstrate that, in the mouse, E2 stimu-
lates epithelial proliferation indirectly via a paracrine mechanism. However, the estro-
gen-sensing cells appear to be in the stromal compartment, because wild-type epithelium
does not respond to E2 treatment when combined with ERKO stroma (or fat pads). In
humans, the ER has never been detected in the stroma surrounding the mammary epithe-
lium, leading to the conclusion that the estrogen-sensing cells are in the epithelial compart-
ment. It is not as yet clear how separate populations of ER-expressing and -proliferating
mammary ECs might arise. The authors’ working hypothesis is that the ER-negative prolif-
erating cells represent precursor or stem cells, which eventually differentiate to become
nonproliferative, ER-positive cells.

BIOLOGICAL CONSEQUENCES
OF INDIRECT MECHANISM OF E2 ACTION

This chapter reviews the role of the ER in controling proliferation and other processes
in the normal human nonpregnant, nonlactating breast. Both ER and its ligand, E2, are
necessary for the development of mammary epithelial structures. However, it is becom-
ing clear that the ER is not expressed in the proliferating population of cells, which sug-
gests that the effects of E2 are mediated by paracrine and/or juxtacrine factors. Why does

Fig. 4. Model for the indirect estrogenic control of normal human breast EC proliferation. In this
model, the cells capable of proliferation are ER-negative (as indicated by the dark nuclei), but are
situated very close or adjacent to those containing the receptor (represented by the speckled nuclei).
The ER-containing cells act as estrogen sensors and secrete paracrine or juxtacrine growth factors,
which influence the activity of the ER-negative proliferative cells. In this model, the ER-containing
cells secrete growth stimulatory factors when E2 levels are high, as shown in the lefthand part of this
scheme, and growth inhibitory peptides when E2 levels are low, as on the righthand side of the
diagram.
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E2 exert its effects on the mammary epithelium by this indirect mechanism? The authors
have established that the human breast is an estrogen target tissue, as is the endometrium,
but, unlike the epithelial elements of the endometrium, the proliferative activity of the
breast epithelium is not highly sensitive to estrogen. This makes biological sense, because
it would be undesirable for the breast to undergo changes in proliferation of the magni-
tude and speed as those seen in the endometrium during each menstrual cycle. Therefore
an indirect or paracrine method of controlling breast EC proliferation may have evolved
to attenuate sensitivity to E2. During pregnancy, when more extensive proliferative
activity is required, circulating levels of E2 are much higher, and there are large numbers
of other factors that could enhance estrogen sensitivity.

If breast EC proliferative activity is so insensitive to E2, why is PR expression so
exquisitely sensitive to the hormone? The authors’ hypothesis is that the ER- and PR-
expressing cells are a differentiated population, and, if this is correct, it is possible that
P has a role in maintaining or even inducing this differentiation. In biological terms,
induction of differentiation would be an additional means of preventing undesirable pro-
liferative activity in the luminal population of breast ECs.

Breast tumor formation also requires E2, and a large proportion of cancers (~70%)
express the ER, often at high levels. Examination of ER and Ki-67 expression in human
breast tumors, using the techniques described above, reveals that some tumors maintain
complete dissociation between receptor expression and proliferation, but others contain
large populations of proliferating cells that also express the ER (Fig. 5; 38). The impli-
cations of this finding are not yet clear, but the authors’ favored explanation is that these
dual-labeled tumor cells have partially differentiated, so that they express the ER, retain
the capacity to divide, and are still being controled by paracrine mechanisms. The alter-
native explanation is that the ER in the dual-labeled cells is driving proliferation via a
more direct mechanism. Whichever explanation is correct, it seems likely that increasing
ER content would be one way in which tumors enhance their sensitivity to E2 stimulation,
which may, in turn, accelerate their progression.

Fig. 5. The dissociation between steroid receptor expression and proliferation is maintained in some
human breast tumors, but lost in others. This figure indicates the proportion of ER-containing cells
that are also labeled with an antibody against the Ki-67-proliferation-associated Ag in 19 human
breast tumors.
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CLINICAL CONSEQUENCES
OF INDIRECT MECHANISM OF E2 ACTION

An increased understanding of the role of the ER in mammary gland physiology has
important clinical implications. First, there is considerable interindividual variation in
breast EC proliferative activity, but it is not yet known whether women with high rates
of proliferation are at increased risk of BC. Current interpretation of the mechanisms of
carcinogenesis suggests that this may be the case, and it should be remembered that most
of the endocrinological BC risk factors increase the number of times that the breast
epithelium undergoes a cyclical increase in proliferation. If it could be shown that estro-
gen sensitivity of the luminal ECs does correlate with BC risk, individual risk prediction
might be envisaged, based on measuring products of E2 action in samples obtained by
relatively noninvasive techniques, such as nipple or fine-needle aspiration.

In the future, noninvasive functional scanning techniques, such as positron emission
tomography, based on the use of E2 or thymidine isotopes, may be used to detect breast
epithelial activity. In terms of BC prevention, strategies that reduce or prevent the cycli-
cal variation in EC proliferation should be effective. This could be achieved by adminis-
tering antiestrogens, such as tamoxifen or raloxifene, both of which have been shown to
reduce BC incidence in clinical trials (44,45). An alternative approach that is also being
tested is the use of gonadotrophin-releasing hormone agonists to inhibit ovarian steroid
secretion, combined with very small replacement doses of estrogen and androgen to
protect the cardiovascular and skeletal systems (46). A final approach, which may be
more specific with fewer associated side effects, could be the induction of differentiation
within the luminal epithelium. Early first full-term pregnancy protects against BC, pre-
sumably because a large number of ECs undergo terminal differentiation and become,
therefore, resistant to malignant transformation (6). Furthermore, pregnancy-associated
hormones, such as human chorionic gonadotrophin, protect against induction of mam-
mary tumors in rodents, but only if they are administered in early reproductive life, when
the gland is most susceptible to carcinogenic agents (4,7). Unfortunately, the age at which
first full-term pregnancy occurs in women is increasing rapidly, which means that encour-
aging early pregnancy is unlikely to succeed as a BC prevention strategy. However, short-
term administration of a differentiating agent early in reproductive life could be an
effective and acceptable means of achieving the same aim.

SUMMARY

It is now clear that the ER and its ligand, E2 are obligatory for the growth and devel-
opment of the mammary gland in both humans and rodents. E2 is also the stimulus for
the cyclical increases in mammary EC proliferation during the menstrual cycle in women
and during the estrous cycle in mice. However, the ER probably does not interact directly
with the intracellular mechanisms controlling proliferation, instead, ER containing cells
appear to alter the activity of adjacent proliferative ER-negative cells via the secretion
of paracrine or juxtacrine growth factors. The authors postulate that this indirect effect
on proliferation combined with the exquisite sensitivity of processes thought to be associ-
ated with differentiation (e.g., PR expression) is one way of preventing unwanted pro-
liferation in the mammary gland in the absence of pregnancy. In some human breast
tumors, the dissociation between steroid receptor expression and proliferation is lost. In
these cases, it is not clear whether E2 continues to drive proliferation by the indirect
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mechanisms that occur in the normal breast, or whether an alternative, more direct, effect
of the ER has arisen during the process of malignant transformation. Thus, detailed char-
acterization of EC ER expression in relation to proliferation, and other processes at
various stages during development, has enhanced understanding of the role of the recep-
tor in mammary gland physiology. Future studies of this type should lead to the identifi-
cation of new targets, which, in turn, could form the basis of novel strategies for prevention
and early detection of human BC.
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INTRODUCTION

Estrogen is a major regulator of mammary gland development and function, and
affects the growth and progression of mammary cancers (1,2). In particular, the growth
responsiveness of breast cancer (BC) cells to estrogen is the basic rationale for the effi-
cacy of the so-called endocrine therapies, such as antiestrogens. Estrogens mediate their
action via the estrogen receptor (ER), which belongs to the steroid/thyroid/retinoid
receptor gene superfamily (3). The protein products of this family are intracellular, ligand-
activated transcription factors regulating the expression of several gene products, which
ultimately elicit a target tissue-specific response (4). Indeed, ER, together with progester-
one receptor (PR), expression in human breast tumors, are important prognostic indica-
tors, as well as markers of responsiveness to endocrine therapies (5,6). However, although
the majority of human BCs are thought to be initially hormone-responsive, it is well appre-
ciated that alterations in responsiveness to estrogen occurs during breast tumorigenesis.
During BC progression, some ER-positive BCs are de novo resistant to endocrine thera-
pies, and of those that originally respond to antiestrogens, many develop resistance. This
progression from hormonal dependence to independence is a significant clinical problem,
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because it limits the useful of the relatively nontoxic endocrine therapies, and is asso-
ciated with a more aggressive disease phenotype (7). This occurs despite the continued
expression of ER, and often PR (8,9). The ER is pivotal in estrogen and antiestrogen
action in any target cell, but the nature of the ER is clearly multifaceted.

Until recently, it was thought that only one ER gene existed. However, a novel ER,
now referred to as ER , has recently been cloned and characterized (10,11). Moreover,
it has recently been shown that ER mRNA is expressed in both normal and neoplastic
human breast tissue (12–14). This suggests that ER may have a role in estrogen action
in both normal and neoplastic human breast tissue. Furthermore, it has now become
apparent that several variant mRNA species of both the classical ER and ER can
be expressed in human breast tissues, and may therefore have roles in estrogen and
antiestrogen signal transduction (13,15–18). The current data suggest that an evaluation
of estrogen interaction with human breast tissue needs to include ER , ER , and any
variant forms of these receptors that may be expressed. The following chapter focuses
on the multifaceted nature of the ER in human breast tissues.

ER AND ITS VARIANTS

Identification of ER  Variant mRNAs in Human Breast Tissues
A large body of data has accumulated supporting the existence of ER variants (19,20).

The majority of the data supporting the expression of ER variants has been at the mRNA
level. Two main structural patterns of ER variant mRNAs have been consistently iden-
tified: the truncated ER mRNAs (21) and the exon-deleted ER mRNAs (22). The trun-
cated ER mRNAs were originally identified, by Northern blot analysis, as fairly abundant
smaller-sized mRNA species in some human BC biopsy samples (23). The cDNAs of
several truncated ER  mRNAs have been cloned and found to contain authentic poly-
adenylation signals followed by poly(A) tails. The exon-deleted ER mRNAs have been
identified mostly from reverse transcription polymerase chain reaction (RT-PCR) products,
using targeted primers.

Multiple ER variant mRNAs are often detected in individual tumor specimens. In
order to determine the relative frequency and pattern of variant expression in a particular
sample, an RT-PCR approach was developed that allowed the simultaneous detection of
all deleted ER variant mRNAs containing the primer annealing sites in exons 1 and 8,
at levels that represent their initial relative representation in the RNA extract. Since
truncated transcripts do not have exon 8 sequences, they will not be measured by this
technique. Examples of the results obtained are shown (Fig. 1), and serve to illustrate that

Fig. 1. Top panel. Schematic representation of WT ER (WT-ER) cDNA and primers allowing
co-amplification of most of the described exon-deleted ER variants. ER cDNA contains eight
different exons coding for a protein divided into structural and functional domains (A–F). Region
A/B of the receptor is implicated in transactivating function (AF-1). The DNA-binding domain is
located in the C region. Region E is implicated in hormone binding and another transactivating
function (AF-2). 1/8U and 1/8L primers allow amplification of 1381-bp fragment corresponding to
WT ER mRNA. Co-amplification of all possible exon-deleted or -inserted variants, which contain
exon 1 and 8 sequences, can occur. Amplification of the previously described ER variant mRNAs
deleted in exon 3 (D3-ER), exon 4 (D4-ER), exon 7 (D7-ER), both exons 3 and 4 (D3–4-ER), exons
2 and 3 (D2–3-ER), exons 4 and exon 7 (D4/7-ER), would generate 1264-, 1045-, 1197-, 928-,
1073-, and 861-bp fragments, respectively. Bottom panel. Co-amplification of WT ER and deleted
variant mRNAs in breast tumor samples. Total RNA extracted from ER-positive (+) and ER-nega-
tive ( ) breast tumors was reverse-transcribed and PCR-amplified, as described (24), using 1/8U
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and 1/8L primers. Radioactive PCR products were separated on a 3.5% acrylamide gel, and visualized
by autoradiography. Bands reproducibly obtained within the set of tumors studied, and which
migrated at 1381, 1197, 1045, 928, 889, 861, 737, and 580 bp, were identified as corresponding to WT-
ER mRNA and variant mRNAs deleted in exon 7 (D7-ER), exon 4 (D4-ER), both exons 3 and 4 (D3–
4-ER), exons 2, 3, and 7 (D2–3/7-ER), both exons 4 and 7 (D4/7-ER), exons 2, 3, and 4 (D2–3–4-ER),
and within exon 3 to within exon 7 (D-3–7-ER), respectively. PCR products indicated by dashes (-),
barely detectable within the tumor population, i.e., present in less than or equal to three particular
tumors, have not yet been identified. M, Molecular weight marker (phi174, Gibco-BRL, Grand
Island, NY). Adapted with permission from ref. 24.
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a complex pattern of exon-deleted variant ER transcripts are expressed in any one
tumor, that the pattern and relative frequency of detection of ER variant mRNAs may
vary between tumors, and that, in some cases, the relative frequency of detection of indi-
vidual ER variant mRNAs may be correlated with known prognostic markers (24).

An example of such a correlation is shown in Fig. 2 (25). The expression of the trun-
cated clone-4 ER variant mRNA was measured relative to the wild-type (WT) ER
mRNA in a group of breast tumors. The relative expression of the clone-4 variant was
significantly increased in those tumors with characteristics of poor prognosis, compared
to those tumors with good prognostic characteristics, i.e., clone-4 expression was higher
in large tumors with high S-phase fraction, and from patients with nodal involvement,
compared to small tumors with low S-phase fraction from patients without nodal involve-
ment. Also, in this group, the relative expression of clone-4 was significantly higher in
PR-negative tumors vs PR-positive tumors, suggesting a correlation of increased trun-
cated variant expression and markers of endocrine resistance.

Data support the possibility that ER variant proteins exist, and that their pattern and
frequency are different from different individuals. In some cases, the expression of single
ER variant mRNA species was correlated with known markers of prognosis and endo-
crine sensitivity. This, in turn, suggested the hypothesis that altered expression of ER
variants may be a mechanism associated with progression to hormone independence.

Putative Biological Significance of ER Variant mRNAs
EXPRESSION OF ER  VARIANT MRNAS IN NORMAL AND NEOPLASTIC HUMAN BREAST TISSUE

Most studies investigating ER variant mRNAs have used human BC tissues or cell
lines (19). However, it is now known that both truncated and exon-deleted ER variant

Fig. 2.Linear regression analysis of the relationship between the clone-4-truncated ER mRNA and
the WT ER mRNA in the various groups. Closed circles represent the good prognosis/ER-posi-
tive–PR-positive group; open circles represent the good prognosis/ER-positive–PR-negative group;
closed squares represent the poor prognosis/ER-positive–PR-negative group; open squares repre-
sent the poor prognosis/ER-positive–PR-negative group. Good vs Poor, P = 0.0004; PR-negative
vs PR-positive. P = 0.011. Reproduced with permission from ref. 25.
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mRNAs can be detected in other tissues, including normal tissues (19). In particular, ER
variant mRNAs have been identified in normal human breast tissue and cells (26–29).
Therefore, ER variant mRNAs are not tumor-specific, are not found in the complete
absence of the WT ER mRNA, and are probably generated by alternative splicing
mechanisms.

These observations raised the question of whether the expression of ER variant
mRNAs is altered during breast tumorigenesis and/or progression. When the level of
expression of individual variant ER mRNAs was measured relative to the level of the
WT ER transcript, differences between normal and breast tumor tissues were found. The
relative expression of clone-4-truncated ER variant mRNA and the exon-5-deleted
ER variant mRNA, but not the exon-7-deleted ER variant mRNA, was significantly
increased in breast tumors, compared to normal breast tissues obtained from both reduc-
tion mammoplasties and normal tissues adjacent to breast tumors (26,27). Preliminary
data suggests that this is also true for samples of ER-positive breast tumors and their
matched, adjacent normal tissues (29a); there is also evidence suggesting that an exon-
3-deleted ER variant mRNA is decreased in BCs, compared to normal human breast
epithelium (29). Because this ER variant mRNA encodes a protein that can inhibit WT
ER transcriptional activity (30) and causes growth suppression when stably overex-
pressed in ER-positive MCF-7 human BC cells (29), it was concluded that the exon-
3-deleted ER variant may function to attenuate estrogenic effects in normal mammary
epithelium. This function is markedly reduced via decreased exon-3-deleted ER expres-
sion during breast tumorigenesis. In preliminary studies of ER-positive human breast tumor
samples and their matched adjacent normal tissues, a statistically significant decreased
relative expression of the exon-3-deleted ER mRNA in the tumor, compared to the nor-
mal breast tissues, was noted (29a).

The available data provide evidence for an extensive and complex pattern of alternative
splicing associated with the ER  gene, which may be altered during breast tumorigenesis.

SPECIFICITY OF ER  SPLICE VARIANTS IN HUMAN BREAST TUMORS

It is unlikely that the mechanisms generating alternatively spliced forms of ER result
from a generalized deregulation of splicing processes within breast tumors, since similar
variants for the glucocorticoid receptor (16,28), the retinoic acid receptors- and -
(28), and vitamin D3 receptor (16) have not been found in breast tumor tissues. However,
similar splice variants of PR (see subheading Expression of Other Steroid Hormone
Receptors, below) were found in both normal and neoplastic breast tissues (31,32).

EXPRESSION OF ER  VARIANT MRNAS DURING BC PROGRESSION

As described above, the relative expression of at least one ER  variant mRNA, i.e.,
clone-4-truncated ER mRNA, is significantly higher in primary breast tumors with
characteristics of poor prognosis (including the presence of concurrent lymph node
metastases), compared to primary tumors with good prognostic markers (including lack
of concurrent lymph node metastases) (25). An increased relative expression of exon-5-
deleted ER mRNA has been found in locoregional BC relapse tissue (in the same breast
as the original primary tumor, but no lymph node metastases) obtained from patients
following a median disease-free interval of 15 mo, compared to both the corresponding
primary breast tumor (33) and the primary breast tumor tissue of patients who did not
relapse during this period. Although the difference did not reach statistical significance,
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these same authors reported a trend toward higher relative expression of exon-5-deleted
ER mRNA in primary tumors of women who relapsed, compared to primary tumors of
those that did not relapse. Together, these data suggest that, in addition to altered expres-
sion of ER variant mRNA, which occurs during breast tumorigenesis, further changes
in ER variant expression may occur during BC progression. However, another study
(34) has recently found no significant differences in the relative expression of clone-4-
truncated, exon-5-deleted, and exon-7-deleted ER mRNAs, between a series of primary
breast tumors and their matched concurrent lymph node metastasis, suggesting that
altered expression of ER variant mRNAs probably occurs prior to the acquisition of the
ability to metastasize, and therefore may be a marker of future metastatic potential. This
hypothesis remains to be tested.

EXPRESSION OF ER  VARIANT MRNAS AND ENDOCRINE RESISTANCE

The hypothesis that altered forms of ER may be a mechanism associated with endo-
crine resistance has been suggested for some time. Moreover, the identification of ER
variant mRNAs in human breast biopsy samples (23,35,36) provided good preliminary
data for the hypothesis. In addition, preliminary functional data of the recombinant exon-
5-deleted ER protein suggested that it possessed constitutive, hormone-independent
transcriptional activity that was about 15% that of the WT ER (36). The data using a yeast
expression system were also consistent with the correlation of relatively high levels
of exon-5-deleted ER mRNA in several human BC biopsy samples classified as ER-
negative and PR-positive and/or pS2-positive (36–38). It was also found that the exon-
5-deleted ER mRNA was often co-expressed at relatively high levels with the WT ER
in many human BC that were ER-positive (38). It has been observed that transiently
expressed exon-5-deleted ER has an inhibitory effect on endogenously expressed WT
ER in MCF-7 human BC cells (39), although it does not decrease the WT activity to the
same extent as hydroxytamoxifen. In contrast, in human osteosarcoma cells, exon-5-
deleted ER was shown to have little effect alone, but significantly enhanced estrogen-
stimulated gene expression by transiently co-expressed WT ER (40). The limitations
of transient expression analysis were addressed by two groups who stably overexpressed
the exon-5-deleted ER in MCF-7 human BC cells (41,42). However, different pheno-
types were obtained by the two groups. No effect of the recombinant exon-5-deleted ER
on growth or estrogen/antiestrogen activity in MCF-7 cells was found in one study (41);
in the other study (42), the overexpression of recombinant exon-5-deleted ER in MCF-
7 cells was associated with estrogen-independent and antiestrogen-resistant growth. The
reasons for the differences between the two studies are unclear, but may be the result of
different MCF-7 variants, or changes that could have occurred in the transfectants in addi-
tion to transgene expression. The transgene in the Rea and Parker study (41) was episo-
mally maintained; in the study by Fuqua et al. (42), the transgene was presumably integrated
into the host chromosomes in a random fashion.

Several laboratories have developed cell culture models of estrogen independence
and antiestrogen resistance. Variable results have been obtained when the association of
altered ER variant mRNA expression with estrogen/antiestrogen responsiveness was
investigated. An increased relative expression of an exon-3 + 4-deleted ER variant mRNA
was found in an estrogen-independent MCF-7 cell line (T5-PRF) derived by long-term
growth in estrogen-depleted medium (43,44). However, this cell line was still sensitive
to antiestrogens (43). Although one cell line that was tamoxifen (TAM)-resistant had
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differential expression of an exon-2-deleted ER and an exon-5-deleted ER mRNA,
compared to the parental cell line (45), other independently derived antiestrogen-resis-
tant clones showed no major differences in the expression of ER variant mRNAs (46,47).

Investigation of ER splice variants, using clinical tissue samples, has also led to
variable conclusions. The relative expression of the clone-4-truncated ER variant
mRNA was significantly increased in primary breast tumors with characteristics of poor
prognosis, compared to tumors with good prognostic characteristics (25). Similarly, the
relative expression of clone 4 was significantly higher in PR-negative vs PR-positive
tumors, suggesting a correlation of increased truncated variant expression and markers
of endocrine resistance (25). Furthermore, an increased frequency of detection of ER
variant mRNAs deleted in exons 2–4 and 3–7 was associated with high tumor grade, but
an increased detection of an exon-4-deleted ER variant mRNA was associated with low
tumor grade (24). The presence of exon-5-deleted ER mRNA was found in one study
(39) to be associated with increased disease-free survival. However, no difference in the
relative expression of an exon-5-deleted ER variant mRNA was found between all
TAM-resistant tumors and primary control breast tumors (37), although, in the subgroup
of TAM-resistant tumors that were ER-positive/pS2-positive, the relative expression of
the exon-5-deleted ER was significantly greater than the control TAM-sensitive group.

Although increased expression of any one ER variant does not correlate with TAM
resistance of BCs overall, its association with, and therefore possible involvement in,
endocrine resistance in some tumors cannot be excluded. Moreover, the presence of
multiple types of ER variant mRNAs in any one tumor or normal tissue sample has been
well documented (24,28), but no data have been published in which total ER splice
variant expression has been analyzed in relationship to endocrine resistance and progno-
sis. Although mutations have been found in the ER gene in human breast tumors, they
are rare and are not more frequent in TAM-resistant tumors (48).

IDENTIFICATION OF ER  VARIANT PROTEINS

The detection of proteins that correspond to ER variant mRNAs remains an impor-
tant issue. It is relevant, therefore, to understand the structure of these proteins. The
predicted proteins of some of the most frequently detected ER variant transcripts are
shown schematically in Fig. 3. All of the variant transcripts would encode ER proteins
missing some structural/functional domains of the WT ER . Although the ER variant
transcripts encode several different types of protein, there are some common themes that
emerge. A common feature of these putative proteins is the universal presence of the A/B
region, which is known to contain the cell and promoter specific AF-1 function. Exon-4-
deleted and exon-3 + 4-deleted ER mRNAs are in frame and encode proteins that do not
bind ligand. However, the majority of the most abundantly expressed variant transcripts,
i.e, exon-7-deleted, an exon-4 + 7-deleted, and the clone-4-truncated ER mRNAs,
encode proteins that are C-terminally truncated, and cannot bind ligand. Thus, a common
feature of these variants is the inability to bind ligand. The results obtained, in which
recombinant techniques were used to measure the function of individual ER variants
in vitro, are variable, and often depend on co-expression of the WT receptor. It is difficult
to make general conclusions, but many recombinant ER variant proteins have been
observed to modulate the activity of the WT receptor. However, the relevance of the rela-
tive levels of expression of WT and variant ER proteins that are achieved under the
experimental conditions used is unclear, because limited data have been published on the



24 Murphy et al.

detection of ER variant proteins encoded by known ER variant mRNAs in tissues or
cells in vivo.

From a different perspective, the prediction that the majority of ER variant proteins
are C-terminally truncated has implications for the determination of clinical ER status.
Early detection, and changes in clinical practice, have resulted in smaller amounts of
breast tumor tissue being available for assay. For this and other reasons, the use of
immunohistochemistry (IHC) methods to assess ER status is becoming more common.
Therefore, depending on the antibodies (Abs) used, the presence of C-terminally trun-
cated ER  variant proteins could theoretically influence determination of ER status of
the tumor sample. The authors have tested this experimentally, by transiently transfect-
ing WT ER and clone-4-truncated ER expression vectors into Cos-1 cells, and deter-
mining ER status of the cells, using Abs either to the N-terminus of the ER (Fig. 3, 1D5,
Dako) or Abs to the C-terminus (Fig. 3, AER311, Neomarkers). Preliminary data, using

Fig. 3.Schematic representation of the ER variant proteins predicted to be encoded by ER variant
mRNAs. Identical sequence is depicted by numbered exons. U, amino acid sequence unrelated to
WT human ER amino acid sequence. U sequences are unique to any particular variant. The posi-
tion of N- and C-terminal epitopes, recognized by 1D5 and AER311 Abs, respectively, are indicated.
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different combinations of WT ER and variant ER expression vectors transfected into
Cos-1 cells, indicate that the signals (expressed as H-scores, which take into account the
intensity of staining and the number of positively staining cells) obtained with the N-
terminal and C-terminal Abs, become increasing discrepant (N-terminal > C-terminal
signal) with increasing variant expression, presumably because of increased ER -like pro-
teins containing the N-terminal region, but not the C-terminal region. These preliminary
data suggest that increased expression of C-terminally truncated ER variant proteins
could interfere with the IHC determination of ER status.

This possibility was investigated in human breast tumor tissues (49). A series of breast
tumors was assayed for ER , using the set of Abs described above, and the H-scores from
each Ab were compared for each tumor. The tumors fell into two distinct groups: one in
which the H-scores obtained with each Ab were consistent and not significantly different
from each other; and another group, in which the H-scores obtained with each Ab were
inconsistent and significantly different from each other. Further, in all but one case, the
H-score was higher for the N-terminal Ab, compared to the C-terminal Ab (50). In pre-
liminary experiments using a subset of the original tumor set, the authors found similar
results, using another set of N-terminal and C-terminal ER Abs. Together with the pre-
vious experimental data, one interpretation of the tumor data would be that the discrepant
tumors had higher levels of C-terminally truncated ER -like proteins.

To address the hypothesis that the C-terminally truncated ER -like proteins could
correspond to proteins encoded by ER variant transcripts, the authors compared expres-
sion of ER variant mRNAs in the consistent and inconsistent tumors. The results show
a significantly higher relative expression and detection of ER variant mRNAs that would
encode C-terminally truncated proteins in the inconsistent vs the consistent tumors (50).
These results suggest that, irrespective of function, the expression of significant amounts
of C-terminally truncated ER variant proteins could interfere with the IHC determina-
tion of ER status, which, in turn, might underlie some of the inconsistencies between ER
status and clinical response to endocrine therapy. These data are consistent with the
hypothesis that ER variant mRNAs may be stably translated in vivo. However, such
data are indirect, and other mechanisms, e.g., altered epitope detection, increased prote-
olytic activity, and so on, may underlie the discrepant ER H-scores found in some
human breast tumors.

More recently, data published from several independent groups support the detection
of ER -like proteins in cell lines and tissues in vivo, which could correspond to those
predicted to be encoded by previously identified ER variant mRNAs. The presence of
an exon-5-deleted ER protein was demonstrated immunohistochemically in some
human breast tumors, using a monoclonal Ab specific to the predicted unique C-terminal
amino acids of the exon-5-deleted ER protein (39). However, although there was a cor-
relation between IHC detection and presence or absence of exon-5-deleted ER mRNA
determined by RT-PCR, the group was unable to detect any similar protein by Western
blotting, suggesting either very low levels, compared to WT ER , or differential stability
of the variant protein relative to the WT ER during the extraction procedure. In addition,
an ER -like protein, consistent with that predicted to be encoded by the exon-5-deleted
ER mRNA, is expressed in some BT 20 human BC cell lines, as determined by Western
blot analysis (51). Western blotting of ovarian tissue has identified both a 65-kDa WT
ER protein and a 53-kDa protein recognized by ER Abs to epitopes in the N-terminus
and C-terminus of the WT protein, but not with an Ab recognizing an epitope encoded
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by exon 4 (52). These results correlated with the presence of both WT and exon-4-deleted
ER mRNAs in these tissues, and suggested that the 53-kDa protein was derived from
the exon-4-deleted ER mRNA.

More recently, a 61-kDa ER -like protein and a more abundant 65-kDa WT ER
protein were identified in MCF-7 cells (29). The 61-kDa protein is thought to be encoded
by an exon-3-deleted ER mRNA expressed at low levels in these cells, and its co-migra-
tion, both before and after dephosphorylation with the recombinant exon-3-deleted ER
protein, when expressed at higher levels after stable transgene expression in another
MCF-7 clone, was thought to strongly suggest its identity with the recombinant exon-3-
deleted ER protein.

There is accumulating evidence suggesting that variant ER proteins, which corre-
spond to those predicted to be encoded by some of the ER variant mRNAs, can be
detected by conventional technologies in clinical specimens.

ER AND ITS VARIANTS

Identification of ER mRNA in Human Breast Tissues
With the discovery of ER , which had properties similar to, yet distinct from, ER (10,

11,53,54), and can interact with the ER (55,56), it became important to know whether
ER was expressed in human breast tumors, and, if so, what role it plays in estrogen/
antiestrogen action.

The authors have detected the presence of ER mRNA, both by RT-PCR (12,14) and
by RNase protection assay (Fig. 4; 14), in some human BC biopsy samples and some
human BC cell lines. In situ hybridization analysis suggested that expression of ER
mRNA could be detected in the BC cells of a human BC biopsy sample (14). Using an
RT-PCR approach to analyze both ER and ER mRNA expression in a range of breast
tumors (12), the following was observed: There was no correlation between ER expres-
sion and ER expression in breast tumors; in some cases, both ER and ER mRNA were
expressed in the same tumor; in those tumors in which both ER mRNAs were expressed,

Fig. 4. Detection of ER mRNA in human breast tumors by RNase protection assay. (A) Schematic
representation of hER mRNA showing various exon sequences, and identifying the riboprobe pos-
ition and size of the expected protected fragment (259 bp). (B) Total RNA was isolated from seven
breast tumor samples, and 25 µg was used in an RNase protection assay, as previously described
(21). Ovarian RNA was used as a positive control.
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the relative expression appeared to vary widely among tumors. Furthermore, ER mRNA
can be detected in normal human breast tissues by RT-PCR (13) and RNase protection
assay (14). Although there are no data reporting the expression of ER protein(s) in human
breast tissues as yet, the available information suggest that ER may be expressed in both
normal and neoplastic human breast tissues, and may have a role in these tissues.

Expression of ER mRNA During Breast Tumorigenesis
The demonstration of ER mRNA expression in both human breast tumors and normal

human breast tissue suggests that the well-documented role of estrogen in breast tumori-
genesis (1,57) may involve both receptors. Using a multiplex RT-PCR approach, it has
been shown that the ER :ER ratio in a small group of ER-positive human breast tumors
was significantly higher than the ratio in their adjacent normal breast tissues (58). The
increase in ER :ER ratio in breast tumors was primarily the result of a significant upreg-
ulation of ER mRNA in all ER-positive tumors, in conjunction with a lower ER mRNA
expression in the tumor, compared to the normal compartment in some, but not all, ER-
positive cases. Preliminary data suggest that the level of ER mRNA in breast tumors
may be correlated with the degree of inflammation (unpublished data). Because in situ
hybridization data suggest that expression of ER mRNA could be detected in the cancer
cells of a human BC biopsy sample (14), and that human lymphocytes in lymph nodes
can also express ER mRNA (14), it is possible that the cell type contributing to the
expression of ER mRNA may be heterogeneous, depending on the tumor characteris-
tics. If the RNA studies reflect the protein levels of the two ERs, results to date provide
evidence to suggest that the role of ER - and ER -driven pathways, and/or their inter-
action, probably changes during breast tumorigenesis.

Identification of ER  Variant mRNAs in Human Breast Tissues
The presence of multiple ER variant mRNAs in both normal and neoplastic human

breast tissues has led to the question of the expression of ER variant mRNAs. Several
ER variant mRNAs have been detected. The authors have identified an exon-5 + 6-
deleted ER mRNA in human breast tumors (59). This transcript is in-frame, and would
be expected to encode an ER -like protein deleted of 91 amino acids within the hormone
binding domain. A human ER variant mRNA, deleted in exon 5, was identified in MDA-
MB231 human BC cells and in some human breast tumor specimens (18). Although that
group was unable to detect an exon-5-deleted ER mRNA in normal human breast tissue,
the authors have detected both exon-5-deleted ER mRNA and an exon-6-deleted ER
mRNA, as well as an an exon-5 + 6-deleted ER mRNA, in normal human breast tissue
samples (13), and in some human breast tumors. The exon-5-deleted ER mRNA and the
exon-6-deleted ER mRNA are out-of-frame and predicted to encode C-terminally trun-
cated ER -like proteins, which would not bind ligand.

More recently, several exon-8-deleted human ER mRNAs have been identified (17)
from a human testis cDNA library, and by RT-PCR from the human BC cell line MDA-
MB435. These variants have been named human ER 2–5. It should be noted that human
ER 2 is not the equivalent of the ER  variant mRNA with an in-frame insertion of 54
nucleotides between exons 5 and 6 identified in rodent tissues (13,60,61), and also named
ER 2. The authors have been unable to detect an equivalent of the rodent ER 2 mRNA
in any normal or neoplastic human tissue so far studied (13).
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Several of the human ER variants deleted in exon 8, specifically hER 2 and hER 5,
can be detected in normal human mammary gland and in several human BC cell lines
(17). The predominant type of hER exon-8-deleted mRNA present varies among the
different cell lines. The authors have confirmed the presence of the hER 2 and the hER 5
variant mRNAs in several normal human breast tissue samples from both reduction
mammoplasties and normal tissue adjacent to breast tumors (Fig. 5; unpublished data).
Moreover, the authors have identified both hER 2 and the hER 5 variant mRNAs in
several human breast tumor samples (Fig. 5; unpublished data). Using a semiquantitative
RT-triple primer PCR approach (26), which simultaneously measures the relative expres-
sion of the WT hER 1 and the two variant hER 2 and hER 5 mRNAs, it appears that,
in most, but not all, cases, the level of the variant mRNA species exceeds that of the WT
hER 1 (Fig. 5; unpublished data) in both normal and neoplastic human breast tissues.
The known sequence of all human ER -like transcripts is shown schematically in Fig. 6;
also shown in this figure are the proteins predicted to be encoded by these variant hER
mRNAs. All the hER variant mRNAs identified to date are predicted to encode proteins
that are altered in the C-terminus in some fashion, and are unlikely to bind ligand (62).
However, published data (17) suggest that some of these variant receptors can form
homo- or heterodimers among themselves and with WT hER and hER , and may pref-
erentially inhibit hER DNA-binding transcriptional activity (62).

Putative Role of ER and Its Variants in Breast Cancer
Transient transfection studies have provided data which suggest that ER 1, i.e., the

WT ER , can only mediate an antagonist response when bound to TAM-like agents, in
contrast to the TAM-bound WT ER , which can mediate either an antagonist or agonist
activity on a basal promoter linked to a classical estrogen response element (53,63). This
suggests the possibility that altered relative expression of the two ERs may underlie

Fig. 5. RT-triple primer PCR analysis (26) of the relative expression of human ER 1, human ER 5,
and human ER 2 mRNAs in normal (N) and breast tumor (T) tissue samples.
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altered responses to antiestrogens, and could be a mechanism of altered responsiveness
to antiestrogens in human BC. The activity of the estrogen-bound ER 1 on activating
protein 1 (AP-1)-containing promoters is inhibitory, in contrast to that of estrogen-bound
ER , which stimulates transcription (54). Furthermore, antiestrogens of all types demon-
strated marked transcriptional activity through ER 1 on promoters that contained AP-1 sites
(54). A nonligand-binding hER variant protein, encoded by the variant hER 2 (also
named hER cx), can heterodimerize with ER 1, but preferentially heterodimerizes with
ER , and shows a dominant-negative activity only against ER -mediated transactivation
(17,62). It is possible, therefore, that ER 1 and its variants could have a direct regula-
tory role on ER activity. Since the authors have observed an increased ratio of ER :ER
mRNA in human breast tumors, compared to their adjacent matched normal tissues, which
primarily results from increased expression of ER mRNA in the breast tumor compo-
nent (58), it is possible that this may translate into unregulated ER activity and unregu-
lated growth responses mediated through ER .

Fig. 6. Human ER isoforms. All hER isoforms are aligned. White boxes indicate identity of
amino acid between sequences. Amino acid positions of the different structural domains are indi-
cated for the hER 1 short (14), which contains eight extra N-terminal amino acids, compared to the
first hER described (10). hER 1 long (Genbank AF051427) contains 45 additional N-terminal
amino acids. hER 1 5 (13,18), hER 1 6 (13), hER 2 (Genbank AF051428, AB006589cx), hER 3
(Genbank AF060555), hER 4 (Genbank AF061054), and hER 5 (Genbank AF061055) are truncated,
and contain different C-terminal amino acids (black boxes). hER 5–6 (13) (Genbank AF074599)
is missing 91 amino acids within the LBD/AF-2 domain. For each receptor, the length (aa) and the
calculated molecular mass (kDa), when known or corresponding to the short (S) or the long (L)
forms of the putative proteins, are given. Broken boxes and question marks indicate that flanking
amino acid sequences are unknown.
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However, there are several issues that must be addressed before anyone can begin to
develop rational pathophysiologically relevant hypotheses regarding the role of ER
and/or its variants in human breast tissues. First, it is not yet known whether ER and
ER are expressed together in the same breast cells, or separately in different normal
or neoplastic cell populations. Second, studies so far have only measured mRNA levels.
No studies of ER protein expression in human breast have been published to date.
Therefore, the pathophysiological relevance of the relative levels of ER and ER expres-
sion achieved in transient expression studies, and the resulting functional outcome, are
unknown. Third, some in vitro studies have been done using an N-terminally truncated
ER 1 (64), and the functional impact of this is also unknown.

EXPRESSION OF OTHER STEROID
HORMONE RECEPTORS AND THEIR VARIANTS IN HUMAN BC

The observation that the PR gene showed a complex pattern of alternative splicing
similar to, although not as extensive as, that of ER , led to the further characterization
of PR variants (16,31,32). Two commonly expressed variant transcripts identified in
human breast tumors and normal human breast tissue were cloned and sequenced. Var-
iant PR mRNAs with either a precise deletion of exon 6 or exon 4 were identified in most
breast tumors examined. PR transcripts deleted in exon 2, exons 3 + 6, or exons 5 + 6,
were also found in a few breast tumors (31,32). The exon-6-deleted transcript was the
most abundant and frequently expressed PR variant mRNA in the human breast tumors
examined, and specific PCR primers were designed to determine the expression of this
transcript, relative to the WT PR, using RT-PCR analysis (27). Altered expression of
ER variant mRNAs was observed previously between normal and neoplastic breast
tissue; therefore, it was of interest to determine if exon-6-deleted PR mRNA expression
was altered during breast tumorigenesis. Using an approach similar to that described
previously (27), the relative expression of the exon-6-deleted variant PR mRNA to the
WT PR mRNA was examined in 10 normal reduction mammoplasty samples and 17
breast tumors. The relative expression of the exon-6-deleted PR variant to the WT PR
mRNA was found to be significantly lower (P < 0.01) in normal breast tissues (median
= 4.8%) than in breast tumors (median = 13.9%) (unpublished data).

The exon-2-deleted PR mRNA encodes a C-terminally truncated PR-like protein with-
out a DNA or a ligand-binding domain (32). The exon-4-deleted PR mRNA is in-frame,
but encodes a protein deleted in exon 4 sequences, missing a nuclear localization signal,
and the recombinant protein representing exon-4-deleted PR-A did not bind DNA and
had little effect on WT PR-A function (32). Exon-6-deleted PR variant mRNA is out-of-
frame and encodes a C-terminally truncated PR-like protein lacking the hormone-bind-
ing domain, and the exon-5 + 6-deleted PR variant mRNA is in-frame, but encodes a protein
deleted in exon 5 + 6 sequences of the hormone-binding domain (32). Richter et al. (32)
have demonstrated that recombinant proteins, representing the exon-6-deleted PR-A and
the exon-5 + 6-deleted PR-A are dominant-negative transcriptional inhibitors of both the
WT PR-A and PR-B (32). It is possible, therefore, that the presence of PR variant proteins
encoded by the identified PR variant mRNAs could modify WT PR activity and influence
responses to endocrine therapies. Small, variant PR-like proteins have been identified by
Western blotting in some breast tumors (32,65,66), which correspond in size to some of
the proteins predicted to be encoded by some of the exon-deleted PR mRNAs. However,
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some data (66) suggest that the presence and abundance of PR variant mRNAs may not
correlate with the detection of these smaller-sized PR immunoreactive species in human
breast tumors.

The measurement of PR is an important tool in clinical decision-making with respect
to prognosis and treatment of human BC. Furthermore, the level of PR expression pro-
vides important clinical information (67). As the use of enzyme-linked immunosorbent
assays and IHC assays for PR detection increases, it is likely that variant PR expression
will interfere with these assays, whatever their function. PR Ab (AB-52 Ab) used in such
assays detect epitopes in the N-terminal region of the WT molecule, which is shared by
truncated PR-like molecules. If any or all of the deleted PR variant mRNAs so far identi-
fied are translated into stable proteins, they will be co-detected with the WT PR in such
assays. Presence of PR variants may also be a factor contributing to discrepancies between
biochemical measurement and immunological detection of PR. Indeed, the potential for
ER variant expression to interfere with the IHC assessment of ER status has been docu-
mented (49,50,68).

CONCLUSIONS AND CONTROVERSIES

The multifaceted nature of the ER is suggested by the expression of ER mRNA, ER
mRNA, and their variant mRNAs in both normal and neoplastic human breast tissues
(Fig. 7). There is a large body of molecular data that support at least the potential for the
multifaceted nature of the ER, and therefore estrogen/antiestrogen signaling in both
normal and neoplastic human breast tissues. Alterations in the relative expression of
several ER-like mRNAs have been shown to occur during breast tumorigenesis, and the
relative frequency of detection and expression of individual ER-like mRNAs can be
correlated with different prognostic characteristics in BC. This, in turn, suggests a pos-
sible role in breast tumorigenesis and possibly hormonal progression in BC. However,
there are still major gaps that need to be filled before there can be a clear idea of the
pathophysiological and functional relevance of the experimental results so far in hand.
Unequivocal data are required to support the in vivo detection of variant ER , variant
ER , and WT ER proteins, which correspond to the variant ER , variant ER , and WT
ER mRNA species, respectively. There is a need to experimentally determine putative
function, using expression levels that reflect pathophysiological levels of expression.
There is a need to know if the two WT ERs and/or their variants are co-expressed in the
same cells within heterogeneous normal and neoplastic breast tissues. Further, given the
detection of multiple forms of variant ER-like species in any one breast tissue sample,
the limitations in interpreting data from experimental systems, in which only one variant
species is considered in the presence or absence of WT protein, needs to be understood.

Fig. 7. Schematic representation of the known and unknown (?) multiple facets of the estrogen
receptor (R).
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INTRODUCTION

The ovarian steroid hormone, progesterone (P), being fat-soluble, gains access to the
intracellular compartment by diffusion through the lipid bilayer cell membrane. In target
tissues such as the breast, it interacts with a specific receptor protein, progesterone recep-
tor (PR), and induces formation of receptor dimers, which bind to palindromic hormone
response elements in DNA and affect gene transcription (1,2). By these means, P plays
a fundamental role in the development and function of the normal breast, and, in this
process, PR is a critical intermediate.

In normal mouse mammary gland development, and also in pregnancy, P is required
for the development of the lobuloalveolar structures involved in lactation (3–5). P also
affects the nonlactating mature breast, as evidenced by increase in breast lobule size, epi-
thelial mitoses, secretory activity, and stromal edema, seen in the P-rich luteal phase of
the menstrual cycle (6). The role of P in development and/or progression in breast cancer
(BC) is less clear, but PR is expressed in a significant proportion of breast tumors, and its
presence is associated with a higher likelihood of response to endocrine agents (7). Breast
tumors that contain PR are also likely to display features of good prognosis (8–10).

This chapter reviews current knowledge on the expression, regulation, and function
of PR in the normal breast and in BC, with particular emphasis on evidence that the two
PR isoforms, PR-A and PR-B, may be expressed and regulated differently in breast tumors.
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PROGESTERONE RECEPTOR

PR-A and PR-B
The PR protein exists as two isoforms, designated PR-A and PR-B, which are identi-

cal, except that the smaller PR-A protein has a 164-amino acid truncation at the N-termi-
nus, compared to the larger protein PR-B (14). The two proteins are products of a single
gene that spans over 90 kb on chromosome 11q22-q23, and is divided into eight exons
(12,13). PR-A and PR-B are translated from separate transcripts formed under the control
of distinct promoters in the 5' flanking region (14), which allows expression of the two
isoforms to be independently regulated (15).

Other PR Proteins
In addition to PR-A and PR-B, there is suggestive evidence for the existence of other

smaller PR isoforms, although the significance of these in vivo remains to be determined.
Wei and Miner (16) and Wei et al. (17) have identified a 60-kDa PR protein in the T47D
BC cell line, which may be an N-terminally truncated isoform that arises from a transla-
tion start site at methionine 595, compared with the full-length PR. Constructed in vitro,
this protein, designated PR-C, was able to form heterodimers with PR-B, and apparently
enhanced the transcriptional activity of the other PR isoforms in transfection studies
(17,18). Studies from this laboratory, examining the expression of PR-A and PR-B in
breast tumor extracts by Western blot analysis, have revealed a third immunoreactive
protein with a mol wt of approx 78 kDa. This protein, designated PR78kDa, was seen only
in a proportion of cases, and, in 26% of all tumors, was present at levels greater than 20%
of total PR concentration (19). Examination of PR at the mRNA level has also suggested
the possibility that additional truncated forms of the receptor may exist. In studies analo-
gous to those performed on the estrogen receptor (ER), the existence of PR transcripts,
from which exon sequences have been specifically deleted by alternative splicing, has
recently been described (20), and in vitro functional studies have provided evidence that
PR variants, lacking exon 6 and exons 5 + 6 of the PR sequence, may have dominant-
negative activity relative to the wild-type receptor (21). It is unlikely that the PR78kDa
corresponds to one of these truncated transcripts (22), and the extent to which they are
translated in vivo is uncertain.

Function of PR-A and PR-B
Both PR-A and PR-B function as ligand-activated transcription factors, but it has

been suggested, on the basis of in vitro studies, that the two proteins are not functionally
equivalent. Transient co-expression of PR-B or PR-A and progestin-sensitive reporter
genes has shown that, in general, PR-B is transcriptionally the more active of the two
isoforms (23,24). Furthermore, PR-A can act as a dominant repressor of PR-B activation
(24–26), and similarly inhibits the transcriptional activity of receptors for androgens,
glucocorticoids and mineralocorticoids (26,27). PR-A has also been implicated in inhi-
bition of ER activity: co-expression of PR-A, ER, and transfection of estrogen-sensitive
reporters has shown a striking diminution of ER transactivation (23,27,28).

Insight into the basis of the different functions of PR-A and PR-B has come from
studies that have examined the specific functions of previously uncharacterized domains
of the receptor protein. Consistent with the observation that PR-B is the principal effector
isoform, a third transactivation function region, TAF 3, has been identified in the N-
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terminal region of the receptor unique to PR-B (29), and the repressor activity of PR-A
has been attributed to a region in the common amino terminus, which has inhibitory
function operative only in the context of the PR-A (24,30). Differences in phosphoryla-
tion of PR-A and PR-B may also play a role in distinguishing the function of the two
receptors (31–33).

Co-regulators of PR Action
In recent years, it has become clear that there are numerous accessory molecules

involved in the control of steroid hormone receptor action. In the case of PR, co-repres-
sors, such as nuclear receptor co-repressor and silencing mediator for retinoid and thy-
roid human receptor, are associated with the inactive receptor complex, and function to
limit access of the receptor to DNA by a process of hypoacetylation of histone proteins
(34,35). On binding of P, multiple co-activator proteins with acetyltransferase activity,
such as SRC-1 and CBP/p300, are recruited and facilitate PR activity (36–39). It is likely,
therefore, that the presence and levels of various co-regulatory molecules are important
determinants of the nature of P responses.

PR AND THE NORMAL MAMMARY GLAND

PR Expression in the Normal Breast
Given the hormone-responsive character of the normal breast, it is remarkable that

ER and PR are detectable in only a small proportion of epithelial cells (ECs). In studies
that have reported immunohistochemical staining of tissue sections, it is consistently
observed that a minority of cells express receptors, and that there is considerable varia-
bility in the number of positively stained cells in different lobules of the same breast (40).

Battersby et al. (40) described two patterns of PR staining in terminal duct lobular
units: sporadic, in which 5–30% of cells were positive; and ring-like, in which PR expres-
sion was detected in more than 30% of nuclei. The co-existence of receptor-positive and
-negative cells in the normal mammary gland epithelium is intriguing, and there is recent
evidence to suggest that these may represent distinct cell subpopulations. In mice, a mor-
phological distinction between receptor-positive and -negative cells has been observed
as luminal ECs, which are sometimes PR-positive; are large, with round nuclei; and have
been compared with undifferentiated mammary epithelial progenitor cells (41,42). In
contrast, cells with small, irregular nuclei and compact chromatin, resembling differen-
tiated ductal cells, are always PR-negative (42).

Regulation of PR Expression
PR can be detected in ECs of the breast at all stages of the menstrual cycle (40,43–45),

and there is no evidence in the human that its levels change in the fluctuating hormonal
environment of the cycle, despite the unequivocal evidence, derived from other target
tissues, that PR expression is under hormonal control (11). The number of PR-positive
cells in the breast must be subject to some degree of hormonal regulation, however: In
premenopausal women, PR is the predominant receptor, found in 12–29% of ECs, com-
pared with ER, which is found in 4–10% of cells (45–47). Yet, in the relatively hormone-
impoverished circumstance of postmenopause, ER expression is increased in the normal
breast, and few cells are PR-positive (46).
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In addition to the regulation of PR levels by ovarian hormones in some circumstances,
there is evidence of a reduction in PR expression coincident with functional differentia-
tion, because PR, present in the mammary gland of nonpregnant female mice, is reduced
during pregnancy, and is virtually undetectable during established lactation (42). Fur-
thermore, in humans, there is a relative reduction in PR expression in the more complex
lobules of the breast, compared with simple, less well differentiated structures (48).

Paracrine Action of PR
The relative paucity of receptor-positive cells in the breast, despite its hormone-

respon-sive nature has focused attention on whether ovarian hormones act only in cells
that express ER and/or PR. Recent data have shown that, in the human breast, ECs that
expressed ER and PR did not proliferate, but were in close proximity to receptor-negative
cells that proliferated (49), and it has been postulated that receptor-positive cells may
influence neighboring PR-negative cells by a paracrine mechanism (50). In support of
this hypothesis is the demonstration that chimeric mammary epithelium, comprised of
epithelium derived from PR-null mice in close proximity to cells containing wild-type
PR, underwent complete alveolar development (5).

Mechanisms of PR Action in the Mammary Gland
The effects of P in the mammary gland have been described as both proliferative and

differentiating, and, in support of this, a number of genes involved in cell cycle control,
steroid and growth factor action, and differentiation have been shown to be directly or
indirectly responsive to progestins in in vitro studies (51; Table 1). For example, using
a differential display technique in the T47D BC cell line, Kester et al. (52) identified the
progestin-sensitive nature of a number of genes involved in differentiation, and found also
that estrogen treatment could repress expression of some of these. Consistent with this, treat-
ment of T47D cells in culture with estradiol was associated with morphological dediffer-
entiation, an effect that could be abrogated by simultaneous treatment with progestin (52).

P has been implicated in cell proliferation in the mammary gland, as peak mitotic activ-
ity of breast epithelium is seen during the luteal phase of the menstrual cycle, when serum
P levels are high (6,53,54). In addition, high proliferation rates in the breast were seen
in women taking progestin-only oral contraceptive preparations (55), and animal studies
have demonstrated DNA synthesis in response to P in the mammary gland (56). Despite
this, in vivo studies have, in the main, supported the view that the principal mitogenic
stimulus in the breast is estrogen (55,57–62). At a molecular level, P can both stimulate
and inhibit cell cycle progression. Studies of the effects of progestins on the growth of
BC cell lines have shown that the response is bi-phasic, with a transient acceleration of
cells through the G1-phase, and consequent increase in the S-phase fraction, followed by
cell cycle arrest and growth inhibition (63). These effects are accompanied by alteration
in the expression and activity of cell cycle regulatory proteins (64). A recent study by
Groshong et al. (65), using BC cell lines, suggests that P is neither inherently inhibitory
or proliferative, but that its effects are dependent on length of treatment, when sustained
exposure to P inhibits, and transient exposure stimulates, cell growth (65).

PR Expression in the Normal Mammary Gland: Summary
PR is expressed in the ECs of the normal mammary gland, and PR-positive cells may

represent distinct cell populations. The number of cells expressing PR is relatively low,
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and is unchanged during the hormonal fluctuations in the ovarian cycle, but PR levels in
the gland decrease upon functional differentiation of the mammary gland, during preg-
nancy, lactation, and after the menopause. P plays a role in mammary gland function and
lobuloalveolar development, and the underlying mechanisms mediating these effects are
likely to include a number of molecular pathways, including those involved in cell cycle
progression, growth factor activity, and differentiation. A proportion of the effects of
P may be mediated by paracrine mechanisms, because there are emerging suggestions
that ovarian hormones influence mammary gland biology by influencing the behavior of
receptor-negative cells in the vicinity of cells that express receptors.

PR IN BC

PR Expression and Regulation in Premalignant and Invasive BC
Evidence from studies (66) of breast histopathology and epidemiology shows that cancer

of the breast may evolve through a series of hyperplastic, then dysplastic, changes in the
epithelium. Further support for this model has come from loss of heterozygosity studies
reported by O’Connell et al. (67), which showed that premalignant disease commonly

Table 1
Recently Described Progestin Regulated Genes

Regulation of cell cycle:
Cyclin D1 and cyclin-dependent kinase 4 (65,94,95)
Cyclin-dependent kinase inhibitors p21 and p27Kip1  (65)
Leukemia inhibitory factor: a pleiotropic inflammatory cytokine (96)
Type 1 insulin-like growth factor receptor (97)
PRG1: gene with strong homology to 6-phosphofructo-2-kinase/fructose- (98)

2,6-biphosphatase
Regulation of differentiation:

CD-9, CD-59, and Desmoplakin (52)
Regulation of gene expression:

TSC-22: a putative transcriptional regulator
Ptg-12: a putative zinc finger protein
Ptg-11: a gene with homology with members of the  SR protein family

of spicing factors
FKBP51: an immunophilin (52)

Oncogenes and tumor suppressors:
p53 (99)
BRCA1 (100)

Genes involved in tumor invasion:
Tumor inhibitor of metalloproteinase-2 (101)
Vascular endothelial growth factor (102)
Genes with other functions:
Na+/K+-ATPase a1 subunit (52)
Annexin-VI (52)
Pepsinogen C (103)
Flavin-containing mono-oxygenase 5 (104)
Prostate specific antigen (105)

Other progestin regulated genes are described in (51).
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shared the same genetic lesions as concurrent invasive cancer. There is little published
information about the expression of PR in the process of malignant transformation, and
inconsistencies in histopathological classification make the few available studies diffi-
cult to compare. The available evidence suggests that PR expression may be increased
in premalignant lesions, compared with the normal breast, and, similarly, expression of
ER and the estrogen-responsive protein, pS2, may also be higher (46,66,68,69). There is,
however, clearly a need for more detailed studies in this area.

The rate of PR positivity in invasive BC ranges from 54 to 70%, compared with 69–81%
for ER (9,10,70). A relationship between receptor expression and the hormonal environ-
ment of a tumor indicates that a degree of hormonal regulation of receptor expression is
retained in some breast tumors. It is further noted that alterations in tumor receptor pro-
files under this influence are similar to those described in normal breast epithelium. In
premenopausal women, rates of ER positivity in breast tumors were highest in the follic-
ular phase of the menstrual cycle. Although there was no significant difference in PR
positivity between different phases, a tendency for higher PR expression at about the time
of ovulation was found (71). It also has been consistently reported that tumors of younger
or premenopausal women are more likely to be PR-positive, and to contain higher levels of
PR, than those of older women; conversely, tumors of older or postmenopausal patients
are more likely to be ER-positive and to contain higher levels of ER (8,9,71,72).

Expression of PR-A and PR-B in BC
In tumors that do express PR, the relative expression of the two PR isoforms, A and

B, is variable, and may influence the degree and nature of P responsiveness. In a series
of 202 primary BC specimens, the ratio of PR-A to PR-B was measured on Western blots
of tumor cytosol extracts. In the majority of cases, the two proteins were present in similar
quantities, with the median ratio of PR-A:B being 1.26, and 61% of cases having a ratio
of PR-A:B between 0 and 2 (Table 2). In 25% of the cohort, however, the ratio of PR-A:B
was greater than 4, indicating a particular excess of PR-A (19,73). Because the relative
expression of the two PR isoforms in the normal breast is not currently known, the extent
to which this variability in the levels of PR-A and PR-B reflects a pathological dysreg-
ulation of receptor expression is uncertain. In vitro evidence, discussed earlier, which
indicates that the functions of the two PR isoforms are disparate, and that PR-A may

Table 2
Relative Expression of PR-A and PR-B
in Primary BC Specimens Determined

by Western Blot Analysis of Tumor Cytosol Extracts

PR-A:B Ratio No. of tumors Total (%)

0–1 88 43.6
1–2 36 17.8
2–3 16 7.9
3–4 12 5.9
4–5 14 6.9
>5 36 17.9

Adapted with permission from ref. 19 and 73.
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repress the function of PR-B and other hormone receptors, including ER, suggests that
a relative overexpression of PR-A may influence hormone responsiveness in BC. These
issues form the basis of on-going studies at this laboratory.

Clinical Correlates of PR Expression in BC
The biological significance of receptor expression in breast tumors is reflected by the

fact that primary BCs that are receptor positive are likely to be smaller, less highly prolif-
erative, and more highly differentiated than those that fail to express receptors (8–10).
Receptor expression may also influence the pattern of metastatic spread, because it has
been reported that ER/PR-positive tumors have a propensity to recur in bone (74).

In ductal carcinoma in situ of the breast, there is an inverse relationship between
expression of ER and PR, and grade (75). In a recent report by Querzoli et al. (76) 92–100%
of cribriform carcinoma in situ cases were PR-positive and 71–79% of other noncomedo
ductal carcinoma in situ variants were PR-positive. In contrast, only 26–27% of comedo
carcinoma in situ cases expressed PR. The pattern of ER expression in these lesions was
similar, but it was notable that, although all of the cases of lobular carcinoma in situ were
ER-positive, only 47–50% of these expressed PR (76).

PR as a Clinical Marker in BC
In BC, PR is used clinically as a marker of hormone responsiveness and the likely

success of endocrine manipulation as a form of treatment. Because the most commonly
used therapeutic endocrine agent in BC, Tamoxifen, acts by binding to ER, the signifi-
cance of PR derives principally from the fact that PR is synthesized in response to estro-
gen activation of its cognate receptor, and the presence of PR in ER-positive breast tumors
is therefore evidence of an intact estrogen-response pathway (77). Consistent with this,
rates of response to endocrine therapy in BC are higher for patients whose tumors express
both ER and PR, compared with those that express ER alone (7,78) and, in patients whose
tumor PR levels have been monitored during tamoxifen therapy, fluctuations in PR levels
in response to this treatment have been associated with favorable treatment outcome
(79,80). The synthetic P analog, medroxyprogesterone acetate, is also used as a therapeu-
tic agent in BC, and PR is likely to play a more direct role in mediating response to this
form of treatment (81).

Association of PR Expression with Progression in BC
Although malignant tumors represent a monoclonal proliferation of cells, when sec-

tions of receptor-positive BC are stained for ER or PR by immunohistochemistry, con-
siderable variation in receptor expression within a tumor mass is seen. This heterogeneity
is of two types: variation in the signal from different cells within a tumor cell clump; and
regional differences across the section, with tumor cells in one area staining strongly, but
in another, little or no staining is seen (47,82). The clinical significance of this intrigu-
ing observation is uncertain. It suggests the possibility that disease progression may be
accompanied by loss of receptor expression in BC, which, in turn, may be a potential
mechanism for the acquisition of resistance to hormonal therapy in this disease. Studies
that have compared ER and PR in primary tumors with simultaneously or subsequently
sampled secondary tumor deposits have reported, however, that, in the majority of cases,
the receptor phenotype of a tumor is not altered with disease progression (83–92).
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Moreover, recent studies from this group have shown that secondary tumor deposits
from postmenopausal women specifically lack PR. Because the ER and PR status of the
primary tumor is largely maintained in secondary deposits, this suggests that primary
tumors lacking PR are more likely to progress to a secondary site than tumors that contain
PR (83), and implicates absence of PR with disease progression.

Function of PR in BC
The observation that primary tumors lacking PR are more likely to progress to a

secondary site than tumors that contain PR suggests that PR may play a role in BC other
than as a marker of likely response to endocrine agents. P plays a role in inhibition of
estrogen action in the normal uterus, through downregulation of ER and induction of
estrogen metabolism (93), and also has these effects in BC cells in culture (93). Based
on in vitro studies, PRA may inhibit ER function (23,27,28), and a proportion of BCs
contain very high relative levels of this protein (19). By these means, P may limit or
inhibit estrogen action in breast tumors, and therefore serve a direct beneficial function
on progression of the disease. However, whether PR mediates any antiestrogenic effects
in BC in vivo is not known, and further studies in this area are urgently needed.

PR in BC: Summary
PR is expressed in primary invasive BCs, and approx 50–70% of cases are positive.

Primary and in situ BCs containing PR express markers of good prognosis, including
small size and low grade. There is little information on expression of PR in premalignant
breast lesions, but there is a suggestion that receptor levels are increased, compared with
the normal breast. Within PR-positive cases, the relative expression of PR-A and PR-B
is not normally distributed, with a significant proportion of cases expressing one pre-
dominant isoform. Notably, 25% of cases have a fourfold excess of PR-A, which may be
associated with altered hormone responsiveness in a proportion of tumors.

Tumors containing PR are more likely to respond to endocrine agents, reflecting in part
the estrogen-responsive nature of PR, and the fact that presence of PR is taken as a marker
of an intact estrogen-response pathway. In postmenopausal women, primary tumors that
lack PR, however, are more likely to progress to secondary sites, suggesting that PR
expression may be implicated with disease progression in BC.

CONCLUSION AND FUTURE PERSPECTIVES

P plays a major role in the growth and differentiation of the normal mammary gland,
and PR expression in this tissue is indicative of this. However, there is still a great deal
to be learned about P action in the normal breast. Notably, the relative levels of the two
PR isoforms, PR-A and PR-B, in the normal breast are not known, and elucidation of this
feature is essential to understanding the physiological significance of the postulated
differences in the activities of these proteins in vitro. Furthermore, many of the molecular
targets on which PR acts in the normal breast, in order to mediate its effects, remain to
be defined. There is a suggestion that P may act by paracrine mechanisms in the normal
breast, and future studies, aimed at examining the mechanisms through which such para-
crine effects could be mediated, are needed.

The role of P and the presence of PR in premalignant lesions of the breast are poorly
defined and the role played by P in breast carcinogenesis unknown. The presence of PR
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in breast tumors is held to be a marker of a functional ER, but there is evidence that
presence of PR in breast tumors may have a role outside of its utility as a marker. There
is an association between expression of PR and biological features associated with favor-
able clinical outcome in BC, and also an apparent relationship between failure of PR
expression and disease progression. Given the differentiating and estrogen inhibitory
effects of P in physiological circumstances, it is possible that these associations are
a consequence of a facility to control cellular processes in PR-positive breast tumors,
which is lost when PR is not expressed. Future studies aimed at further elucidating the
molecular mechanisms that determine the regulation and nature of P responses will allow
the relationship between PR expression and BC biology to be more fully understood.
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INTRODUCTION

Over the last 20 years, there have been major advances in the treatment and prevention
of breast cancer (BC), including the development and widespread use of mammography to
detect cancer at an early stage, and the use of adjuvant chemotherapy or hormonal therapy
to treat these early cancers to improve survival. Most recently, it has been shown that
intervening at an even earlier stage is possible. Thus, clinical trials have demonstrated
that it is possible to reduce BC incidence by treating women at high risk of developing
BC with antiestrogens. Although all of these advances have improved the outcome for
women with BC or women at high risk, cancer remains the leading cause of death in
women aged 40–79 yr, with BC being the most common cause of cancer-related death
in this age group, and the second most common cause of cancer-related death in women
overall (1). In addition, hormonal therapies using antiestrogens may be ineffective in
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women who develop estrogen-receptor (ER)-negative BC. To continue to make progress
in the treatment and prevention of this disease, it will be important to elucidate the steps
in the genesis of BC. Detailed knowledge of the molecular events that occur to transform
normal human mammary epithelial cells into invasive cancer will provide the clues for
future efforts to irradicate this disease.

IMPORTANCE OF ESTROGEN
AND ER IN GENESIS OF BREAST CANCER

One of the most important features of breast cells is their sensitivity and response to
the hormone, estrogen. Epidemiologic studies have demonstrated that increased expo-
sure to estrogen is associated with a high risk of developing BC (2). In addition, the ER
is an important target for the treatment and prevention of BC, and the antiestrogen, tam-
oxifen (TAM), is the most commonly used drug for the treatment of BC. While TAM
effectively inhibits the growth of BCs expressing the ER, many BCs do not express
the receptor, and thus are resistant to antiestrogen therapy. Furthermore, although ER-
positive cancers initially respond to antiestrogens, they invariably develop resistance to
antiestrogen therapy. Thus, a better understanding of the processes responsible for the
development of ER-positive and -negative BCs will facilitate the development of effec-
tive ways to treat this disease.

EFFECT OF ESTROGEN ON NORMAL GLAND DEVELOPMENT

Estrogens are critical regulators of normal development of the breast and genital organs
(reviewed in ref. 3). The physiologic role of these hormones in the breast is to stimulate
the growth of the ductal epithelium, and to induce the formation of lobules and ultimately
terminal duct-lobular units. As described below, breast epithelial cells at these different
stages of differentiation express ERs and respond to estrogen.

ESTROGEN RECEPTORS

ERs are proteins of the nuclear steroid hormone receptor family, which bind estrogens,
translocate to the nucleus, and bind DNA. These DNA-binding proteins then regulate
transcription and activate the expression of genes that have estrogen-responsive elements
(ERE) within their promoters. Two ERs are now known to exist; ER  and ER .

ER was initially cloned in 1985 by Walter et al. (4) and, in 1986, by Greene et al. (5).
This gene was found to have several domains now typical of proteins of the steroid hor-
mone receptor family. It contains two transactivation domains: a DNA-binding domain,
and a hormone-binding domain (structural features shown in Fig. 1; reviewed in ref. 6).
This protein is expressed in normal breast epithelium, as well as in other estrogen-
responsive tissues, such as the ovaries, uterus, liver, and brain. It is also expressed in
malignant tumors of the breast, ovary, and uterus. In the case of BC, approx 50–70% of
all BC expresses ER . Many studies (7–11) have demonstrated that the expression of this
protein is an important prognostic marker, and most of these studies found that patients
whose tumors express ER have an improved disease-free survival; many also show
improved overall survival as well. Results from studies from San Antonio and National
Surgical and Adjuvant Breast and Bowel Project (NSABP) suggest that this disease-free
survival advantage is approx 10% at 5 yr (12). ER is also an important predictive marker,
predicting a response to antiestrogen therapy such as TAM (11).
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The existence of ER has been known for many years, but the existence of a second
ER, ER has been appreciated only for the last 3 yr (13–15). ER is very similar to ER :
The ER protein has the same overall structure, with two transactivation domains (AF-1
and AF-2), DNA-binding domain, and a hormone-binding domain (Fig. 1). In the human,
ER and ER share 30% homology at the amino acid level in the A/B domains, which
contain AF-1, 96% homology in the DNA-binding domain, and 53% homology in the E
and F domains, which contain the ligand-binding and AF-2 domains (16). Like ER , the
ER protein is expressed in estrogen-responsive tissues. However, these two genes show
differential expression in estrogen-responsive tissues in mice, with ER being highly
expressed in mammary, uterus, testis, pituitary, ovary, kidney, epididymis, and adrenal
tissues; ER is highly expressed in prostate, ovary, lung, bladder, brain, and testis tissues
(17). Other investigators have shown expression of ER in normal and malignant breast
and ovary cells (13,18–22). However, many BCs and ovarian cancers do not express ER
(18,21,22). Other studies have suggested that these two proteins may have different
functions: They both respond to estrogen by inducing gene expression, buy they appear
to activate a different set of genes. In breast cells, estrogen binds to either ER or ER ,
and activates the expression of genes with classical EREs within their promoters (6).
When bound to ER , but not to ER , estrogen can also activate the expression of genes
with nonclassical response elements, such as genes with activating protein 1 (AP-1)
responsive elements (23,24). Thus, the expression of these estrogen-responsive genes
can be modulated by the relative amounts of ER and ER . ER and ER also can bind
the antiestrogen, TAM, which can antagonize the effect of estrogen and inhibit the
expression of genes with classical EREs within their promoters. However, TAM can also
function as an agonist in some cells, when bound to either ER or ER , and induce the
expression of genes with AP-1 sites within their promoters (23,24). In addition to the
different forms of ERs, the expression of estrogen-responsive genes is regulated by

Fig. 1. Schematic map of ER and ER : (A) The two transactivation domains (AF-1 and AF-2),
the DNA-binding domain (DBD), and the ligand-binding domain (LBD) are shown. Also shown are
the homology regions of ER (A, B, C, D, E, and F regions). (B) The percent homology between
human ER and ER . Note the similarity in the DBD and LBD domains.
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several different co-factors, termed co-activators or co-repressors (25). These proteins
bind the ERs and modulate the expression of estrogen-responsive genes. Thus, the spe-
cific response to estrogen and TAM depends on the specific cell type, the levels of ER
and ER , and the levels of co-activator and co-repressor proteins within a cell.

ER EXPRESSION DURING BREAST CANCER EVOLUTION

Invasive BC is thought to arise from benign premalignant lesions. A model of BC
evolution has been proposed, based primarily on epidemiologic data (26,27). In this
model, stem cells within normal terminal ductal lobular units (TDLUs) are hypothesized
to evolve through a series of increasingly abnormal proliferative breast lesions, from
usual hyperplasia (UH), to atypical hyperplasia (AH), to carcinoma in situ (CIS), and
finally to invasive carcinoma. Examples of these lesions are shown in Fig. 2. TDLUs
contain benign ECs that line the terminal ducts and lobules. These cells show generally
low levels of proliferation and ER expression. Columnar alteration of lobules (CAL
lesions also known as unfolded lobules) contain benign ECs that have begun to prolifer-
ate and are strongly ER-positive. Benign-appearing lesions showing more proliferation
are termed UH. More atypical proliferative lesions are termed atypical ductal or atypical
lobular hyperplasias (ADH or ALH). These lesions are associated with an increased risk of
invasive BC (an approximate fivefold increase risk of a normal women) (28). Unequivocal
premalignant lesions include ductal carcinoma in situ (DCIS) and lobular carcinoma

Fig. 2. Representative examples of premalignant breast lesions. All proliferative breast disease,
benign or malignant, is thought to arise from stem cells in normal terminal duct lobular units (TDLU).
Commonly, through prolifieration of their lining epithelium, TDLUs unfold and enlarge, a process
referred to a columnar alteration of lobules (CAL), because of the tall columnar appearance of the
activated epithelium. Through continued proliferation, CAL often gives rise to more cellular, but
still benign, lesions, referred to as usual ductal hyperpasias (UDH), and the more clonal-appearing
atypical ductal hyperplasias (ADH). Ductal carcinoma in situ (DCIS) is a malignant but noninvasive
precursor that may arise from ADH. Atypical lobular hyperplasia (ALH) and lobular carcinoma in
situ (LCIS) are clinically somewhat analagous to ADH and DCIS, but have distinct histological
appearances. All these lesions are epidemilogic risk factors, and also probably precursors of inva-
sive BCs (IBC), which are histologically very diverse.
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in situ (LCIS). These lesions are more highly associated with risk of invasive BC (an
approximate 10-fold increase) (28). Although most investigators recognize this theory
of BC evolution as imperfect and oversimplified, particularly for early stages of tumor
progression, some elements of the model are almost certainly relevant, and it has been
very useful in designing experimental studies into the biological mechanisms of BC evo-
lution, which still are in their infancy.

Recent molecular data support this model by demonstrating that synchronous UH, AH
(29), and CIS share identical genetic abnormalities (30–32). It is also known that women
with these premalignant lesions carry an increased risk of eventually developing invasive
BC. Several investigators have examined ER expression in these lesions. ER is expressed
in most normal TDLUs, but its expression is usually very low, with no more than 10%
of cells expressing at any one time (33–35). This may be in part, because ER levels fluc-
tuate during the menstrual cycle, with highest levels seen during the follicular phase of
the cycle (36,37). In contrast to that seen in normal cells, about 60% of UH and 80% of
AH express ER, usually in a large proportion of cells (38–40). Similarly, low grade/non-
comedo DCIS cells express generally high levels of ER (41). In contrast, in high grade/
comedo DCIS, only about 30% of the lesions express ER (41). Finally, between 50 and
70% of invasive BCs express ER, similar to that reported for UH, AH, and low- grade
DCIS premalignant lesions.

An elegant case-control study (42,43) has examined ER and progesterone receptor
(PR) expression in patients with invasive BC, compared to benign breast disease con-
trols. Those authors found that elevated ER expression in benign epithelium was a sig-
nificant risk factor for BC development, and also suggest that overexpression of ER in
TDLUs augments normal estrogen sensitivity. Since prolonged estrogen exposure is an
important risk factor for BC, abnormal ER expression in the benign epithelium may con-
tribute to and increase the risk of progression to cancer.

GENESIS OF BREAST CANCER

Estrogen and progesterone and their receptors, ER and PR, are clearly important in the
genesis of BC. These hormones control the proliferation and differentiation of normal
mammary ECs, and also are critical regulators of the growth of ER-positive BC cells.
However, peptide growth factors (GF), receptors, and tumor suppressor genes are also
important for the genesis of BC. These include GFs, such as epidermal growth factor
(EGF), transforming growth factor , heregulins, and insulin-like growth factors (IGFs),
and their receptors, such as EGFR, erb-2, -3, and -4, and IGFR; and the tumor suppressor
genes, p53, Rb, BRCA1, and BRCA2. These proteins and their role in breast carcinogen-
esis are discussed later in Chapter 5, and in recent reviews (44). However, it should be
noted that many of these GFs and GFRs are altered in more undifferentiated cells, which
typically do not express ER. For example, breast cells that express high levels of erbB-2
typically are ER-negative (45). A similar inverse relationship exists for EGFR (46). In
addition, recent studies have suggested that tumors arising in individuals with BRCA1 or
-2 mutations more commonly are high-grade (47–49), lack ER (47,50), and contain p53
mutations (51), than do sporadic BCs. In general, well-differentiated breast tumors express
the ER, and are stimulated to grow by estrogen; poorly differentiated breast tumors often
do not express ER, and instead may have high expression of EGFR or erbB-2, and have
tumor-suppressor gene mutations.
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EVOLUTION OF ER-NEGATIVE BREAST CANCERS

To fully understand the genesis of BC, it will be important to understand how both
ER-positive and -negative BCs arise. One critical question that remains unanswered is
whether ER-negative BCs arise from ER-positive or -negative stem cells. The answer to
this question is of paramount importance, because it will affect understanding of breast
oncogenesis as well as drive future drug development for the prevention and treatment
of BC. If ER-negative cancers arise independently of ER-positive cells, than it would be
predicted that antiestrogen therapies would be ineffective at preventing the development
of ER-negative BCs. In that case, antiestrogen drugs may actually select for the develop-
ment of ER-negative tumors. On the other hand, if ER-negative BCs arise from ER-posi-
tive precursors, then antiestrogen drugs would be expected to suppress the development
of both ER-positive and -negative BCs.

Figure 3 shows proposed pathways for the genesis of ER-positive and -negative inva-
sive BCs. As shown in the top portion of the model, ER-positive BCs may arise from the
ER-heterogenous TDLU through an ER-positive precursor (ER-positive hyperplasias,
such as UH and AH, and/or through ER-positive CIS lesions; marked A in Fig. 3). As
shown in the lower portion of the model, ER-negative invasive BCs may evolve from
TDLUs through precursors that are ER-negative (marked B in Fig. 3). In this case, ER-
negative tumors would evolve independently of ER-positive cells. Shown in the middle
of Fig. 3 is the conversion from ER-positive precursors to ER-negative lesions (marked
C in Fig. 3). In this case, ER-negative cancers would arise from ER-positive precursors.
As discussed below, data exist to support both models of ER-negative BC evolution.

Fig. 3. Proposed models of evolution of ER-positive and -negative invasive BC. The normal pre-
cursor to BC is presumed to be the ER-heterogeneous TDLU. ER-positive BCs may evolve through
the pathway marked “A”: through ER-positive hyperplasias, ER-positive CIS lesions to invasive
ER-positive BC (it is possible that some BCs do not evolve through CIS lesions, as marked by the
curved arrow). ER-negative BCs may evolve through the pathway marked “B”: through an ER-
negative precursor lesion, to ER-negative CIS lesions, typically seen with high-grade CIS, to inva-
sive ER-negative BC. Alternatively, ER-negative BCs can evolve from ER-positive precursor lesions
(conversion from ER-positive to -negative lesions), as marked by the dotted arrows and by “C”.
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Thus, it is possible that ER-negative BCs can evolve either independently of ER-positive
cells, or through a pathway involving an ER-positive precursor.

STUDIES SUPPORTING THE HYPOTHESIS THAT
ER-NEGATIVE CANCERS ARISE FROM ER-POSITIVE PRECURSOR

Epidemiologic Studies
Data from epidemiologic studies, clinical trials, and in vitro studies of BC cell lines

all provide support of the hypothesis that ER-negative cancers can arise from ER-posi-
tive cells. A vast amount of data from these epidemiologic studies suggest that the most
important risk factor for BC development is the cumulative exposure to estrogen and
possibly also P hormones (52). Such studies demonstrate that BC risk is increased with
early menarche (53–56), late menopause (57,58), obesity in postmenopausal women (59,
60), hormone replacement therapy (meta-analysis performed in refs. 61–63), all of which
lead to increased exposure to estrogen or progesterone. In addition, studies have shown
that factors that decrease exposure to estrogen or progesterone reduce BC risk. Well-
established factors associated with reduced incidence of BC include early first-term
pregnancy (64), lactation (65,66), and increased physical activity (67,68). In addition,
premenopausal women who have had bilateral oophorectomy or pelvic radiation have
markedly reduced risk of BC, up to a 50% reduction in risk, compared to the general
population (69,70).

These epidemiologic data have led researchers to suggest that the driving force behind
these associations is the proliferative effect of estrogens on breast epithelial cells (presum-
ably ER-positive breast cells). These proliferating cells then acquire genetic damage,
resulting in mutation and amplification of oncogenes, mutation and loss of tumor-sup-
pressor genes, and ultimately causing transformation of these cells into a fully malignant
phenotype. If all BC evolve through this oncogenic pathway dependent on the tumor-pro-
moting properties of estrogen, then it is likely that these cancers will arise from an ER-
positive precursor. Since few, if any, of the epidemiologic studies distinguish between
the risk of developing ER-positive or -negative BC, it is not possible to definitely con-
clude from the epidemiologic data that all BCs evolve from an ER-positive precursor.
However, the strong association of overall BC risk with cumulative exposure to estrogen
is supportive of the hypothesis that most BCs evolve from an ER-positive precursor.

Studies of Primary vs Metastatic Tumors
Results of studies of metastatic BC also suggest that ER-negative BC cells can evolve

from ER-positive breast cells. It is possible that evolution of ER-negative cells can occur
either spontaneously or through selection after treatment with antiestrogens. Although
apparently an infrequent event, spontaneous evolution of ER-negative cancer cells has
been observed when the level of ER was measured in BC metastases arising in patients
with known ER-positive primary tumors. Thus, several studies (71–73) have noted that
the ER status of recurrent or metastatic lesions can be discordant with the ER status of
the primary tumor. In another study(74), sequential biopsies of primary tumors revealed
conversion of ER-positive tumors into ER-negative tumors in 19% of the cases. The most
compelling data was presented in a recent study reported by Kuukasjarvi et al. (71), who
reported the ER status of primary and matched asynchronous metastatic lesions from
patients who had not received any adjuvant therapy. In this study, 70% of the primary
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tumors were positive for ER; only 54% of the metastatic tumors were positive for ER.
In the matched tumors, 46% of the tumors were ER-positive at both the primary site and
the metastatic site; 24% of the tumors showed discordance, with the primary site tumors
being ER-positive and the metastatic sites being ER-negative.

This evolution from an ER-positive phenotype to an ER-negative phenotype can also
occur at the preinvasive stage, e.g., ER-positive DCIS can evolve to ER-negative inva-
sive BC, but this occurs rarely. An example of this conversion during evolution is shown
in Fig. 4. Shown are three examples of DCIS and closely associated invasive BC. In the
first example, both lesions express ER; in the second example, neither the DCIS nor the
invasive BC express ER. The third example shows a ER-positive DCIS lesion with a
closely approximated ER-negative invasive BC. The frequency of ER-positive DCIS
lesions with ER-negative invasive cancer is low, but this example demonstrates that this
discordance can occur at the level of preinvasive disease. These data are consistent with
the hypothesis that ER-positive primary tumors can evolve into ER-negative tumors
when they become metastatic.

In patients who have been treated with antiestrogens such as TAM, it is possible that
the therapy selects for evolution of ER-negative cells. However, the majority of BCs
retain ER when they acquire resistance to TAM: Only approx 10–20% of resistant tumors
lose either ER or PR (75). It is thought that TAM resistance is probably multifactorial,
with mutation of ER (76), alternative splicing to form truncated isoforms of ER (77–79), and
other signaling pathway alterations all contributing to the resistant phenotype. Recently,
truncated ER isoforms have been detected in a number of ER-negative breast tumors
and cell lines (80–83). The existence of ER isoforms in ER-negative BC, which are
incapable of binding hormone, but nonetheless have potential modulatory effects on ER
activity, could prove to have important clinical implications for BC progression. Their
role in TAM resistance is currently not known.

These clinical data support the hypothesis that ER-negative tumors can evolve from
ER-positive primary tumors. However, it should be noted that these data are also consis-
tent with an alternate possibility that the primary tumors contain a heterogeneous mixture
of ER-positive and -negative tumor cells, and that the ER-negative tumor cells have a
growth advantage that allows them to metastasize and recur. Indeed, most ER-positive

Fig. 4. Representative examples of tumors composed of both ductal carcinoma in situ (DCIS) and
invasive BC (IBC) immunostained for estrogen receptor (ER) (DCIS is on the left and IBC on the
right in each panel). The most common (60–70%) phenotype consists of ER-positive DCIS asso-
ciated with ER-positive IBC. In the next most common (30–40%) phenotype, the DCIS and IBC
components are both ER-negative. Rarely (<5%), cases are observed in which ER is positive in the
DCIS, but negative in the IBC. The opposite phenotype is almost never observed.
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invasive BCs typically show a heterogeneous staining pattern for ER, with both ER-
positive and -negative cells being present. Thus, the available data do not provide defini-
tive proof that ER-negative cells necessarily evolve from the ER-positive cells, but only
that both can occur in the same patient.

In Vitro Conversion
of ER-Positive Breast Cancer to ER-Negative Breast Cancer

Studies of BC cell lines also provide data to suggest that ER-negative BCs can arise
from ER-positive cells. Previous studies (84–89) have demonstrated that overexpression
of peptide GFs and their receptors is associated with the ER-negative phenotype. Several
investigators (87,90) have demonstrated that breast tumors that have high expression of
EGFR are more commonly ER-negative, but many other studies have shown that high
expression of erbB-2 or HER2/neu is associated with ER negativity (84,85,88,89). Over-
expression of the fibroblast growth factors (FGF) peptide GFs is also associated with the
ER-negative phenotype (91,92). These clinical observations led researchers to investi-
gate the effect of over-expression of these peptide GFs, their receptors, or molecules,
which transduce mitogenic signals in ER-positive cells. Thus, gene encoding EGFR,
erbB-2, and FGF have all been transfected into ER-positive MCF-7 BC cells. In each of
these cases, over-expression of these peptide GFs or their receptors interferes with estro-
gen signaling. In the case of EGFR, Miller et al. (93) demonstrated that overexpression
of EGFR in MCF-7 cells resulted in enhanced growth in vitro, without loss of the ER.
Overexpression of erbB-2 also induced loss of responsiveness to estrogen and resistance
to antiestrogens, without loss of the ER (94,95).

Data to support the hypothesis that ER-negative cells can arise from ER-positive cells
also comes from studies overexpressing the molecules that transduce peptide mitogenic
signals. Such mitogenic transducers include the raf proto-oncogene, which is an impor-
tant transducer of signals that activate the Ras/Raf/MAP kinase cascade, and the c-Jun
protein, which is a component of the AP-1 transcription factor, a transcription factor
activated by the stress activated kinases, SAP kinase and p38, as well as by protein kinase
C-dependent signals. In studies of MCF-7 cells transfected with the raf proto-oncogene,
El-Ashry et al. (96) have shown that overexpression of an activated Raf protein causes
ER-positive MCF-7 cells to downregulate ER, and become ER-negative. Concomitantly,
these cells no longer respond to estrogen, and fail to be inhibited by antiestrogens. Those
investigators then demonstrated that overexpression of an activated raf gene in these
cells causes transcriptional downregulation of ER, effectively transforming these cells
into ER-negative BC cells. Similar results were observed by Wise et al. (97), when the
c-Jun protein was overexpressed in MCF-7 cells. ER-positive MCF-7 cells were stably
transfected with the c-jun gene, and their response to estrogen and TAM was investigated.
These studies showed that the c-Jun-overexpressing cells no longer expressed ER pro-
tein, and that they failed to respond to estrogen, as assessed by estrogen-dependent reporter
assays or by estrogen-induced mitogenic assays. As with the Raf-overexpressing cells,
these c-Jun overexpressing MCF-7 cells grew in the absence of estrogen, were not growth-
stimulated by estrogen, and were insensitive to antiestrogens. Those investigators also
demonstrated that the c-Jun-overexpressing ER-negative MCF-7 cells grew in nude mice,
as xenografts in an estrogen-independent manner (97). Thus, in at least some cases, over-
expression of molecules that transduce peptide GF signals can cause ER-positive BC
cells to lose expression of the ER and become estrogen-independent.
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Another example of ER-positive MCF-7 cells becoming ER-negative is the selection
of clones of MCF-7 cells that lack ER. One such subclone is the Adriamycin-resistant
MCF-7 cell line, MCF-7 ADR, isolated by Fairchild et al. (98). This subclone was iso-
lated by growing MCF-7 cells in the presence of the chemotherapeutic agent, Adriamycin
(doxyrubicin). A subclone of the parental MCF-7 cells grew in the presence of Adria-
mycin, which was found to overexpress the multidrug resistance gene, mdr-1. In addi-
tion, these cells were noted to have lost ER expression. In subsequent studies, Vickers
et al. (99) showed that these cells no longer responded to estrogen, and that they were
unaffected by antiestrogens.

In all of the above examples of ER-positive BC cells becoming ER-negative, the cells
have been transfected with GFs, receptors, or transcription factors, or have had a strong
selection pressure to select for drug resistance. There have been no examples of sponta-
neous loss of ER in any commonly used BC cell lines, with the exception of T47-D, which
was originally shown to express both ER and PR (100). This cell line is well known for
exhibiting a high degree of genetic instability, and loss of ER has been shown to occur
with simple dilution cloning without further selection (100–103). More recent data show
that T47-D cells can also be induced to lose their expression of ER by selection in estro-
gen-deficient media (104,105). Murphy et al. (105) isolated subclones of T47-D cells that
do not express ER or PR, by culturing the cells for extended times in media lacking
estrogen. After more than 1 yr, an ER-negative/PR-negative clone grew, which, when
subcloned, stably retained an ER-negative phenotype. These ER-negative T47-D cells no
longer respond to estrogen, and are unaffected by antiestrogens.

These in vitro studies demonstrate that it is possible for ER-negative cells to arise from
ER-positive BC cell lines. Although these in vitro experiments do not demonstrate that
the ER-negative cells necessarily evolve from ER-positive cells, the data do demonstrate
that, under certain conditions, it is possible for ER-positive cells to lose expression of ER,
and thus become ER-negative.

STUDIES SUPPORTING THE HYPOTHESIS THAT ER-NEGATIVE
CANCERS ARISE INDEPENDENT OF ER-POSITIVE CELLS

The data discussed above support the hypothesis that ER-negative breast tumors can
evolve from ER-positive tumors, but other data support the alternate hypothesis, that ER-
positive and ER-negative tumors evolve independently. Data suggesting that these two
forms of BC arise independently include epidemiologic data, studies of primary breast
tumors compared with paired metastases, and in vivo and in vitro studies of BC cells.

Epidemiologic Studies
Most studies of the epidemiology of BC have found associations between exposure to

estrogen or progesterone and risk of BC. However, these studies typically report an
association with overall BC, and do not investigate whether there exists similar associa-
tions between estrogen exposure and risk of ER-positive or ER-negative BC. ER-positive
BCs make up 50–70% of all BCs, depending on the assay used to measure ER. Therefore,
if a positive association exists between estrogen exposure and risk of ER-positive BC
only (i.e., no association with ER-negative BC), there still may be an observable associ-
ation between estrogen exposure and risk of overall BC. Thus, the available epidemio-
logic data does not specifically address whether the risk of ER-negative BCs is associated
with chronic estrogen or P exposure.



Chapter 4 / Pathogenesis of ER+/ BC 59

One recent report of alcohol consumption and risk of BC investigated the relationship
between the amount of alcohol consumed and the risk of ER-positive and -negative BC
(106). The results demonstrated that the risk of ER-positive BC was increased with
increasing consumption of alcohol; the risk of ER-negative BC was not related to con-
sumption of alcohol. This effect of alcohol has been proposed to result from an increase
in plasma estrogen levels in women consuming alcohol (107). Those studies suggest that
ER-positive and -negative BCs may have different risk factors, and that ER-negative BCs
may be less dependent on exposure to estrogen than ER-positive BCs. It will be important
to analyze the risk of both ER-positive and -negative BCs in future epidemiologic studies,
to clarify whether estrogen exposure influences the risk of ER-negative BC.

In Vivo Stability of ER Expression in BCs
As discussed above, there exist reports that ER-positive primary BCs can be associ-

ated with ER-negative primary or metastatic lesions, either sponateously or after
antiestrogen treatment (71–73,108,109). However, although such discordant cases are
seen, the frequency of discordant ER expression in the breast carcinomas is less than
40%. Discordance in the expression of ER between multiple intratumoral assays are
performed range from 12 to 32% (73,110,111); discordance between primary and meta-
static lesions range from 15 to 36% (71,73,74,112). True discordance is likely to be much
less than 30%, since many of these studies were conducted using ligand-binding assays
to measure ER expression (73,110,111). The discordance seen in these older studies
probably results from the high false-negative rate of ligand-binding assay, and not from
true discordance of ER expression. Thus, concordance in the expression of ER in multi-
ple intratumoral biopsies and between primary and metastatic lesions is much more
common. This is true even in cases in which the metastatic lesions have arisen after anti-
estrogen treatment. The concordance between ER-negative primary and recurrent tumors
is also common, particularly in studies using immunohistochemistry to measure ER
expression. Thus, in their study, Kuukasjarvi et al. (71) observed that ER-negative primary
tumors all developed ER-negative recurrences; Johnston et al. (108) found only 1/37 ER-
negative primary tumors was ER-positive on recurrence. All of these data demonstrate that,
although discordance in ER expression can occur between primary and recurrent tumors,
concordance between primary and recurrent tumors is more common.

The data from these studies of paired primary and metastatic tumor samples can also
be interpreted to support the concept of tumor heterogeneity at the primary tumor, as
discussed above and by Osborne (73). It is possible, in women whose primary tumor is
ER-positive and whose metastatic tumor is ER-negative, that the original primary tumor
contained both ER-positive and -negative malignant cells. Thus, the results from studies
of ER expression in primary and recurrent tumors do not prove that ER-negative tumors
arose from an ER-positive precursor. The results are equally consistent with the hypoth-
esis that ER-positive and -negative tumors arise independently, and that, rarely, some
individuals have primary tumors which are heterogeneous for the expression of ER.

In Vitro Stability of ER-Positive BC Phenotype
Examples of ER-positive BC cell lines converting to an ER-negative phenotype, either

spontaneously or through selection, have been described above. However, this conver-
sion is a rare event. With the exception of the T47-D BC cell line, no other BC cell line
has been reported to have spontaneously converted to an ER-negative phenotype. Given
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the fact that many of the current widely studied BC cell lines have been in culture for more
than 20 yr, it is remarkable that almost all of the originally ER-positive cell lines have
retained the expression of the ER over this time. This observation suggests that, although
loss of ER expression in previously ER-positive BC cells can occur, it is a rare event (at
least in cells grown in culture). This stability of the ER-positive phenotype provides sup-
port to the hypothesis that BC cells do not commonly spontaneously convert to an ER-
negative phenotype.

Extensive effort has also been made to select ER-negative MCF-7 clones that have
been grown in the absence of estrogen, or in the presence of antiestrogens. In many of
these studies, estrogen-independent and/or antiestrogen resistant cells have been isolated
(113–115). However, in each case, expression of the ER is retained. Other events have
taken place in these cells that result in estrogen-independent growth, but in all cases, the
ER is still expressed. Thus, in MCF-7 cells, it is difficult to select for the loss of ER. As
mentioned above, ER-negative MCF-7 BC cells have been isolated only when the cells
were forced to overexpress signal transduction molecules (such as Raf or c-Jun), or when
they were selected for resistance to chemotherapeutic agents.

Data from Chemoprevention Trials Using Antiestrogens
As discussed above, data from epidemiologic studies, clinical studies of metastases,

and in vitro studies of cell lines can be used to support either hypothesis for the genesis
of ER-negative BC. However, results from recent clinical chemoprevention trials may
be able to provide the most conclusive evidence to support either one or the other of these
proposed mechanisms of carcinogenesis. These chemoprevention trials tested the ability
of antiestrogens to prevent BC. Results from three trials in which the antiestrogen, TAM,
was used, were published last year (116–118). In addition, other clinical trials using the
second-generation selective ER modulator (SERM), raloxifene, to prevent bone frac-
tures in women with osteoporosis, were also published recently (119). This same cohort
of women is being studied for the incidence of BC to determine whether this other anti-
estrogen also reduces the incidence of BC.

The results from the three TAM chemoprevention trials were reported at interim
analysis, and are shown in Table 1. The largest of the three trials, the NSABP P-1 Breast
Cancer Prevention Trial, was stopped early, because results of an interim analysis showed
a significant reduction in the incidence of BC in women taking TAM, compared to those
who took placebo (116). In this trial, over 13,000 women at high risk of developing BC
(e.g., women who had greater or equal to the risk of a 60-yr-old women as determined
by the Gail model [120]), were treated with either TAM or placebo for a planned period
of 5 yr. At interim analysis, the women had received an average of 4 yr of study drug. The
analysis at time of publication demonstrated a 49% reduction in the incidence of BC
in the women who took TAM (see Table 1). These results were highly significant, and
represent the most convincing evidence that antiestrogens suppress the development or
clinical appearance of BC in women without a previous history of BC.

The results of the two other TAM chemoprevention trials, which were reported to be
negative, are also shown in Table 1. These studies include the trial conducted at the Royal
Marsden Hospital in the UK, in which 2471 women were randomized to receive either
TAM or placebo (117), and the trial done in Italy, in which 5408 women who had a
hysterectomy were treated with TAM or placebo (118). Both of these trials showed no sig-
nificant difference in the incidence of BC in women taking TAM, compared to placebo.
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Table 1
TAM BC Chemoprevention Trials

                                                      Results

Sample Woman-yr Median %
Trial size follow-up follow-up (mo) Placebo TAM Placebo TAM Reduction Ref.

NSABP P-1 13,388 52,401 55 mo 175 89 6.76 3.43 49% (116)
England 2471 12,355 70 mo 36 34 5.0 4.7 No significant (117)

reduction
Italian 5408 20,731 46 mo 22 19 2.3 2.1 No significant (118)

reduction

61

 No. Breast cancer             Breast cancer/1000 woman yr
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These two negative trials had different eligibility criteria, compared to the NSABP P-1
trial, and also had other features that may account for the difference in the results. Among
these differences, allowing the use of hormone replacement, and the difference in patient
population (e.g., the Royal Marsden trial recruited women who were more likely to have
familial BC than those enrolled in the NSABP P-1 trial), may contribute to the different
results, compared to that reported in the NSABP P-1 trial.

The results of a clinical trial using the second-generation antiestrogen SERM, raloxi-
fene, in women with osteoporosis, were also reported recently (119). In this clinical trial,
the efficacy of raloxifene was studied to determine whether this antiestrogen would
reduce bone fractures in women with osteoporosis. A secondary end point in this trial was
the incidence of BC. It was hypothesized that, in addition to preventing bone fractures
and slowing the progression of bone loss in these women, raloxifene would reduce BC
incidence. The results from this trial demonstrated that raloxifene slowed the progression
of bone loss (119), and also reduced the incidence of bone fractures and BC (121). Thus,
this trial supports the finding of the NSABP P-1 trial that antiestrogens can reduce the
incidence of BC in women who have not previously been diagnosed with BC.

The data from these clinical trials, suggesting that antiestrogens reduce BC incidence,
support the proposal that BCs evolve from a precursor that is sensitive to antiestrogens
(and thus are likely to be ER-positive). However, it is important to consider two addi-
tional important features of these data. First, it must be noted that the follow-up of patients
on these trials is short (average and median time of follow-up on the P-1 trial is 48 and
55 mo, respectively [116]). Thus, the BCs that did arise probabaly arose from small BCs
that were present, but clinically undetectable. Some of the BCs that were prevented were
likely to also be clinically cryptic BCs whose growth was suppressed by the antiestrogen
treatment. Thus, the data do not yet conclusively demonstrate that the reduction in inci-
dence in BC in the antiestrogen-treated groups is the result of blocking the transformation
of normal ER-positive precursor breast ECs into malignant BC cells. However, additional
analysis of the NSABP P-1 data demonstrates that antiestrogens significantly reduced the
incidence of preinvasive BC. Thus, these investigators also found a 50% reduction in the
incidence of DCIS and LCIS lesions in the cohort of women taking TAM. These data
suggest that antiestrogens also suppress the development of preinvasive BC.

A second important feature of the data from both the NSABP P-1 and the raloxifene
trials is the effect that antiestrogen treatment had on the incidence of ER-positive and
-negative BCs in women taking these antiestrogens. Antiestrogen-treatment caused an
approx 50% reduction in the incidence of overall BC, but this suppression of BC resulted
totally from a reduction in ER-positive BCs (see Table 2). Thus, in the NSABP P-1 trial,
175 vs 89 cases of invasive BC were seen in the placebo vs TAM-treated groups. There

Table 2
Incidence of ER-Positive and -Negative BCs in NSABP P-1

                                        No. of BCs

Trial     Cancer Placebo TAM % Reduction Ref.

NSABP P-1 All BC 175 89 49 (116)
(N = 13,388) ER-positive 130 41 69

ER-negative 31 38 No reduction
ER unknown 14 10 29
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was a 69% reduction in ER-positive BCs (there were 130 ER-positive BCs in the placebo
group and 41 ER-positive cancers in the TAM group). However, as shown in Table 2,
there was no reduction in the incidence of ER-negative BCs (there were 31 ER-negative
BCs in the placebo group and 38 ER-negative cancers in the TAM group) (116). Similar
results were seen in trials using raloxifene (121). These data suggest that antiestrogens
do not affect the development of ER-negative BC. Alternatively, this lack of effect on
ER-negative BC could be the result of lack of effect on established, but clinically undetec-
table ER-negative BCs. If ER-negative BCs evolve from ER-positive precursors, then
longer follow-up should eventually show a reduction in both ER-positive and -negative
BCs. However, at this time, the above data are consistent with the hypothesis that ER-
negative BCs evolve through an estrogen-independent process.

CONCLUSIONS

The above discussion points out that the mechanisms by which ER-negative BCs arise
are still mostly unknown. As presented, there exist data to suggest that ER-negative BCs
can arise either independently from ER-positive breast cells or through a pathway involv-
ing an ER-positive precursor cell. These two apparently opposing oncogenic pathways
are not necessarily mutually exclusive. Thus, it is possible that some ER-negative BCs
evolve from ER-positive cells; others evolve independently. Further study of premalig-
nant human breast cells, and the mechanisms by which they become transformed into both
ER-positive and -negative BCs, will be needed before these questions can be resolved.
However, with recent exciting clinical trial data demonstrating the effectiveness of anti-
estrogens in suppressing the development of BC (especially ER-positive BC), there has
been a renewed interest in developing effective chemopreventive strategies for the pre-
vention of ER-negative BC. Future laboratory and clinical studies will probably focus on
the question of how best to prevent the development of ER-negative BC. Through such
studies, major reductions in the incidence and mortality of BC are likely.
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INTRODUCTION

The epidermal growth factor receptor (EGFR/ERBB1) and the ERBB2 (HER2/neu)
genes are both members of the type I family of growth factor receptors, and encode trans-
membrane receptor tyrosine kinase proteins expressed on the epithelia of a number of
tissues during mammalian embryogenesis. Thus, these proteins play key roles during
development as demonstrated by the lack of viability of mice homologously deleted for
either gene (1,2). However, expression of these genes in most adult tissues is much less
marked, with the significant exception of certain solid tumors. The potential import of
these findings lies in the fact that both genes can act as oncogenes in a variety of in vitro
and in vivo assays (3,4). There is therefore a large literature documenting the incidence
of overexpression of these proteins in a range of human carcinomas, including those from
endocrine and nonendocrine tissues. For completeness, summarized below are the key
features of expression of these genes in the normal breast and during tumorigenesis
which are relevant to this chapter.

EXPRESSION IN NORMAL AND BREAST TUMOR TISSUE

Epidermal Growth Factor Receptor
Studies in mice have shown that, in adult mammals, marked expression of EGFR

is confined to the mammary gland of pregnant animals. Expression peaks during the
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proliferative phase and declines later in pregnancy and during lactation (5). In humans,
EGFR is expressed at variable levels in lobular, ductal, stromal, and myoepithelial cells
of the normal breast, and is infrequently overexpressed in mammary carcinoma, in which
it is associated with a poor clinical response (3). Tumor expression of EGFR is also gen-
erally associated with a loss of the estrogen receptor (ER) (6). However, co-expression
of these two receptors can be observed both in tumor samples and derived cell lines,
although a clear inverse linear relationship between levels of expression clearly exists
(Table 1). Amplification of the EGFR gene is only observed sporadically in about 2%
of breast carcinomas (7), and, consequently, most deregulation of expression levels is
thought to occur at the level of transcription.

ERBB2
Studies on the rodent homolog, neu, indicate that this gene is expressed in complex

patterns at all stages of mammary differentiation (8). Overexpression of ERBB2 is found
in 20–30% of human carcinomas, and this is frequently accompanied by a moderate (up
to 8–10 copies) amplification of the gene (4). Because this is easily sampled in clinical
tissue, this feature of ERBB2 overexpression is the most frequently documented. How-
ever, overexpression can also occur from a single copy gene, and, whether or not the gene
is amplified, the transcriptional activity of ERBB2 is increased about fivefold in cells
with the overexpressing phenotype. This applies both to clinical specimens (9–11) and
tumor-derived cell lines (12–14). Tumor expression of this gene is again associated with
a poor clinical outcome and resistance to chemo- and endocrine therapy (4). The latter
observation has also been associated with a loss of ER expression in ERBB2-positive
tumors and cell lines (Table 1).

Expression studies have therefore shown that there is often an inverse relationship
between ER status and tumor expression of either EGFR or ERBB2, suggesting that estro-
gens act to repress transcription of these two genes. Because their expression is also asso-
ciated with poor prognosis, the interest in taking these studies further lies in whether
understanding the mechanistic details can lead to improved patient care. Experimentally,
the majority of hard data about how estrogens may regulate the expression of these two
genes has come from studies in breast-tumor-derived cell lines, but clearly the biological

Table 1
Relative Levels of ER, EGFR,

and ERBB2 in Breast Tumor-Derived Cell Lines

Cell Line ER EGFR ERBB2

MCF7 +++ +/
T47D ++ +/ +/
ZR 75-1 + +/ +

BT474 +/ + +++a

SKBR3 + +++a

BT-20 ++
MDA-MB231 ++
MDA-MB468 +++a

MDA-MB453 - ++
a Overexpression associated with gene amplification.
Data compiled from references 12, 13, and 15.



Chapter 5 / EGFR and ERBB2 Regulation by ER in BC 71

relevance of these observations can only come from clinical data. The in vitro and in vivo
information currently available is reviewed below, and these observations are brought
together in a final discussion.

REGULATION OF EGFR AND ERBB2 BY ER IN CELL LINES

EGFR
It has proven difficult to establish that the estrogen-bound ER can directly repress

expression from the EGFR gene. Indeed, the majority of studies have shown the opposite
effect. Thus, in three ER-positive cell lines, addition of estradiol (E2) following several
days of estrogen withdrawal, led to a transient 2–3-fold induction of EGFR mRNA and
protein levels (16). This effect was abolished in the presence of antiestrogens. The rapid
downregulation of EGFR mRNA levels following stimulation indicated that the ER may
induce factor(s) to limit EGFR expression in these cells. Although the authors noted
imperfect ER DNA-binding sites within the 5' flanking regions of the EGFR gene, these
are highly speculative. Indeed, other data from the same group provide stronger evidence
that the real determinants of estrogen regulation of EGFR may lie elsewhere. By examin-
ing the chromatin structure around the EGFR gene in a number of breast tumor lines, using
the DNase I hypersensitive site assay, Chrysogelos (15) made a number of interesting
findings. First, ER-positive lines with low levels of EGFR exhibited a strong hypersensi-
tive site at the exon 1–intron 1 boundary, which may indicate the binding of an ER-induci-
ble repressor that blocks EGFR transcription. In other lines with the reverse phenotype
(high EGFR, low ER), additional hypersensitive sites were mapped within the first intron,
which may indicate the presence of positively acting enhancers that are not active in ER
positive lines. Unfortunately, none of these potentially interesting observations has so far
been investigated further. Parallel studies, in which ER has been transfected into EGFR-
positive lines, have also failed to demonstrate conclusively that the ER alone can act to
repress EGFR expression with the overexpressing phenotype in cell lines (17).

ERBB2
In contrast to the cell line studies on EGFR, it has been relatively straightforward to

demonstrate estrogen repression of ERBB2 expression. Two groups first showed that cul-
turing ER-positive breast tumor lines with 1–10 nM E2 led to progressive loss of ERBB2
mRNA and protein (about fourfold over 48 h), and this was reversed on withdrawal of
estrogen or addition of antiestrogens (18,19). Furthermore, similar results could also
be replicated in mouse xenografts (20) and lines with amplified copies of the ERBB2 gene
(21,22). Because ER-positive cells tend to arrest their growth and differentiate in the
absence of estrogen, it was also shown, using other growth modulalory molecules, that
the effect of E2 on ERBB2 levels was specific and not directly related to the growth status
of the cells (23).

These cell line studies have now been extended to examine if the effect of estrogen is
at the level of gene transcription, and what the mechanism may be. Nuclear run experi-
ments have shown that ER-positive cell lines exhibit a 3–4-fold reduced level of ERBB2
transcription when grown in E2, compared to when steroid is withdrawn or antiestrogens
are added to the culture medium (24,25). This level of effect closely mirrors the change
in expression monitored by Northern blots, and indicates that the majority of the effect
of estrogens is indeed at the level of transcription. However, it is more difficult to
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establish whether this is a direct transcriptional response or one requiring the synthesis
of an intermediate factor, i.e., perhaps a labile repressor encoded by a gene stimulated
by the estrogen-bound ER. Cycloheximide blockade of protein synthesis certainly pre-
vented estrogen repression of ERBB2 expression (24), but this could also be explained
by loss of the ER protein itself, which has a half-life of 6 h.

Transcriptional regulation of genes is most commonly found to be at the level of
initiation, and further work has therefore used reporter assays and transient transfection
experiments to search for elements within the ERBB2 gene capable of mediating the
response to estrogen. The author’s studies have led to the conclusion that estrogen repres-
sion of ERBB2 transcription is mediated primarily by an enhancer that maps within the
first intron of the gene (Fig. 1) and overlaps a DNase I hypersensitive site found promi-
nently only in ERBB2-expressing breast lines (25). This enhancer was able to repress
expression from a minimal (to 86) ERBB2 proximal promoter in estrogenic conditions
in ER-positive breast cells and in ER-negative cells, when co-transfected with an ER
expression plasmid. Furthermore, the enhancer was also able to repress the activity of a
heterologous promoter in estrogenic conditions. Consequently, three different types of
transfection experiment demonstrated the importance of this intronic element for estro-
gen repression. In contrast, reporter constructs carrying just 5' flanking sequences (from

86 bp to 6 kbp) failed to reveal an estrogen-related element 5' of the ERBB2 transcrip-
tion start site.

These findings disagree with two other reports (21,24), in which ERBB2 promoter
activity did appear to be suppressed by estrogens. It is likely, however, that this reflects
differences in the experimental systems used. One study examined the rodent neu pro-
moter activity in NIH-3T3 mouse fibroblasts and CV-1 monkey fibroblasts co-transfected
with an ER expression plasmid (21). Because the neu promoter is not well conserved with
its human counterpart, e.g., it lacks a TATA box, this may account for the discrepancy.
The use of fibroblasts, rather than breast epithelial cells, is probably also significant. The
second experimental system also employed the ERBB2 promoter and an ER-positive
breast cancer cell line, but transcriptional repression by estrogens could only be shown
when ER levels were raised further by co-transfection of an ER expression construct (24).
Those authors have more recently (26) localized the estrogen-responsive sequence in their
experiments to the binding site for the transcription factor AP-2, which maps at 213 in
the promoter, relative to the transcriptional start site (27). Because estrogen repression
from promoters lacking AP-2 sites can be seen providing that the intron 1 enhancer is also
present, this observation is again at variance with the author’s work (see below). In the
final analysis, it is possible that both the promoter and the intronic enhancer may be
required for full estrogen repression of ERBB2 expression.

Fig. 1. The diagram shows the 5' end (first 3 exons, numbered) of the ERBB2 gene, with an arrow
marking the major transcriptional start site. The position of the 400 bp XbaI/StuI restriction fragment
within the first intron, which acts as an estrogen-repressible enhancer (25), is indicated with a grey box.
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The author’s recent studies have involved in vitro and in vivo footprinting of the small-
est DNA (400 bp) that retains full enhancer activity. This has allowed mapping of four
(termed FPA–D) transcription factor binding sites within this region (Fig. 2), consistent
with a role as a transcriptional enhancer. Mutagenesis of the individual factor binding
sites has shown that three of the four sites are required for estrogen-regulated enhancer
activity: two sites (FPC and D) play a minor role, and FPB appears to be the major site.
FPC and D bind AP-2 proteins; FPB is related to a cAMP response element sequence and
binds CREB and activating transcription factor (ATF)-1 weakly, but shows a strong inter-
action with a complex that is a heterodimer between ATFa and JunD. Examination of the
DNA-binding activity and phosphorylation status of these factors, in extracts from cells
grown in estrogenic or antiestrogenic conditions, has failed to reveal any changes that
might account for the conditional activity of this enhancer. Therefore, the author has
turned attention to the ER itself, and the current hypothesis is that there is competition
between the ER and factors bound at the intronic enhancer for the recruitment of limiting,
shared co-factors. A number of co-activators have been found to interact with the ER in
a ligand-dependent manner. In estrogenic conditions, the ER might preferentially bind
these co-factors, thus depleting the ERBB2 enhancer and reducing its activity. However,
addition of antiestrogen releases co-activators from the ER, and these may then be avail-
able for recruitment by the enhancer-bound proteins, thereby increasing ERBB2 tran-
scription levels (40).

A number of cell-based studies have also addressed the wider question of whether
expression of ERBB2 in ER-positive cells alters their growth properties. Stable introduc-
tion of an ERBB2 expression plasmid into ER-positive cells seems to result in cells that
may continue to respond to E2 (28), but now fail to arrest their growth in the presence of
tamoxifen (TAM) (28,29). These cells therefore apparently mimic the clinical phenom-
enon of acquired TAM resistance, but this needs to be examined more closely using
clinical material.

DOES ER REGULATE EGFR
AND ERBB2 EXPRESSION IN BREAST TUMORS?

There have been relatively few detailed clinical analyses into how ER may directly
regulate either EGFR or ERBB2 in breast cancers, and the studies that have been carried
out yielded contradictory results. Thus, although highly significant (P = 0.0032) inverse

Fig. 2. Diagram of the 400 bp XbaI/Stu I restriction fragment from the ERBB2 first intron, which
acts as an estrogen-suppressible enhancer. The four footprinting sites, A–D, are indicated with the
names of transcription factors that bind at the various sites, listed below each one in bold. Factors
that bind weakly to FPB are also listed (40).
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relationships between ER and EGFR status can be documented in a series of tumor
specimens (6), this is not corroborated in other studies. For example, when paired samples
were taken from a series of patients before and after short-term (7 d) treatment with the
antiestrogen ICI 182780 (100 nM), ER protein levels were found to fall (P = 0.009), but
levels of EGFR were unaltered (30), when they might have been expected to rise.

There have been several clinical correlations between ERBB2 expression and a poor
response to endocrine therapy in both node-positive (31,32) and node-negative (33)
disease. This has led to the idea that ERBB2 may contribute to the phenomenon of TAM
resistance. However, this is a highly controversial area, and one recent study (34) exam-
ining ER-positive patients only (i.e., ones more likely to respond to TAM therapy) found
that, although ERBB2 positivity was again associated with lower ER values, there was
no link with a poorer response to TAM or a more aggressive clinical course. Conse-
quently, it would be an advantage to more directly examine the effect of antiestrogen
treatment on the ERBB2 status in clinical samples. This has been attempted in two studies
in which ERBB2 levels in tumor samples from small patient groups were examined pre-
and post-short-term (2–3 wk), preoperative TAM treatment. In the first of these, ERBB2
levels were not significantly altered in the ER-positive cases, but they were unexpectedly
reduced in the ER-negative tumors (35). The second study did find significant upreg-
ulation of ERBB2 expression in TAM-treated, ER-positive samples, and the pattern of
ERBB2 immunoreactivity observed was consistent with the activation of a single copy
gene (36). Obviously, the second study more closely reflects the findings in cultured cells
and the conclusions from the majority of the clinical studies, but both of these reports
suffer from low patient numbers and limited treatment times.

Also at issue is the nature of the phenomenon being studied. TAM resistance has two
manifestations: de novo resistance, in which patients never respond, and acquired resis-
tance, in which an initial response is followed by a relapse while on therapy. There is also
a third scenario, in which adjuvant TAM, given postoperatively, is followed by relapse,
usually at a distant site, which may reflect either de novo or acquired resistance. A recent
study (37) has examined EGFR and ERBB2 expression in patients separated into groups
based on the nature of their response to TAM. Interestingly, there was a correlation
between the expression of either receptor with de novo resistance, with the patients express-
ing either ERBB2 and/or EGFR having a much poorer chance of response than double
negatives (P = 0.0039). However, the data argued against the expression of either recep-
tor playing a role in acquired resistance (37).

DISCUSSION

Many of the studies examining the relationship between the expression of these recep-
tor kinases and the ER in breast tumors and derived cell lines have been done in an attempt
to find a molecular basis for the apparent progression of breast disease. The acquired
expression of growth hormone receptors could thus provide an attractive explanation for
how the cells become hormone-independent for growth. However, the concept of tumor
progression itself is controversial, with several observers providing persuasive argu-
ments that ER status does not actually alter at all and tumors are either positive or negative
from the outset, arising by completely separate mechanisms (38; Chapter 4). Given this
background, it is thus not surprising that the question of whether ER can modulate EGFR
and ERBB2 expression is still unresolved.
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Overall, there is perhaps more evidence, both from clinical material and cell lines, that
expression of ERBB2 is more likely than EGFR to be genuinely downregulated by the
estrogen-bound ER. However, in both cases, the models being examined may be too
simplistic, and thus the final interpretation of the data could be confounded. Certainly,
there is evidence that EGFR may be regulated differently in ER-positive vs –negative
cells (26). Moreover, the expression in the same cells of potential ligands and/or dimer-
ization partners for both receptors must also be considered. Thus, it has been shown that
transcription of the ERBB3 family member can also be downregulated by estrogens, and
apparently upregulated by antiestrogen (25). ERBB3 and ERBB2 are thought to form
preferential dimerization partners in breast epithelia for the binding of their ligands, the
neuregulins, and they are also known to cooperate in in vitro transformation assays (39).
Given their similar response to antiestrogens, it is therefore possible that tumors with dual
expression of these two proteins may have a completely different prognosis and response
to therapy from ones that express just one of them. However, this aspect, particularly with
reference to ER status, has not been examined in clinical material, to date.

Consequently, more detailed analyses of clinical specimens, particularly of samples
from patients before and after antiestrogen treatment, need to be performed. to determine
if estrogens can really regulate EGFR and ERBB2 expression. This has become a pressing
issue, given the publicity that has surrounded the administration of TAM prophylatically
to women with a genetic predisposition to breast cancer. If these women are to be
properly counseled about the relative risks of their genetic inheritance vs the possible side
effects of the long-term use of this drug, then it is vital to determine the true in vivo effect
of estrogens on the expression levels of these proto-oncogenes.
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INTRODUCTION

In 1936, Lacassagne (1) suggested that, if breast cancer (BC) was caused by a special
hereditary sensitivity to estrogen, then an antagonist to estrogen action could be used to
prevent the disease. However, at the time, there was no antagonist to estrogen action,
other than oophorectomy.

In 1962, Jensen and Jacobson (2) described the selective binding and retention of
radiolabeled estradiol in the estrogen target tissues of the immature rat.  Jensen reasoned
that estrogen action required an estrogen receptor (ER) in its target tissue. The ER was
subsequently isolated as a soluble protein by Gorski’s group (3,4), and both Jensen (5)
and Gorski (6) developed subcellular models to describe how estrogen could initiate
estrogen action in the nucleus of target cells. However, Jensen took the concept one step
further by suggesting that the measurement of the ER in breast tumors could be used
to identify hormone-responsive BCs for endocrine therapy (7). This work, in the 1960s
and 1970s, can now be viewed as an example of successful translational research in
endocrinology (8).
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The discovery of the ER as the mechanism of estrogen action in target tissues by
Jensen, and the use of ER assays to predict the hormone sensitivity of breast tumors (7),
also opened the door to therapeutic opportunities. Nonsteroidal antiestrogens block estro-
gen action, but were initially evaluated for a variety of clinical applications. One com-
pound, ICI 46,474, the trans isomer of a substituted triphenylethylene, was discovered
during research on infertility (9,10), and was initially marketed as a profertility drug (11).
ICI 46,474 blocked estrogen action in the rat uterus and vagina, and produced an effective
contraceptive effect in rodents. One of the discoverers of ICI 46,474, the late Dr. Arthur
Walpole at ICI Pharmaceuticals division (now Zeneca), was the head of the fertility
control program, but promoted the testing of ICI 46,474 as a treatment for advanced BC
(12). However, the development of the drug over the next 20 yr led to the selection of
tamoxifen (TAM) (ICI 46,474) as the endocrine agent of choice for the treatment of all
stages of BC.

TAM is a triumph of rational clinical testing based on successful translational research.
Principles, established in the laboratory over the past 30 yr, can now be evaluated for their
benefit in lives saved. Through this process, progress can be measured and new agents can
be evaluated, through the same method of translational research, to predict whether an
advantage can be anticipated over and above the gold standard, TAM.

TAM AS AN ANTITUMOR AGENT

TAM is the endocrine agent of choice for the treatment of all stages of BC. However,
two features of the drug have set it apart from other anticancer agents. First, adjuvant
TAM is the only single agent that confers a survival advantage with a minimum of side
effects. Second, women who have had one BC are at increased risk for a second BC in
the opposite breast, but TAM is the only agent that has been shown to decrease the inci-
dence of contralateral BC. The process of proving the efficacy of TAM has involved num-
erous randomized clinical trials, with different designs (plus/minus chemotherapy) in
different countries over the past twenty 20 yr. Fortunately, it is now easy to evaluate the
impact of TAM as a BC therapy. All of the world’s randomized clinical trials are period-
ically reviewed at Oxford, and the resulting reports provide clinicians with an overview
analysis as a guide for the standards of patient care.

The 1998 Oxford Overview Analysis (13) involved any randomized trial that was
started before 1990. The analysis included 55 trials of adjuvant TAM vs no TAM before
recurrence. The study population was 37,000 women, thus comprising 87% of world evi-
dence. Of these women, fewer than 8000 had a very low or zero level of ER, and 18,000
were classified as ER-positive. The remaining nearly 12,000 women were unknown for ER,
but it is estimated that two-thirds would be ER-positive. The 10-yr analysis was therefore
able to establish response rates based on receptor status, the effect of age on response,
the impact of the duration of therapy on decreases in death rate, and the impact on contra-
lateral BC. Contralateral BC incidence is a surrogate end point for the prevention of BC.

The overview shows that the proportional mortality reductions were similar for women
with node-positive or -negative disease. However, the absolute reductions in mortality
were much greater in node-positive than -negative disease. Additionally, patients with
ER-positive disease have an increased reduction in death rate with longer duration of
TAM treatment; patients who are ER-negative do not benefit from TAM, regardless of
the duration of therapy.
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This clinical trial database (13) was also used to answer the questions raised over the
past two decades by laboratory results and hypotheses. In the 1970s, three laboratory
observations (14,15) emerged that merited evaluation in clinical trial: TAM blocks estro-
gen binding to the ER, so that patients with ER-positive disease would be more likely to
respond than those with ER-negative disease. TAM prevents mammary cancer in rats
(13,14), so that the drug could reduce the incidence of primary BC; and long-term treat-
ment was better than short-term treatment to prevent rat mammary carcinogenesis, so
longer adjuvant therapy with TAM should be superior to short-term adjuvant therapy
(15–17), i.e., 5 yr of TAM should be superior to 1 yr of TAM. In summary, the Overview
Analysis provides compelling clinical evidence for the value of TAM as a therapeutic
agent.

ER STATUS AND DURATION OF TAM

The ER status of a patient is highly predictive of a treatment response to long-term
TAM therapy. The treatment effect, based on receptor status, is is summarized in Table 1.
The recurrence reductions produced by TAM in ER-positive patients are all highly signif-
icant (2 P < 0.00001), and the trend between them is also highly significant ( 2 = 45.5, 2 P
< 0.00001). By contrast, the therapeutic effect of TAM on ER-negative patients is mini-
mal. Additionally, the question could be asked, does more ER give a better response to
TAM? In the trials of about 5 yr of TAM, the proportional reductions of recurrence were
43 ± 5% and 60 ± 6% for patients with below or above 100 fmol/mg cystol protein. This
translated to a reduction in mortality of 23 ± 6% and 36 ± 7% , respectively. Clearly, one
can conclude that ER is a powerful predictor of TAM response, a conclusion consistent
with TAM’s proven mechanism of action as an estrogen antagonist in BC (18).

The Overview Analysis also provides unequivocal proof of the laboratory principle
(15–17) that longer adjuvant TAM therapy was predicted to provide more benefit. Five
yr of TAM was superior to 2 yr or 1 yr in the population of pre- and postmenopausal
women, which excluded known ER-poor patients. TAM was virtually without benefit
in ER poor patients (Fig. 1). The duration of TAM was critical for ER-positive women
who were premenopausal. One yr of TAM was without benefit, but 5 yr of adjuvant TAM

Table 1
Comparison of Proportional Risk Reduction

of Adjuvant TAM Therapy Based on ER Status

Percent reduction in Percent reduction in
Estrogen receptor poor recurrence rates (±SD) death rates (±SD)

Duration of TAM (yr)
1 6 ± 8 6 ± 8
2 13 ± 5 7 ± 5
5 6 ± 11 3 ± 11
Estrogen receptor positive
1 21 ± 5 14 ± 5
2 28 ± 3 18 ± 4
5 50 ± 4 28 ± 5

Nearly 8000 patients are ER poor and 18,000 patients ER-positive. Adapted with
permission from ref. 13.



82 Yao and Jordan

produced the same proportional benefits in pre- and postmenopausal women. The power-
ful benefit of increasing the duration of TAM in premenopausal patients is illustrated in
Fig. 2. It is also important to point out that the reduction of death rates in women under
50 yr of age and over 60 yr of age, treated with 5 yr of TAM, is identical, at around 33%
(Table 2). By contrast, the effect of TAM duration on women over the age of 60 yr is less

Fig. 1. Reduction of death rate in all ER-positive patients based on the duration of adjuvant TAM
therapy (solid black histograms). By contrast, ER-poor patients (grey histogram) have little benefit
from TAM. Adapted with permission from ref. 13.

Fig. 2. Relationship between the duration of adjuvant TAM therapy in ER-positive premenopausal
patients and reduction in recurrence and death rate. Longer duration has a dramatic effect on patient
survival. Adapted with permission from ref. 13.
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dramatic, because 1 yr of TAM is much more effective in postmenopausal women. These
data are illustrated in Table 2, which shows a 2–3-fold increase in the effectiveness of
TAM by increasing the duration from 1 to 5 yr; there is a 20-fold increase in TAM’s effec-
tiveness for premenopausal women with an increased duration of 1–5 yr (Fig. 2).

CONTRALATERAL BC

TAM consistently reduced the risk of contralateral BC, independent of age, in the Over-
view Analysis. Moreover, extending the duration of TAM has an increasing benefit on
the decreasing incidence of contralateral (new) BC. These data are illustrated in Fig. 3,
and show that 1 yr of TAM produces only a 13% (SD 13) in the proportional reduction
in contralateral BC, but 5 yr of TAM produces a 47% (SD 9) reduction However, the benefit
of TAM is maintained until 10 yr after the diagnosis of the first BC, i.e., TAM administered
as a five-yr pulse, confers long-term breast protection for the 5 yr after treatment stops.
These data have important implications for the prevention BC in well women, because
long-term benefit must accrue from the random application of preventive application.

Table 2
Proportional Risk Reductions

in 60–69-yr-old Women When the Known ER Poor Patients are Excluded

Percent reduction in Percent reduction in
Duration of TAM (yr) recurrence rates (±SD) death rates (±SD)

1 26 ± 6 12 ± 6
2 33 ± 3 12 ± 6
5 54 ± 5 33 ± 6

The duration of TAM is 1, 2, or 5 yr. Adapted with permission from ref. 13.

Fig. 3. Relationship between the duration of adjuvant TAM and the reduction in contralateral BC
(white histogram). Longer duration is clearly superior and 5 yr of TAM produces a 47% reduction
in contralateral BC. Adapted with permission from ref. 13.
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Finally, the proportional reduction in contralateral BC appears to be similar in women
with ER-poor tumors (29 ± 15%), compared with the rest of the study population (30 ± 6%).
This is an important result for the potential application of TAM for the reduction of
contralateral BC in the woman with a primary BC that is unequivocally ER-negative.

ENDOMETRIAL CANCER

The overall increase in the incidence of endometrial cancer was 2–3-fold in the Over-
view Analysis. There was no association with dose; however, there was a suggestion that
1 and 2 yr of TAM doubled the incidence of endometrial cancer, and 5 yr quadrupled
incidence. However, the side effect is so rare (i.e., the numbers are very small) that the
ratios are not significantly different from one another for each duration of TAM. It is,
however, important to state that the absolute increase in endometrial cancer was only half
as big as the absolute decrease in contralateral BC.

The Overview Analysis was able to identify 3673 women who took 5 yr of adjuvant
TAM. With 26,400 woman-years of follow-up before BC recurrence in this group, there
were seven endometrial cancer deaths. It is estimated that, during the whole first decade,
the cumulative risk was 2 deaths per 1000 women. It is important to state that the current
knowledge about the association of TAM with endometrial cancer will improve these
statistics. In general, the reported trials were conducted without awareness of the endo-
metrial side effects of TAM. This is no longer the situation, and early detection will improve
mortality figures associated with TAM.

CONCLUSIONS

TAM has been extensively tested in clinical trials of adjuvant therapy for 20 yr. It is
clear that TAM benefits the treatment of BC unlike anly other breast cancer agent, as
demonstrated in the recent Overview Analysis (Table 3). The value of a long duration of
treatment is most important for the premenopausal patient (Fig. 2). This latter finding is
new, because the results for premenopausal women could not be ascertained with cer-
tainty in earlier overviews. The Oxford Overview Analysis has established the veracity
of the laboratory concepts that TAM would be most effective in ER-positive disease,
longer duration would be more beneficial, and TAM would prevent primary BC, in this
case contralateral disease.

Overall, the absolute improvement in recurrence was greater during the first 5 yr
following surgery, but improvement in survival increased steadily throughout the first

Table 3
Results of the 1998 Overview Analysis

Decreased mortality in node-negative Decreased contralateral BC in pre- and post-
and -positive patients menopausal women

Decreased recurrence and mortality in • Longer TAM therapy has increasing
ER-positive patients    benefit on decreasing contralateral

• No significant effect in ER-negative patients    cancers
5 yr of TAM superior to 1 or 2 yr Increased incidence of endometrial cancer

• Greater effect seen for premenopausal women
Benefit of TAM is maintained out to 10 yr

The analysis includes 55 trials of adjuvant TAM vs no TAM before recurrence. The study population was
37,000 women. Adapted with permission from ref. 13.
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10 yr. There is an accumulation of the tumoristatic/tumoricidal actions of TAM for at
least the first 5 yr of treatment, but the benefit continues after therapy stops. This is also
true for the reduction in contralateral BC; the breast seems to be protected, so that the
value remains after therapy stops. This observation is important for the application of
TAM as a preventive, because a 5-yr pulse of TAM would be expected to protect a woman
from BC for many years afterwards.

Finally, the risk:benefit ratio of TAM therapy can be stated to be strongly in the benefit
category. The risk of endometrial cancer, a concept derived from laboratory studies (19),
is of concern, but the benefits clearly outweigh the risks. In contrast, early concerns about
the carcinogenic effects of TAM in the rat liver do not translate to the clinic, because there
is no evidence from the Overview Analysis of an increase in either liver or colorectal
cancer in patients who take TAM (13).

BIOLOGICAL BASIS FOR TAM AS BC PREVENTIVE

Knowledge obtained over the past 25 yr converged to make the choice of testing TAM
in well women a logical extension of clinical experience. TAM was selected for testing
based on animal studies that demonstrated it could prevent carcinogenesis, an extensive
clinical experience that showed few serious side effects, a beneficial profile of estrogen-
like action in maintaining bone density, reducing circulating cholesterol. The fact that
TAM was already known to reduce the incidence of contralateral BC made the drug the
primary agent to test in high-risk women.

Animal Models
TAM prevents rat mammaty carcinogenesis induced by 1,2-dimethylbenz[a]anthra-

cene (DMBA), N-methyl-N-nitrosourea (NMU), and ionizing radiation (16,17,20,21), and
long-term treatment prevents spontaneous carcinogenesis in C3WOUJ mice infected
with mouse mammary tumor virus (22). The latter result is of interest, because TAM is
classified as an estrogen in the uterus and vagina of the mouse (23,24). This again illu-
strates the target-site specificity of TAM.

Bones
TAM maintains bone density in the ovariectomized rat (25,26), and these observations

have been translated to clinical trial. Sporadic reports (27,28) and placebo-controlled
randomized trials (29,30) demonstrate that TAM can increase bone density, in the lumbar
spine, forearm, and neck of the femur, by 1–2%. Although the increases are modest, com-
pared to the results obtained with estrogen use or bis-phosphonates ( 5% increase in
bone density), TAM produced a significant decrease in hip and wrist fractures as a secon-
dary end point in the BC prevention trial (31).

Lipids
TAM reduces circulating cholesterol (32,33). Low-density lipoprotein (LDL) choles-

terol is reduced by about 15%, but high-density lipoprotein (HDL) cholesterol is main-
tained. It is hypothesized that the magnitude of the decrease in circulating cholesterol is
a good surrogate marker for protection from coronary heart disease (CHD) and athero-
sclerosis. In this regard, there is evidence that woman who have been treated with 5 yr
of adjuvant TAM for BC have a reduced incidence of fatal myocardial infarction (34,35).
Additionally, longer treatment (5 yr) appears to be superior to shorter treatment (2 yr) in
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reducing the number of hospital admissions for any cardiac condition (36). Conversely,
a large study in the United States of 5 yr or more of TAM, for the adjuvant treatment of
BC, found no statistically significant evidence for the protection of women from CHD
(37). Nevertheless, the incidence of CHD doubled, once TAM treatment was stopped,
and there was no evidence for a detrimental effect of TAM, i.e., TAM did not increase
the rate of CHD in pre- or postmenopausal women.

Uterus
It is well known that TAM produces a partial agonist action in the rat uterus (23), but

the histology is different than the epithelial hyperplasia noted with estradiol (38). A
variety of endometrial changes occur in unselected populations of woman (39). The most
significant finding is an increase in the stromal component, rather than endometrial
hyperplasia (40,41). Despite the fact that TAM has been used to treat endometrial cancer,
the laboratory data suggesting that TAM has the potential to encourage the growth of pre-
existing disease harbored in the uterus (19–42) provoked an intense investigation of the
rates of detection of endometrial cancer in women using adjuvant TAM treatment for BC.
These data have been reviewed (44), and it is clear that TAM does not cause an excess
of endometrial cancer in premenopausal women, but does increase risk by 3–4-fold in
postmenopausal women. This is consistent with the fact that women harbor 4–5 the
level of endometrial cancer than is detected clinically (44). In other words, the increase
in the detection of endometrial cancer from 1/1000 women per year to 3/1000 women per
year is consistent with the known rate of occult disease. The stage and grade of endome-
trial cancer observed in women taking TAM is the same as the general population (45).

PREVENTION OF BC WITH TAM

This subheading explores progress that has been achieved in the last decade to answer
the question, Does TAM have worth in the prevention of BC in high-risk women? Two
studies have addressed this question: The Royal Marsden Pilot Study and the National
Surgical Adjuvant Breast and Bowel Project (NSABP) Protocol P-1. Additionally, an
Italian report of the efficacy of TAM in a small number of low risk women (approx 5000)
has been published. A comparison of patient characteristics in each trial is outlined in
Table 4.

Royal Marsden Pilot Study
Powles et al. (46) recruited high-risk women aged 30–70 yr to a placebo-controlled

trial using 20 mg TAM daily for up to 8 yr. Women were eligible if their risk of BC was
increased because of family history (involving a first-degree relative). Women with a
history of benign breast biopsy and an affected first-degree relative of any age were also
eligible. A total of 2494 women consented to participate in the study, and 23 were
excluded from final analysis, because of the presence of pre-existing ductal carcinoma
in situ (DCIS) or invasive breast carcinoma (47). The trial was undertaken to evaluate the
problems of accrual, acute symptomatic toxicity, compliance, and safety as a basis for
subsequent large national, multicenter trials designed to test  whether TAM can prevent
BC. However, the trial has also been analyzed for BC incidence (47). The stated goal of
this pilot study was to act as a vanguard for a 20,000-volunteer trial throughout the UK
and Australia. The national study is still ongoing, but the recruitment goal has been cut
to 12,000.
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Acute symptomatic toxicity was low for participants on TAM or placebo in the vangard
study, and compliance remained correspondingly high: 77% of women on TAM and 82%
of women on placeco remained on medication at 5 yr. There was a significant increase
in hot flashes (34 vs 20%), mostly in premenopausal women (P < 0.005); vaginal dis-
charge (16 vs 4%; P < 0.005); and menstrual irregularities (14 vs. 9%; P < 0.005), respec-
tively. At the most recent followup, 320 women had discontinued TAM and 176 had
discontinued placebo prior to the study’s completion (P < 0.005).

Until their report in 1994, (48), the Marsden group observed no thromboembolic
episodes; at 70 mo, no significant difference in the incidence of deep vein thrombosis or
pulmonary embolism was observed between groups. A significant fall in total plasma
cholesterol occurred within 3 mo, and was sustained over 5 yr of treatment (49–51). The
decrease affected LDLs, with no change in HDL cholesterol.

In contrast, TAM exerted estrogenic effects on bone density, depending on meno-
pausal status. In premenopausal women, early findings demonstrated a small but signifi-
cant (P < 0.05) loss of bone in both the lumbar spine and hip at 3 yr (49). In contrast,
postmenopausal women had increased bone mineral density in the spine (P < 0.005) and
hip (P < 0.001), compared to untreated women.

Finally, the Marsden group has made an extensive study of endometrial complications
associated with TAM treatment in healthy women. Because uterine assessment by trans-
vaginal ultrasound became available sometime after the trial’s start, many subjects did
not have a baseline evaluation. A careful examination of the uterus with transvaginal ultra-
sonography, using color Doppler imaging in women taking TAM, showed that the organ
was usually larger; moreover, women with sonographic abnormalities had significantly
thicker endometria (52). Recent observation (41) shows that 20 mg TAM daily caused a
time-dependent proliferation of the endometrium in premenopausal and early postmeno-
pausal women. This effect appeared to be mediated by the stromal component, since no
cases of cancer, or even epithelial hyperplasia, were observed among the TAM-treated
group in this Italian study with 33 women (41).

Although the Marsden study has provided invaluable information about the biological
effects of TAM in healthy women, the trial was not designed to answer the question of
whether TAM prevents BC. Despite this, an analysis of BC incidence was reported at a
median follow-up of 70 mo, when 42% of the participants had completed therapy or

Table 4
Comparison of Patient Characteristics in TAM Prevention Trials

Characteristic NSABP Royal Marsden Italian

Sample size 13,388 2471 5408
Women years of follow-up 46,858 12,355 5408
Patients <50 yr old 40% 62% 36%
First degree relative with BC 40% 62% 36%
Use of HRT 0% 42% 8%
Percent of women having 0% 0% 48%

bilateral oophorectomy
BC events 368 62 41
BC incidence/1000

Placebo 6.7 5.5 2.3
TAM 3.4 4.7 2.1
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withdrawn (47). During the study, 336 women on TAM and 305 on placebo received hor-
mone-replacement therapy (HRT), No difference in the incidence of BC was observed
between the groups. There were 34 carcinomas in the TAM group and 36 in the placebo
group, for a relative risk of 0.98. Of the 70 cancers, only eight were DCIS. An analysis
of the subset of women on HRT did not demonstrate an interaction with TAM treatment.

NSABP/NCI Study
This study opened in the United States and Canada in May 1992 with an accrual goal

of 16,000 women to be recruited at 100 North American sites. It closed after accruing
13,338 in 1997, because of the high-risk status of the participants. Those eligible for a
entry included any woman over the age of 60 yr, or women between the ages of 35 and
59 yr, whose 5-yr risk of developing BC as predicted by the Gail model (53), was equal
to that of a 60-yr-old woman. Additionally, any woman over age 35 yr with a diagnosis
of lobular carcinoma in situ (LCIS) treated by biopsy alone, was eligible for entry to the
study. In the absence of LCIS, the risk factors necessary to enter the study varied with
age, so that a 35-yr-old woman must have had a relative risk (RR) of 5.07; the required
RR for a 45-yr-old woman was 1.79. Routine endometrial biopsies to evaluate the inci-
dence of endometrial carcinoma in both arms of the study were also performed.

The BC risk of women enrolled in the study was extremely high, with no age group
having an RR of less than 4, including the over-60-yr group. Recruitment was also
balanced, with about one-third younger than 50-yr, one-third between 50 and 60 yr, and
one-third older than 60 yr. Secondary end points of the study included the effect of TAM
on the incidence of fractures and cardiovascular deaths. The study plans to provide the
first prospective information about the role of genetic markers in the etiology of BC. It
will also establish whether TAM has a role to play in the treatment of women who are
found to carry somatic mutations in the BRCA1 gene. Laboratory results are not yet
available.

The first results of the NSABP study were reported m September 1998, after a mean
follow-up of 47,7 mo (31). There were a total of 368 invasive and noninvasive BCs in the
participants: 124 in the TAM group and 224 in the placebo group. A 49% reduction in
the risk of invasive BC was seen in the TAM group, and a 50% reduction in the risk of
noninvasive BC was observed. A subset analysis of women, at risk because of a diagnosis
of LCIS, demonstrated a 56% reduction in this group (Fig. 4) The most dramatic reduc-
tion was seen in women at risk because of atypical hyperplasia, in whom risk was reduced
by 86% (Fig. 4).

The benefits of TAM were observed in all age groups, with a relative risk of BC ranging
from 0.45 in women aged 60 yr and older to 0.49 for those in the 50–59 yr age group, and
0.56 for women aged 49 yr and younger (Fig. 5). A benefit for TAM was also observed
for women with all levels of BC risk within the study, indicating that the benefits of TAM
are not confined to a particular lower risk or higher risk subset (Fig. 6). Benefits were
observed in women at risk on the basis of family history and in those whose risk resulted
from other factors.

As expected, the effect of TAM was seen on the incidence of ER-positive tumors,
which was reduced by 69%/yr. The rate of ER-negative tumors in the TAM group (1.46/
1000 women) did not significantly differ from the placebo group (1.20/1000 women).
TAM reduced the rate of invasive cancers of all sizes, but the greatest difference between
the groups was in the incidence of tumors 2.0 cm in size or less. TAM also reduced the
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incidence of both node-positive and -negative BC. The beneficial effects of TAM were
observed for each year of follow-up in the study. After yr 1, the risk was reduced by 33%,
and, in yr 5, by 69%.

TAM also reduced the overall incidence of osteoporotic fractures of the hip, spine,
and radius by 19%. However, the difference approached, but did not reach, statistical

Fig. 4. Reduction in the incidence of BC of women with lobular carcinoma in situ (LCIS) and with
prior diagnosis of atypical hyperplasia. Adapted with permission from ref. 31.

Fig. 5. Overall reduction in invasive BC observed in women at high risk for the disease, recruited
to receive either TAM (20 mg daily) or placebo. For all women the number of BC was 175 women
in the placebo group vs 89 women in the TAM group. The women were also subdivided into age
groups and the same percentage reduction in the incidence of BC was observed. Adapted with
permission from ref. 31.
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significance. This reduction was greatest in women aged 50 yr and older at study entry.
No difference in the risk ofmyocardial infarction, angina, coronary artery bypass graft-
ing, or angioplasty was noted between groups.

This study confirmed the association between TAM and endometrial carcinoma. TAM-
treated patients had a higher incidence of endometrial carcinoma, but this effect was seen
mostly in the postmenopausal patients (Fig. 7). The relative risk of endometrial cancer
in the TAM group was 2.5. The increased risk was seen in women aged 50 yr and older,
whose relative risk was 4.01. All endometrial cancers in the TAM group were grade 1,
and none of the women on TAM died of endometrial cancer. There was one endometrial
cancer death in the placebo group. Although there is no doubt that TAM increases the risk
of endometrial cancer, this increase translates to an incidence of 2.3/1000 women per
year who develop endometrial carcinoma.

More women in the TAM group developed deep vein thrombosis (DVT) than in the
placebo group. Again, this excess risk was confined to women aged 50 yr and older. The
relative risk of DYT in the older age group was 1.71, (95% CI 0.85–3.58). An increase
in pulmonary emboli was also seen in the older women taking TAM, with a relative risk
of approx 3. Three deaths from pulmonary emboli occurred in the TAM arm, but all were
in women with significant comorbidities. An increase incidence of stroke (RR 1.75) was
also seen in the TAM group, but this did not reach statistical significance.

An assessment of quality of life showed no difference in depression scores between
groups. Hot flashes were noted in 81% of the women on TAM compared to 69% of the
placebo group, and the TAM-associated hot flashes appeared to be of no greater severity
than those in the placebo group. Moderately bothersome or severe vaginal discharge was
reported by 29% of the women in the TAM group and 13% in the placebo group.

Italian Study
The third TAM prevention study, performed in Italy, began in October 1992, and ran-

domized 5408 women aged 35–70 yr to 20 mg TAM daily for 5 yr (54). Women were

Fig. 6. Reduction in the incidence of BC in the TAM prevention trial based on the calculated risk
of developing the disease. Adapted with permission from ref. 31.
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required to have had a hysterectomy for a nonneoplastic condition, to obviate concerns
about an increased risk of endometrial carcinoma. There was no requirement that partici-
pants be at risk for BC development, and, in fact, whose who underwent premenopausal
oophorectomy with hysterectomy actually had a slightly reduced risk of BC develop-
ment. Women with endometriosis, cardiac disease, and OVT were excluded from the
study. Although 5408 women were randomized into this study, 1422 withdrew and only
149 completed 5 yr of treatment.

The incidence of BC did not differ between groups, with 19 cases in the TAM group
and 22 in the placebo group. Tumor characteristics, including size, grade, lymph node
status, and receptor status, also did not differ between groups.

The incidence of thrombophlebitis was increased in the TAM group. A total of 64
events were reported: 38 in the TAM group and 18 in the placebo group (P = 0.0053).
However, 42 of these were superficial phlebitis. No differences in the incidence of cere-
brovascular ischemic events were observed.

Conclusions
Based on a single trial with a positive result and two with negative results, it may seem,

at first glance, that the role of TAM in BC prevention remains unresolved. However,
critical differences exist among these three studies (see characteristics in Table 5).

The negative finding in the Italian study (54) is readily explained by the relatively low
risk of BC development in the study population, the high dropout rate, and the small
number of participants who completed 5 yr of treatment. At present, the only conclusion
that can be drawn from this study is that TAM’s possible benefits are likely to be small
in women with an average or decreased risk of BC.

The Royal Marsden study was initially described as a pilot study to examine toxicity
and compliance (46,48,51), which would serve as a feasibility assessment for a large trial

Fig. 7. The number of endometrial cancers in the TAM prevention trial. The increase in response
to TAM incidence is seen in postmenopausal women, but not in premenopausal women. Adapted
with permission from ref. 31.
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to determine if TAM prevents BC. Despite being designed as a pilot study, the trial is now
said to have a 90% power to detect a 50% reduction in BC incidence, yet shows no effect
(47). The authors suggest that the positive results of the NSABP trial at 3.5 yr follow-up
probably result from the treatment of clinically occult carcinoma, rather than the preven-
tion of new BCs. However, of the 368 total cancers in the NSABP study (31),104 (28%)
were DCIS, compared to 11% of the 70 cancers in the Royal Marsden study. The higher
percentage of DCIS in the NSABP trial indicates that the detection of subclinical cancers
occurred, and that any treated occult cancer was not truly amenable to detection by cur-
rently available means. Whether occult carcinoma was treated, or whether true preven-
tion occurred, a significantly greater number of women were spared surgery, irradiation,
and chemotherapy.

Overall, the results of the NSABP trial (31), with its large study population, clearly
support the benefit of TAM for BC prevention in high-risk women. These findings are
consistent with laboratory observations and with the contralateral BC risk reduction seen
with TAM therapy. TAM was approved in 1998 for the reduction of risk in pre- and post-
menopausal women with a high risk of BC. The results of the NSABP prevention trial
have established TAM as the standard of care, but opened the door for the evaluation of
other agents in clinical trial.

RALOXIFENE

Raloxifene (originally named keoxifene, or LY 156758 [58]) was discovered as part of
the BC program at the laboratories of Eli Lilly in Indianapolis. The drug has a high bind-
ing affinity for ER (55,56), primarily because it has strategically located phenolic groups.
It is a member of the selective estrogen receptor modulator (SERM) group of antiestro-
gens, because it has been found to carry antiestrogenic activity in the breast and uterus
and estrogenic action on the bones. Raloxifene’s characteristics are listed in Table 5.

Antitumor Action
Raloxifene inhibits the growth of DMBA-induced rat mammary carcinomata (57), but,

dose for dose, TAM is more effective (Fig. 8). A small study of 18 ER-positive patients,
with previously untreated metastatic disease, showed modest response rates of 30%, with
a dose of 300 mg daily (58). The key issue, which has not yet been addressed, is cross-
resistance between raloxifene and TAM. More important, for the proposed evaluation as
a preventative, raloxifene reduces the incidence of NMU-induced tumors (59,60), if
given after the carcinogen but before the appearance of palpable tumors (Fig. 8). How-
ever, as would be anticipated with a drug that has a short biological half-life, raloxifene
is not superior to TAM at equivalent doses (59). There is no doubt that raloxifene and its
analogs are effective and potent inhibitors of the growth of BC cells in culture (61,62), but

Table 5
Characteristics of Raloxifene

Decrease spine fractures, maintains bone density
Decreases LDL cholesterol
Decreased incidence of BC (preliminary results)
Less estrogenicity in the uterus than TAM
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the complication of first pass metabolism in vivo reduces potency. For this reason, doses
above 60 mg raloxifene daily have been tested in clinical trial to prevent osteoporosis.

Based on the hypothesis that raloxifene could reduce the incidence of BC as a benefi-
cial side effect of the prevention of osteoporosis (63), the placebo-controlled trials with
raloxifene have been monitored. There are two separate databases to test the hypothesis.
First, an ongoing single trial entitled “Multiple Outcomes of Raloxifene Evaluation” has
randomized 7704 postmenopausal women (mean age 66.5 yr), who had osteoporosis (hip
or spine bone density at least 2.5 SD below normal mean, or had vertebrate fractures) and
no history of BC or endometrial cancer, to placebo or to 60 or 120 mg raloxifene daily.
Results at 2 yr, with a total of 32 cases of BC confirmed, indicate a 70% reduction in the
risk of BC (64). The second data base pools all placebo-controlled trials, and includes
10,553 women monitored for 3 yr. In this group, a 54% reduction in the incidence of BC
in the raloxifene-treated patients is observed (65,66). As was noted in the TAM study,
raloxifene reduces the incidence of ER-positive BC, and has no effect on the incidence
of ER-negative BC. It should be pointed out that the data from the raloxifine study actu-
ally represent three groups; one placebo control and two doses of raloxifene, 60 and 120
mg daily. Because the raloxifene data are pooled and represented in the abstracts as a
percent of control, the events that can be calculated are artificially high. However, the
result with raloxifene is strong preliminary data as a basis for the Study of Tamoxifen And
Raloxifene (STAR), which is comparing TAM, the standard of care, with the test drug
raloxifene in women with a high-risk for BC (67).

Bones
Raloxifene can maintain bone density in ovariectomized rats (25,67–73). Raloxifene

increases bone density by 2.4 ± 0.4% in the lumber spine and 2.4 ± 0.4% for the total hip
(68). Although the percent increases in bone density are not as high as would be anticipated

Fig. 8. Effects of raloxifene on the incidence of rat mammary tumors following the administration
of NMU. Rats were treated with 100 and 500 µg raloxifene daily to prevent mammary carcinogenesis.
Adapted with permission from ref. 59.
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with estrogen or bisphosphonates, it is clear that raloxifene produces a 40% decrease in
spine fractures. There are, however, no reports of a significant decrease in hip fractures
with raloxifene. This contrasts with the 50% decrease noted with TAM in the prevention
study (31), and adds further support for the need to compare and contrast the clinical
endocrinology of TAM and raloxifene in the STAR trial.

Lipids
Raloxifene produces a significant decrease in LDL cholesterol, but HDL cholesterol

remains the same (74,75). Additionally, triglycerides do not rise during raloxifene treat-
ment. Laboratory data from the rabbit (76) strongly supports the value of raloxifene to
prevent atherosclerosis. However, data from primates fed high cholesterol diets do not
show a benefit for raloxifene (76). These results have proved to be controversial (77),
because both HRT and TAM show positive results in the primate model. To address the
issue directly, a prospective randomized clinical trial, Raloxifene Use for the Heart, is
in place to address the question of whether raloxifene has merit for the reduction of risk
for CHD in postmenopausal women with elevated risk factors.

Uterus
Raloxifene and its analogs have low estrogen-like actions in the rat uterus (78,79).

Indeed, the raloxifene analog, LY117018, is able to block (at high doses) the estrogen-
like effect of TAM on the rat uterus (80). However, raloxifene and its analogs cannot be
classified as pure antiestrogens in these tests. There is not a complete lack of uterotropic
properties (81,82), and estrogen-regulated genes, such as the progesterone receptor, are
partially activated (83).

Raloxifene is receiving a rigorous evaluation in the human uterus. This is important,
because the drug is used to treat and prevent osteoporosis. A current evaluation in women
screened to ensure the absence of pre-existing endometrial abnormalities shows that
raloxifene, unlike estrogen, does not increase endometrial thickness (84). Raloxifene
does have less estrogenicity in the uterus than TAM, and it only increases the growth of
human endometrial carcinomas by about 50% of that noted with TAM (85). This, coupled
with the preliminary data with raloxifene as a potential preventive for BC in elderly
women, is sufficient to propose testing against TAM as the current standard of care.

STUDY OF TAM AND RALOXIFENE (STAR)

The STAR trial is a Phase III, double-blind trial that will assign eligible postmeno-
pausal women to either daily TAM (20 mg orally) or raloxifene (60 mg orally) therapy
for 5 yr. Trial participants will also complete a minimum of an additional 2 yr follow-
up after therapy is stopped.

The STAR trial’s primary aim is to determine whether long-term therapy is effective
in preventing the occurrence of invasive BC in postmenopausal women who are identi-
fied as being at high risk for the disease. Table 6 lists the eligibility criteria. The compari-
son will be made to the established drug, TAM. Its secondary aim is to establish the net
effect of raloxifene therapy, by a comparsion of cardiovascular data, fracture data, and
general toxicities, with TAM. It is clear that SERM is similar for TAM and ralaxifene,
but the evaluation of the overall benefits of the agents will be an important new database
on the new antiestrogen. The results from the STAR are anticipated by 2006.
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THE GOAL OF PREVENTION

The idea that BC could be prevented was first proposed by Lassagne (1) in 1936, and
the concept of chemoprevention of cancer was proposed by Sporn in the mid-1970s (86,
87). In 1998, two agents, TAM and raloxifene, which did or had the potential to reduce
the risk of BC, were available to the medical community. Despite enormous progress
through translational research, the prevention of BC is currently surrounded by contro-
versy. The discussion is not whether the clinical trial data are valid, but rather what the results
mean for women. At the heart of the debate lies the definition of prevention. The social
issue has become whether a decrease in the incidence of BC within the time frame of a
generation of clinical trials can be considered prevention.

TAM reduces the incidence of BC by 50% in high-risk women (31) in a single trial that
was stopped at 4 yr. These early results have prompted the argument that this is not
prevention, but the treatment of undetected disease. Indeed, the same argument was made
before the prevention trial started in the United States (88), so the debate is not new. The
term “chemosuppression of BC” was proposed (88) to explain that the incidence would
be suppressed only as long as the drug was administered. In fact, this is the definition of
the prevention of osteoporosis with estrogen. However, this hypothesis may not be correct.
TAM has an unique property of sustained biologic activity that should be studied further.

Data from the Overview Analysis (13) demonstrate a reduction in the incidence of
contralateral BC, which continues for at least another 5 yr after TAM treatment is stopped.
The pharmacologic effect of TAM to reduce the incidence of BC is clearly superior to the
transient effect of estrogen to prevent osteoporosis. The challenge for future clinical
investigations will be to determine how long will be long enough, i.e., extending the
treatment duration for more that 5 yr, to determine the optimal protection from BC.
Clearly, two competing issues will come into play, but cannot be predicted beforehand
without further clinical trials. First, an optimal duration may be found that can prevent
occult BC from growing, but this may be balanced out by the development of resistance
to antiestrogen, resulting in the renewed growth of subclinical disease. It is unclear how
soon antiestrogen resistance will appear, because the only model, thus far, has been adju-
vant therapy to control the recurrence of genetically unstable micrometastatic disease.
It may not be possible to use the model of adjuvant therapy to predict the optimal duration

Table 6
Eligibility Criteria for STAR Trial

1. Postmenopausal women over the age of 60 yr, regardless of their risk level for developing BC.
2. Postmenopausal women with a diagnosis of LCIS.
3. Postmenopausal women between the ages of 35 and 59 yr, who possess risk factors that place

them at high risk for developing BC. Risk determination is based on a computerized calculation
using the modified Gail model previously utilized in the P-1 trial. This group of women must
have a combination of risk factors that increases the risk of developing BC.

These risk factors are based on:
• age
• number of first-degree relatives (mother, daughters, sisters) who have been diagnosed with BC
• whether a women had any children and her age at first delivery
• the number of times a woman has had breast lumps biopsied, especially if the tissue were shown

to have atypical hyperplasia
• the woman’s age at her first menstrual period
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of antiestrogen use to hinder the development of primary disease. However, the issue will
be critical over the next decade, because raloxifene is designed for indefinite use as a
preventive for  osteoporosis. It is only possible, at this point, to guess about the effective-
ness of a long-term preventive strategy for postmenopausal women, because cardiovas-
cular, bone, and cancer risks will all come into play for a woman’s overall quality of life
and, ultimately, longevity. Second, long durations of SERMs may be essential for true
BC prevention during the promotion phase. The resolution of the competing effects of
drug resistance and prevention can only be solved by large clinical trials or by an assess-
ment of risk benefits of SERMs by a future generation of epidemiologists.

Despite the existing uncertainties, the successful translation of laboratory ideas to the
clinic should not be dismissed. Two clinical strategies to reduce the incidence of BC are
now available to women that were not available in 1997. Nevertheless, even though TAM
has been evaluated clinically for two decades, there is still a need for the close monitoring
of well women through their lives. Raloxifene, by contrast, has only been used for about
1 yr in the general population, and therefore requires very close monitoring for long-term
toxicities. Only by testing raloxifene against TAM in the STAR trial can further advances
in preventive therapeutics be established. The promising results with TAM and raloxifene
should be viewed as a single step in the continuing process of BC research.
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INTRODUCTION

In order to establish a role for a hormone in breast cancer (BC), three criteria must first
be met: Specific receptors must be present in or on human BC cells, human BC cells must
respond to the hormone as a mitogen, and a clinical response must be achieved when the
hormone is prevented from binding to its receptors or following hormone ablation. In the
case of estrogen, these three criteria have been met, and its role in human BC is widely
accepted. However, the case for prolactin (PRL) has not been widely accepted, because
the third criterion has been difficult to satisfy. Recent evidence from the author’s and
others’ laboratories has presented a possible explanation that accounts for the difficulty
in establishing the third criterion: Human BC cells synthesize and secrete their own
biologically active PRL. This review examines the three criteria, in order to establish the
validity of a potential role of PRL in human BC, and to explore possible implications in
management of the disease.

CRITERION 1: PRL RECEPTORS

Receptor Forms
PRL receptors (PRLR) belong to the cytokine hematopoietic family of receptors (1).

The members of this superfamily are single-membrane-spanning receptors organized
into three domains comprising an extracellular ligand-binding domain, a hydrophobic
transmembrane domain, and an intracellular domain containing a proline-rich motif.
Both normal and malignant mammary glands contain specific receptors for PRL.
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Three different forms of the PRLR have been defined, which differ in their cytoplas-
mic domain. The long (90 kDa) and short (40 kDa) forms of the receptor differ only in
the length of the cytoplasmic domain (2). They are generated by differential splicing of
a single gene. The intermediate form of the receptor lacks 198 amino acids in its cytoplas-
mic region, and is a deletion mutant of the long form. This form of the receptor is the pre-
dominant form in Nb2 rat lymphoma cells (3). It is more sensitive to PRL, compared to
the other forms, and may be present in some human BCs (4). Both the long and the inter-
mediate forms of the PRLR are able to induce differentiation, as measured by induction
of milk protein gene expression (5). The short form of the receptor acts as a negative
regulator of PRL-induced differentiation (6). All three forms induce mitogenesis (7,8).

PRLRs in Human BC
By specific binding assays, PRLRs have been demonstrated in over 70% of breast

biopsy samples (9–12). Both normal and malignant mammary cells contain long and
short forms of the receptor; the ratio of long and short forms is unknown. In human BC,
there appears to be a correlation of disease parameters with binding to estrogen receptor
(ER) and progesterone receptor (PR). However, no correlation with binding or presence
of PRLR mRNA and disease parameters has been established. This may, in part, result
from the multiple size and charged forms of the PRLR. Interaction of PRL with its recep-
tor induces dimerization of the membrane-associated receptor (13); a variety of dimeric
combinations are possible. However, the physiological significance of homo- vs hetero-
dimerization of the different-sized forms has not been explored.

More than 90% of BC surgical samples are positive for PRLR mRNA, but the amount
varies considerably (14,15). In the study by the author et al. (15), receptor mRNA levels
following in situ hybridization was regionally measured in areas corresponding to tumor
cells and adipose cells in the same section. PRLR mRNA was found in normal breast,
inflammatory lesions (mastitis), benign proliferative breast disease (fibroadenoma, papil-
loma, adenosis, epitheliosis), intraductal carcinoma or lobular carcinoma in situ, and
invasive ductal, lobular, or medullary carcinoma. There was large individual variation,
and no correlation with the level of PRLR mRNA was found with the histological type
of lesion (15). The expression of mRNA in malignant tissue was always greater than in
adjacent uninvolved tissue, as determined by the polymerase chain reaction (PCR). Simi-
larly, by immunohistochemistry, receptors were detected in some scattered stromal cells,
but the staining intensity was always weaker than for the neoplastic epithelial cells (ECs).
Using quantitative PCR and immunohistochemistry, Touraine et al. (16) made a similar
observation in tissue from 29 patients.

In the author et al.’s study (15), the expression of PRLR occurred regardless of the ER
or PR status. In a similar study, Reynolds et al. (14) demonstrated by immunocytochem-
istry that >95% of BCs and >93% of normal breast tissues expressed the PRLR. There
was no association between the expression of PRLR and ER or PR status. These obser-
vations are in contrast to the report from Ormandy et al. (17), who found that the level
of PRLR expression in BC cell lines was linearly related to that of the ER and PR.

PRL Mitogenic Signaling Pathways in Mammary Tissue
RECEPTOR-ASSOCIATED KINASES

The PRLR recruit kinases in order to transduce its mitogenic signals (Fig. 1). The
receptor does not have intrinsic kinase activity. JAK2, a member of the Janus family of
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kinases, is associated with the PRLR constitutively. JAK2 is phosphorylated on PRL
binding in rat lymphoma (18,19), mouse mammary explants (20), and murine lymphoid
BAF-3 cells (21). JAK1 also is associated with the PRLR, and is phosphorylated on
ligand binding in murine lymphoid BAF-3 cells transfected with the long form of the
PRLR (21). Phosphorylation of the JAK proteins may be one of the earliest cellular
events in response to the hormone, which ultimately triggers a chain of events in the PRL
signaling pathway. The PRLR is also phosphorylated in response to PRL within 1 min
of hormone treatment both in vivo in rabbit mammary gland and in vitro in CHO cells
transfected with the long form of PRLR cDNA (22). PRLRs induce phosphorylation
of cytoplasmic transcription factors signal transducer and activator of transcription 1
(STAT1), STAT3, and STAT5 (23). STAT5 is activated during PRL-induced differentia-
tion (24). Recently, two different STAT5 proteins have been isolated from mouse mam-
mary tissue (STAT5a and b). Both transcription factors recognize GAS sequences. Their
expression is concurrent during mammary gland development, increasing from the virgin
state, reaching a maximum at d 16 of pregnancy, and declining during lactation (25).

Fig 1. PRL signaling pathways. Reprinted with permission from ref. 53.
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STAT5a is essential for full lobuloalveolar development and lactation, as demonstrated
by use of knockout mice (26). The phosphorylation of STAT proteins has also been
reported in Nb2 cells (19) and in normal mouse mammary ECs (HC11) (24). The author
et al. (27) have reported activation of STAT5 upon PRL treatment in T47D BC cells.
DaSilva et al. (23) also reported the phosphorylation of STAT1, STAT3, and STAT5 in
T47D cells upon PRL treatment. Activation of STAT proteins results in translocation of
the transcription factors to the nucleus and activation of gene transcription (28).

PRL induces the association of PRLR with pp60 c-src and activation of its tyrosine
kinase (TK) activity in hepatocytes of lactating rats (29), in which the short form of the
receptor is predominant. PRL stimulation in rat lymphoma Nb2 cells induces the asso-
ciation and activation of src family protein TK p59 fyn (30), and also the guanine nucle-
otide-releasing factor (GNRF)-vav (31). Recently, a protein tyrosine phosphatase,
PTP1D, was reported to be associated with the PRLR–JAK2 complex in Nb2 cells, which
was essential for PRL signal transduction for induction of -casein (32). In CHO cells
transfected with the rabbit PRLR, two TK inhibitors, herbimysin A and tyrphostin, were
able to decrease the expression of a -lactoglobin promoter/catalase (CAT) construct by
over 50%. Orthovanadate, an inhibitor of tyrosine phosphatase, was able to substitute for
PRL in inducing CAT responses in these cells (33), which suggests an intricate role for
both kinases and phosphatases in PRL signal transduction. Whether there is a difference
in signaling for differentiation versus mitogenesis is unknown.

RAS-MAPK PATHWAY

A variety of growth factors and cytokines mediate proliferation by activating the ras-
MAP kinase (MAPK) pathway of signal transduction. Activation of Ras p21 protein by
PRL has been reported in a variety of cell systems by measuring the guanine nucleotides
bound to the protein (34,35). Raf-1, MEK, and MAPK are downstream kinases in the ras-
MAPK pathway, which are activated for mitosis induced by PRL. In Nb2 cells, PRL
rapidly phosphorylates c-raf-1 (36). Raf-1 is closely associated with the PRLR in these
cells. The author et al. have reported the rapid and transient activation of these enzymes
in mammary cells in response to 5 min of PRL treatment. TK inhibitors block MAPK
activity and PRL-induced growth in these mammary cells (27). Cells transfected with the
long or short form of the PRLR cDNA also activate MAPK. There was rapid activation
of MAPK reaching a peak within 5 min of PRL treatment in both of the transfectants (8),
suggesting that both the long and short forms of the PRLR are able to induce mitosis through
a common signaling pathway. Activation and nuclear translocation of protein kinase C
(PKC) and MAPK have been reported during PRL-induced proliferation of Nb2 cells (37,38).

PKC PATHWAY

The phosphoinositide cycle plays a role in signal transduction for PRL, which then
activates PKC. Endogenously added phospholipase C, an enzyme that hydrolyzes L- -
phosphoinositol 4,5-diphosphate to D-myo-inositol triphosphate and diacylglycerol
(DAG), elicited PRL-like effects on ornithine decarboxylase activity and RNA synthesis
in pregnant mouse mammary gland explants in culture (39). The author et al. have
reported PRL-induced activation and translocation of PKC to the membranes in NOG-8
mammary cells within 5–10 min of exposure (40). Waters and Rillema (41), using explants
from mouse mammary glands, showed translocation of PKC upon PRL treatment. The
phosphorylation and activation of PI3-kinase for signal transduction of PRL in Nb2 cells
has been reported (42).
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SHC-GRB PATHWAY

Growth hormone receptor, which is a member of the same receptor family as the PRL
receptor, activates the JAK–SHC pathway in 3T3-F442A cells (43). In breast cells, both
normal and malignant, the author et al. have shown that PRL can phosphorylate SHC
proteins within 1 min of hormone treatment, followed by association with the Grb2–Sos
complex. Also, JAK2 is phosphorylated and associated with SHC protein upon PRL
activation in these mammary ECs (44). Possible crosstalk between MAPK pathway and
the JAK–STAT pathway has been suggested (45).

Early-Response Genes
Modulation of early-response genes and late-response genes in the signaling pathways

of a mitogen results in an increase in cell growth. PRL has been shown to induce tran-
scription of early genes in a number of systems. PRL stimulates expression of c-myc (46)
and rapidly induces expression of the proto-oncogenes c-fos, c-jun, and c-src, even in the
presence of cyclohexamide (29). This suggests that PRL stimulates the expression of
genes with activating protein 1 (AP-1) or SRE sequences in their promoter regions. Pim-1,
an early-response gene, is stimulated by PRL during mitogenesis (47). Peak expression
occurs at 2–4 h of PRL treatment, and is not affected by cyclohexamide. Pim-1, a proto-
oncogene that encodes a conserved cytosolic serine/threonine protein kinase, is rapidly
induced in hematopoietic cells, upon mitogen stimulation. Another early activation gene,
induced over 20-fold in Nb2 cells by PRL, is interferon regulatory factor-1 (IRF-1). This
gene is induced twice by PRL in a single cell cycle, first during G1 at 30–60 min, and again
during early S-phase at 10–12 h of hormone treatment (48). The second peak of IRF-1
mRNA expression in early S-phase is dependent on the continuous presence of PRL
throughout G1, and is correlated tightly with DNA synthesis and subsequent cell prolifer-
ation. The GAS site in the IRF-1 promoter is thought to act as a PRL-responsive element
that responds to the mitogenic signal of PRL in T-cells. Its activation in breast cells has
not been established.

Late-Response Genes
Cyclins play an important role in the progression of the cell cycle (49). Several cyclins

are amplified in malignant cells, compared to their normal counterpart. Cyclin D1 is
among the most commonly overexpressed oncogenes in BC. Cyclin D1 knockout mice
have abnormal mammary gland development, and they are devoid of PRL-dependent
lobuloalveolar structures in the mature gland (50). In addition, following PRL stimula-
tion of quiescent Nb2 cells, cyclin D2 mRNA level increase in mid-G1-phase and decrease
sharply before S-phase. Cyclin D3 level increased in late G1–early S-phase, and gradually
decreases during S-phase (51). Further elucidation of the activation of specific late-
response genes should help clarify the distinguishing events in PRL-induced mitogenesis
vs differentiation.

CRITERION 2: BIOLOGICAL RESPONSE

PRL as Mitogen
In the mammary gland, PRL is both a differentiating agent and a mitogen. It is well

established that terminal differentiation, as defined by the induction of milk protein
synthesis, is dependent on PRL both in vivo and in vitro (52). Less well-recognized is the
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mitogenic action of PRL (53). Although the ovarian steroids, estrogen and progesterone,
are involved in mammary ductal growth and branching, strong evidence suggests that
lobuloalveolar development and extensive growth of the alveolar cells require PRL
(52,54). The development of PRL knockout mice has underscored the role of PRL.
Although a ductal tree develops in these mice, it is devoid of alveolar buds and is unable
to undergo full lobuloalveolar development (55). Progesterone acts synergistically with
PRL to induce mitogenesis throughout mammary gland development, possibly by increas-
ing the PRLR levels in these glands (56). On the other hand, PRL has been implicated in
regulation of ER in the mammary gland (57,58).

Rodent Mammary Cancer
The same hormones that are important for normal growth are also involved to varying

degrees in the development of BC. PRL’s role in rodent mammary cancer is well estab-
lished (59). Multiple pituitary isografts in mice result in large amounts of PRL secreted
into the circulation. Subsequently, there is a significant increase in the incidence of
spontaneous mammary tumors (60). There is a direct correlation between serum PRL
levels and susceptibility of various rat strains to induction of tumors by chemical carcino-
gens (61). Both N-methyl(-N-nitrosourea-) and 1,2-dimethylbenz(a)anthracene-induced
tumors in rats are dependent on PRL for sustained growth (62). There is a direct correla-
tion between drug-induced hyperprolactinemia and increased tumor growth and hypo-
prolactinemia and retarded tumor growth in rodents (63,64).

Human BC
SERUM PRL LEVELS

The function of PRL in the etiology and progression of human BC, in contrast to
its function in rodent model systems, is not well established. Significant contradictory
evidence has clouded the literature for several years. However, recent studies suggest
that a re-examination of the role of PRL in human BC is in order. As many as 44% of
patients with metastatic breast disease have been reported to have hyperprolactinemia
during the course of the disease (65). Several cases of breast carcinoma in association
with prolactinoma have been reported (66). More than 70% of human breast biopsies are
positive for PRLRs (9–12). Approximately 80% of BC cells in culture respond to PRL’s
mitogenic signal, when proper conditions of reduced serum or serum-free conditions are
employed (67). Basal serum PRL levels are significantly elevated in a subset of women
at risk for familial BC (68,69). In addition, the circadian rhythm of PRL secretion from
the pituitary differs between groups at high vs low risk of BC (70) with no seasonal
variations (71). In one study of node-positive BC patients, both when evaluated singly
and in conjunction with steroid receptor status, hyperprolactinemia was found to be an
important indicator of unfavorable prognosis (72). In another study (73), aggressiveness
of the tumor, early disease relapse or metastases, and poor overall survival in patients
with node-negative BC were associated with hyperprolactinemia and/or alterations in
levels of p53. In contrast, a surgery-induced rise in PRL was paradoxically associated
with a longer disease-free survival in operable breast carcinoma in patients both with or
without axillary node involvement, despite the potential stimulation of cancer cell growth
by the hormone (74). However, surgery-induced hyperprolactinemia was associated
with a significant decline in the serum level of insulin-like growth factor I (IGF-I) (75),
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suggesting that the balance of specific hormones and growth factors may be a key etio-
logical factor.

BIOLOGICAL RESPONSES TO PRL IN VIVO

Immunologically detectable PRL appears in 60–85% of human BC biopsies (76,77);
specific PRLRs have been demonstrated in more than 70% of biopsy samples (9–12).
However, there is no clear correlation between circulating PRL levels and the etiology
or prognosis of the BC (69,78,79). When patients were treated with PRL-inhibiting ergot
drugs, which significantly diminish circulating pituitary PRL, no change in disease state
was observed (80,81). Operating on the assumption that the lack of effect may have been
caused by the presence of human growth hormone (hGH), which is also a lactogen, Manni
et al. (82) administered a combination therapy of bromocriptine and a somatostatin
analog to a group of women with advanced BC. Circulating levels of PRL, detected by
a single assay, were abolished nearly completely in 8/9 patients; hGH levels were sup-
pressed in 7/9 patients during treatment. Although overall antitumor effects could not be
assessed reliably, because the patients entering the study had been pretreated heavily
with chemotherapeutic agents, only one patient experienced disease stabilization. In a
similar study, Anderson et al. (83) treated patients long-term with bromocriptine and the
long-acting, superpotent somatostatin analog, octretide, and found that there was no evi-
dence of disease progression for periods up to 6 mo in 4/6 patients with advanced BC,
who had failed first- and second-line endocrine therapies. Although immunoreactive
PRL, GH, and IGF-I, in 24 h profiles of serum, were greatly reduced by these treatments,
diurnal peaks of bioreactive lactogenic hormone, as well as GH levels, were still appar-
ent, although much reduced.

BIOLOGICAL RESPONSES TO PRL IN VITRO

In contrast to the lack of convincing data in vivo, investigations in vitro using human
breast tumor tissue and cells, show clear responses to PRL. These responses include
increased DNA (84–87), protein (88), and -lactalbumin (89) synthesis; colony forma-
tion (90,91); and changes in shape, adhesion, lipid accumulation (92) and ER content
(93). Primary breast biopsy samples grown in nude mice respond to lactogenic hormones
with increased growth (94). Malarkey et al. (90) found that physiological levels of human
PRL (hPRL) and hGH increased the population doubling of primary breast tumor cul-
tures. The author et al. have shown that the majority of human BC cell lines, ER-positive
and -negative, express PRL receptors, and that more than 80% of human BC cell lines
tested respond to PRL’s mitogenic signal (67,95). Direct effects of PRL on growth of the
ER-positive cell lines, MCF-7, T47D, and ZR75.1, can be demonstrated only under
proper growth conditions in the presence of charcoal-stripped serum (CSS). PRL-stimu-
lated growth of MCF-7 cells was greater in the presence of 1% CSS, compared to 10%
serum containing medum (67). Growth effects were seen at concentrations as low as 25
ng/mL; the maximal effect was observed at 100–250 ng/mL hPRL. Growth was also
stimulated by hGH, human placental lactogen, and ovine PRL, but required higher con-
centrations to achieve the same effect. Thus, MCF-7 cells were more sensitive to the
mitogenic effect of hPRL than to other lactogens. Bovine PRL had no effect on the growth
of these human BC cells. The ER-negative cell line, T47Dco, also responds to PRL as a
mitogen in the presence of CSS (96). PRL acts as a mitogen in MCF-7 and ZR75.1 grown
in serum-free media (97).
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Effects of PRL on the growth of BC cells are modulated by the presence of other
growth factors and hormones. Melatonin, the primary hormone from the pineal gland,
completely blocks hPRL-induced growth of MCF-7 and ZR75.1 (97). Bovine PRL, when
added simultaneously with hPRL, blocked the effect of hPRL on the growth of MCF-7
cells (67). As little as 50–100 ng/mL bovine PRL was able to block the hPRL-induced
growth of these cells. In contrast, bovine PRL is an effective mitogen in normal mouse
mammary cell lines. The ability of bovine PRL to act as an antagonist of hPRL may be
unique to the mitogenic action of PRL in human BC cells.

CRITERION 3: RESPONSE TO HORMONE ABLATION

PRL Synthesis by Mammary Cells

EXTRAPITUITARY PRL
In human BC, the lack of correlation between clinical data and in vitro responses to

PRL may be explained, in part, by the observation that BC cells themselves synthesize
and secrete this hormone. Although hPRL was first characterized as a 22–25-kDa pitu-
itary (pit) hormone, in recent years, synthesis of PRL and PRL-like molecules by a variety
of tissues other than the pit has been reported (98). In humans, circulating levels of all
pit hormones, except for PRL, become undetectable following surgical removal of the
pituitary. Circulating levels of PRL remained at 30–80% of the presurgical levels for as
long as 10 mo in BC patients who received a total hypophysectomy (99). Patients given
bromocriptine plus somatostatin persistently maintained low levels of circulating bio-
active PRL (83). These data could result from other PRL-like molecules circulating in
the blood, but it was also possible that PRL itself was produced by peripheral tissues.
Both normal tissue and tumors appear to generate this hormone. Placenta is the richest
extrapituitary source (100). It is now well established that the high concentrations of PRL
in human amniotic fluid result from the decidua. PRL is also produced by the brain,
uterus, prostate, dermal fibroblasts, and the immune system (100–105).

MAMMARY PRL
Several laboratories, including the author’s, have shown that PRL is produced by both

normal and malignant mammary ECs, and thus may be an autocrine/paracrine factor for
this tissue (Fig. 2). By in situ hybridization, Steinmetz et al. (106) showed that PRL gene
transcripts are present in secretory mammary ECs from pregnant rats. PRL mRNA has
also been demonstrated by both Northern analysis and reverse transcriptase (RT)-PCR
in mammary glands from lactating rats (107), and goats (108), suggesting local synthesis
of PRL by this gland. More recently, the presence of PRL mRNA has been demonstrated
in human BC cells line in this laboratory (109), and in some primary human breast car-
cinomas (4).

In addition to the mRNA for the hormone, the author determined that bioactive PRL
is synthesized by human BC cells and acts in an autocrine manner to stimulate cell pro-
liferation. Growth of both T47Dco and MCF-7 human BC cell lines was inhibited by 20–
90% when cells were treated with monoclonal antibodies (mAbs) raised against human
pit PRL (109). In addition, when T47Dco cells were treated with antisense RNA directed
against the gene encoding for pit PRL, significant growth inhibition (>50%) was obtained
(110). In parallel cultures treated with a randomized antisense RNA sequence, the cells
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grew at the same rate as untreated controls. RT-PCR, followed by Southern analysis
using pit hPRL cDNA as the probe, confirmed the presence of the mRNA in T47Dco
and MCF-7 cells (109). In addition, 82% of all BC cell lines tested contained mRNA for
PRL (110).

That the protein is actually synthesized and secreted by the cells in culture was con-
firmed by metabolically labeling T47Dco cells with 35S-cysteine. Conditioned media
and cell extracts both contain a 22-kDa protein precipitated by anti-hPRL mAb. Con-
ditioned media prepared from T47Dco cells stimulated the PRL-responsive Nb2 rat
lymphoma cells to grow in a concentration-dependent manner. These cells respond to
picogram quantities of lactogens. The level of biological activity in the conditioned
media is equivalent to 0.7 mg/mL (14.5 pg PRL/cell) of pit PRL, as measured by the Nb2
assay, and is approx 30% of the amount normally produced by the rat pit cell line, GH3
(111,112). By using a specific RIA for human pit PRL, 0.35 mg /mL of PRL protein was
detected. The activity in the conditioned media, like that of the human pit PRL, was
abolished when the media were pretreated with antipit PRL Ab (109).

More than 80% of all BC cell lines tested contain mRNA for PRL (95). In this sample
of cell lines, there is no correlation of ER status with PRLR or with the ability to synthe-
size PRL. When human BC cells were grown as solid tumors in nude mice, the resulting
tumors contained PRL gene transcripts (110). Immunologically detectable PRL was
present in 60–85% of human BC biopsies (76,77). In addition, the author found that more
than 75% of primary BC surgical samples also contained mRNA for PRL. In the majority
of cases, the amount of mRNA for PRL and its receptors is significantly elevated in
cancerous vs adjacent, noninvolved tissue from the same patient. Similar results were
reported by Touraine et al. (16), who found PRL mRNA in all breast samples tested from
29 patients.

Fig 2. Autocrine/paracrine action of PRL in the mammary gland. Reprinted with permission from
ref. 104.
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Posttranslational Modifications of PRL
Although alternate splicing of the PRL mRNA from rat brain has been reported, which

results in a variant lacking exon 4 (113), sequence analysis of the cDNA for PRL syn-
thesized by late pregnant and lactating sheep and goat mammary glands differed from pit
transcripts by only three mutations, two of which were silent (108). Recent (unpublished)
data by the author et al. suggest at least 90% sequence identity between the mRNA from
the pit and BC cells. This agrees with the observation of Shaw-Bruha et al. (114) in a
variety of human BC cell lines and neoplastic breast tissue samples. Hence, posttransla-
tional modifications of the hormone may play a key role in its action. There is significant
evidence that many diverse activities of PRL are modulated by different posttranslational
modifications. The immunoreactivity and biological activity of pit PRL are modified by
glycosylation and phosphorylation (115,116). Phosphorylated forms of PRL are present
in murine, bovine, and avian species (117); phosphorylated PRL has less activity, com-
pared to the nonphosphorylated form (118). Because of conformational change in the
hormone, the phosphorylated form of PRL is unable to bind to the receptor; dephospho-
rylation of PRL restores its biological activity. The biological activity of glycosylated
PRL in mammary casein synthesis, and in the Nb2 proliferation assay, is similar to, or
lower than, that of the nonglycosylated PRL (119,120). However, receptor-binding
activity and immunological crossreactivity are greatly reduced as a result of glycosyla-
tion. Hoffman et al. (121) suggested that glycosylation may selectively downregulate
PRL action in target tissues. Recombinant human PRL, both glycosylated and nongly-
cosylated forms, was purified from the murine C127 cell expression system. The 23-kDa
nonglycosylated form of the PRL was 3–4 more active in the Nb2 mitogenesis bioassay,
compared to the 25-kDa glycosylated form (122). The physiologically diverse effects of
PRL on target tissues may be caused by changes in the ratio of glycosylated and nonglyco-
sylated forms of PRL (123).

The nature of the posttranslational alterations of PRL synthesized by the mammary gland
and BC cells is unknown. Observations (109) that a panel of mAbs directed against pit PRL
vary in their ability to recognize the PRL produced by BC cells suggest that there are marked
differences in posttranslational modifications between the pit and the mammary gland.

Regulation of Expression of PRL
The hormones and growth factors that regulate expression of PRL by human BC cells

in vivo and in vitro are currently unknown. In the normal sheep and goat mammary gland,
the PRL gene appears to be transcribed from the same promoter as in the pit (108). How-
ever, recent studies (114) suggest that PRL synthesis is regulated in T47D cells by the
distal promoter used by decidua and lymphocytes, rather than the proximal promoter
used by the pit. The author et al.’s data (unpublished) show that one of the most effective
regulators of mammary PRL synthesis is the hormone itself, suggesting an autoregula-
tory feedback mechanism. Such a mechanism may explain the observation that treatment
of lactating rats with bromocriptine results in a decrease in PRL localization to the endo-
cytic organelles, and an increase in localization to the organelles associated with synthe-
sis and exocytosis (124).

Cleaved PRL and Tumor Angiogenesis
The ability of the mammary gland to cleave PRL has been known for some time (125).

In rat mammary tissue, three PRL species (25-, 23-, and 14-kDa) have been detected
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immunologically (124). Extracts of normal mouse mammary tissue cleaved PRL to yield
two fragments; extracts from a transplantable rat tumor were unable to cleave PRL (126).
The larger fragment of cleaved PRL, either 14-kDa or 16-kDa, has been shown to have
antiangiogenic activity and inhibits vascular endothelial growth factor (VEGF)-induced
growth of capillary endothelial cells (127,128). VEGF is essential for initial, but not
continued, in vivo growth of human breast carcinoma cells (129).

INHIBITION OF PRL ACTION

Hormone Antagonists
The fact that the mammary gland can make its own PRL, and the majority of human

breast tumors contain PRL receptors, suggests that manipulation of pituitary PRL is not
a valid approach to therapy for this disease, and that new approaches based on the concept
of an autocrine/paracrine PRL may be necessary. The use of specific drugs acting as
antilactogens (i.e., anti-PRLs) (96) or analogs of the hormone, which act directly at the
receptor level, may present an alternate clinical approach to controling this disease in
PRL-responsive tumors. Included among these are mutants of hGH and hPRL, some of
which have been shown to have antilactogenic activity in vitro under defined-growth condi-
tions (13,130–135). These mutants usually involve that portion of the hormone identified
as site 2 (Fig. 3), where amino acids with small side-chain residues are replaced with
amino acids carrying large side chains. Steric hindrance prevents binding of the mutant
to the second receptor in the dimer, and hence they act as hormone antagonists (13).

Antilactogen Binding Site
Tamoxifen (TAM), the first line of therapy in pre- and postmenopausal, ER-positive

BC patients, is also an antilactogen (Fig. 3; 136). TAM therapy has been shown to be
effective in 14–30% of ER-negative BC patients (137–139). Frequently, inhibition of
cell proliferation in vitro, with lower concentrations of TAM, can be reversed by estro-
gens. However, the growth rates cannot be restored by estradiol in the presence of higher
concentrations of the antiestrogen (140). Micromolar concentrations of TAM inhibit the
growth of several ER-negative human BC cell lines (96,141,142). Besides the ER, there
are several other cellular proteins that may be directly affected by TAM (136). Pollak et al.
(143) have suggested that during TAM therapy, there is a decrease in circulating IGF-I,
which could account for the estrogen-independent response in some patients. Others
have suggested that direct interaction of TAM with PKC may be responsible (144). The
author et al. have shown that the antilactogenic activity of TAM results from interaction
with the antilactogen binding site (ALBS) (145), which is located on the PRLR (Fig. 3).

The ALBS is a member of the family of high-affinity membrane-associated binding
sites called antiestrogen binding sites (AEBS) (146,147), which have been identified in
a variety of tissues (148,149). The TAM-resistant clone of MCF-7 cells, RTx6, differs
from the parent MCF-7 cells in having no AEBS, but is identical to the parent cells with
respect to the ER content and hormone affinity (150). These cells cannot be inhibited by
TAM, as MCF-7 cells are. Antiestrogens, acting through the ALBS, inhibit the growth
of PRL-responsive cells, even in the absence of ER (151). The ALBS, located on cellular
membranes, binds TAM and related nonsteroidal antiestrogens with high affinity, but
does not bind estrogens (Fig. 4; 136,152). It is through the ALBS that TAM inhibits PRL-
induced growth of ER-negative, Nb2 rat lymphoma cells (153): these effects are not
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reversed by estradiol. The order of affinities of various nonsteroidal antiestrogens for the
ALBS parallels the order of their potencies as growth and PRL-binding inhibitors. Bind-
ing of lactogenic hormones to particulate and solubilized microsomal membranes, iso-
lated from normal mammary glands of lactating mice, was inhibited by direct addition
of 10 10 M or greater concentrations of TAM to the binding assays (152). Estradiol did
not have this effect. Maximal inhibition of PRL binding by TAM was observed in the light
microsomes that contain the plasma membranes.

TAM acts by inhibiting the binding of PRL to its receptor, rather than promoting
dissociation of the hormone-receptor complex (Fig. 3; 145). Both the ER-positive T47D

Fig 3. Inhibition of ligand-induced receptor dimerization. (A) Sequential hormone binding, first,
through binding site 1, forming an inactive complex. The hormone then binds to a second receptor
through site 2, which leads to dimerization and formation of an active complex. (B) Site 2 mutants
prevent formation of active dimers. (C) Inhibitors, such as TAM, interfere with the ability of the
hormone to bind to the receptor. Reprinted with permission from ref. 154.
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and the ER-negative T47Dco cell lines bind lactogenic hormones specifically, and this
binding was inhibited by 70–90% when 10 9 M TAM was added directly to the T47D
whole-cell binding reaction (96). A similar inhibition of PRL binding was achieved in
the ER negative mouse mammary EC line, NOG-8 (151). Subsequently, TAM, at con-
centrations as low as 10 9 M, rapidly inhibited PRL signal transduction in these cells. This,
in turn, led to an inhibition of PRL-induced growth. Thus, it appears that TAM acts
primarily by inhibiting PRL’s binding to its receptor and, subsequently, by blocking the
hormone’s signal transduction pathways. TAM acts by decreasing the number of binding
sites without changing the receptor’s affinity for PRL. The ALBS and PRL receptor co-purify
on either PRL-Sepharose or TAM-Sepharose affinity columns, and both are recognized
by the anti-PRLR mAb, B6.2 (145). Taken together, these data suggest that the ALBS
is on the PRLR, and that TAM, and other related, nonsteroidal, triphenylethylene anti-
estrogens, can inhibit growth of ER-negative human BC cells through this mechanism.

CONCLUSION

The role of PRL in human BC is still mostly undefined. The ability of this hormone
to stimulate growth of human BC cells in culture, coupled with the presence of active
receptors for PRL on the majority of breast carcinomas, suggests that this peptide hor-
mone is an active player in this disease. Understanding its role is complicated by the fact
that human BC cells synthesize and secrete significant amounts of biologically active
PRL. These data suggest that clinically useful reagents should be sought that act at the
level of the target tissue. The drug, TAM, in addition to its action as an antiestrogen, is
also an antilactogen, and hence may have clinical usefulness in patients whose tumors
are PRLR-positive, even if they are ER-negative.

Fig. 4. Interactions at the antilactogen binding site (ALBS) on the PRL receptor. Reprinted with per-
mission from ref. 154.
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INTRODUCTION

Breast cancer (BC) is the most common cancer diagnosed in American and Northern
European women, and the number one cause of cancer-related death in nonsmokers (1,2).
Although a reduction in the mortality caused by this disease has been observed in the
United States during the past few years, the incidence of BC is progressively and steadily
increasing in most Western countries, and in societies that are becoming westernized
(3–5). Although the reasons for this increase are uncertain, epidemiological and clinical
evidence indicates that endocrinological and reproductive influences play major roles in
this phenomenon. It has long been known that the incidence of BC is greater in nulli-
parous than in parous women (5–7). Changes in lifestyle, which in turn influence the
endocrinology of women, have been observed during recent decades in American women,
namely, a progressive decrease in the age of menarche (5) and a progressive increase in
the age at which a woman bears her first child (6).

The significance of these changes is highlighted by the reduction in BC risk associated
with late menarche and the completion of a full term pregnancy before age 24 yr, with
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further reduction in the lifetime BC risk as the number of pregnancies increases (5–7).
Women who undergo their first full-term pregnancy after age 30 yr, on the other hand,
appear to be at higher risk of BC development than nulliparous women, suggesting that
parity-induced protection against BC is related to the timing of a first full-term preg-
nancy. Although pregnancy appears to have a dual effect on BC risk, a transient increase
(relative to nulliparous women), lasting 10–15 yr, followed thereafter by a decreased
risk, the protection conferred lasts a lifetime (6). Women from different countries and
ethnic groups exhibit a similar degree of parity-induced protection from BC, regardless
of the endogenous incidence of this malignancy (8,9). This observation suggests that the
reduction in BC risk associated with early first full-term pregnancy does not result from
factors specific to a particular environmental, genetic, or socioeconomic setting, but
rather from an intrinsic effect of parity on the biology of the breast (which nevertheless
may be modified by environmental, genetic, or other factors) (4–11).

These observations indicate that an early first full-term pregnancy modifies, through
mechanisms still poorly understood, specific biological characteristics of the breast,
which result in a lifetime decreased risk of cancer development. This protection has been
attributed, in great part, to the induction of terminal differentiation of the mammary
gland, a mechanism that has been found to reduce the susceptibility of the mammary epi-
thelium to carcinogenesis (7,8,12–18). These observations indicate that the terminally
differentiated state of lactation should be reached for attaining protection, although other
mechanisms have been proposed for the protective effect of early first full-term pregnancy,
including the occurrence of sustained changes in the level or regulation of hormones that
affect the breast (19,20). Regardless of the intervening mechanism, the end result of the
first pregnancy is a dramatic modification of the architecture of the breast (16–18).

NORMAL BREAST DEVELOPMENT

The development of the breast is the result of a combined process of growth of the
mammary parenchyma and stromal changes. This process, which is initiated at child-
hood, is manifested as the elongation and branching of ducts: It proceeds during puberty
through sprouting of lobular structures, which evolve from the undifferentiated lobule
type 1 (Lob 1) to the more differentiated Lob 2 and Lob 3, which originate under the cyclic
hormonal stimulation of the ovaries. Full differentiation to Lob 4 is achieved by the end
of pregnancy and during lactation (16,17). Lob 1, which are more frequently found in the
breast of young nulliparous women, have a high rate of cell proliferation and a high
content of estrogen (ER) and progesterone (PR) receptors. Both the rate of epithelial cell
(EC) proliferation and the content of steroid hormone receptors decrease progressively
in the more differentiated Lob 2 and Lob 3, reaching their lowest values in the fully
differentiated secretory Lob 4 (21–23). The more differentiated lobules express, instead,
specific markers associated with cell differentiation, such as inhibin (24–26) and mam-
mary-derived growth inhibitor (27).

EFFECT OF HUMAN CHORIONIC GONADOTROPIN TREATMENT
ON MAMMARY GLAND DEVELOPMENT AND CARCINOGENESIS

The direct association of BC risk with nulliparity, as well as the protection afforded
by early first full-term pregnancy, have been in great part explained by experimental
studies. This and other laboratories have demonstrated that mammary cancer in rodents
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can be induced with chemical carcinogens, such as dimethylbenz[a]anthracene (DMBA)
or N-methyl-N-nitrosourea only in the young nulliparous females; completion of preg-
nancy prior to carcinogen exposure prevents carcinoma development (7,12–15,19,20,
28,29). This preventive effect has been attributed to the differentiation of the mammary
gland induced by pregnancy. In the DMBA model, the authors have successfully repro-
duced this effect by treating virgin rats with human chorionic gonadotropin (hCG) (28–32).

Mechanism of Action of hCG
Chorionic gonadotropin (CG) is a glycoprotein hormone first secreted by the fertilized

egg, and later by the placenta (33). The detection of hCG in the maternal circulation is
the only established way of determining the presence of pregnancy (33). The best known
function of hCG in the female is the maintenance of the corpus luteum, through its inter-
action with a receptor shared with pituitary (pit) luteinizing hormone (LH), and the lutro-
pin-choriogonadotropin-receptor (LH-CG-R) present in the granulosa and luteal cells of
the ovary (34). Upon interaction with its receptor, CG increases adenylyl cyclase activity,
an effect mediated by intracellular-membrane-associated G proteins. This, in turn, results
in cAMP increases, leading to steroid and polypeptide hormone synthesis, with resulting
increases in serum levels of estrogen and progesterone in most species. Inhibin has been
also found to be elevated in hCG-treated women (33–36).

Mammary Gland Development Under Influence of hCG
The study of mammary gland development in the rat requires an evaluation of changes

in the parenchyma of the gland, because, unlike in women, no significant external changes
occur in this organ after puberty (13,26,37). The six pairs of mammary glands of the
young virgin rat are composed of ducts ending in club-shaped terminal end buds (TEBs),
which are multilayered structures measuring 100–140 µm in diameter. They are lined by
a 3–10-layer thick cuboidal epithelium that rests on a discontinuous layer of myo-ECs
(37). After the beginning of ovarian function, the mammary ducts undergo further lon-
gitudinal lengthening and branching with sprouting of a few alveolar buds, which pro-
gressively evolve to lobular structures. The lobules found in the rat mammary gland can
be classified according to their degree of development as Lob 1, which consists of
clusters of approx 10 ± 4 ductules per unit. Individual ductules are lined by a single layer
of cuboidal ECs and few myo-ECs. With further growth, Lob 1 evolves to Lob 2, which
is larger, and composed of approx 40 ± 7 ductules; these progress to Lob 3, which contain
approx 60 ± 12 ductules or alveoli per lobule (32).

The administration of 100 IU/hCG/d for 40 d, to young virgin rats, dramatically affects
the development of the mammary gland, modifying profoundly the relative proportions
of Lob 1, Lob 2, and Lob 3. Although the concentration of Lob 1 in the mammary gland
of untreated or saline-injected control virgin rats decreases slightly as a consequence of
aging, in hCG-treated animals, the number of Lob 1 begins to decrease by d 10 of hor-
monal treatment, and decreases further between d 20 and 40 (Fig. 1). After cessation of
treatment, their number increases sharply, reaching the same values found in control
animals. Lob 2 are practically nonexistent in the 45-d-old animals; they first become
evident when the animals reach the age of 75 d, and their percentage increases even
further in the next 10 d, reaching its peak in 85-d-old animals, remaining unchanged
thereafter (Fig. 1). Under hCG treatment, the Lob 2 develop in a biphasic pattern. Their
concentration increases progressively from 70 to 85 d of age, decrease significantly by
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the time the animals reach the age of 105 d, and increase again after cessation of treatment
(Fig. 1). Lob 3 formation, on the other hand, starts at d 10 of treatment, increases progres-
sively between d 20 and 40, and decreases only after cessation of the hormonal treatment,
because of their regression to Lob 2. The resulting recovery of this type of lobule is absent
in control animals (Fig. 1).

Hormonal Profile Induced by hCG
The evaluation of the effect of hCG on the development of the mammary gland

requires one to assess the effect of this hormone on two important endocrine organs: the
ovary and the pituitary gland. Evaluation of the hormonal profile at various times during
and after hCG treatment requires determination of serum levels of the -subunit of the
injected hCG, as well as determination of the levels of the ovarian hormones, estrogen,
P, and inhibin, and the pituitary hormones, prolactin (PRL), follicle-stimulating hor-
mone (FSH), and LH (38,39).

Fig. 1. Percenteage of terminal end buds (TEB), lobules type 1 (Lob 1), lobules type 2 (Lob 2), and
lobules type 3 (Lob 3) in control; hCG, animals injected daily with 100 IU hCG from 65 to 105 d
of age; DMBA, rats treated with DMBA when they were 45 d old, followed by a daily ip saline injec-
tion, and DMBA + hCG, animals treated with DMBA at the age of 45 d, and daily with hCG from
65 to 105 d of age. Five animals per group were sacrificed at each one of the age periods indicated.
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Serum Levels of -hCG
The determination of the serum levels of the -subunit of hCG by radioimmunoassay

revealed that this hormone was completely absent at the beginning of treatment and in
control animals. By the fifth day of treatment, it had reached a level of 2,845±575 mIU/
mL. The levels remained elevated until d 20, declining rapidly thereafter, despite contin-
uous administration of the hormone for an additional 20 d. The progressive increase in
hCG serum levels paralleled the increase in ovarian size, which occurred because of the
increased number and size of corpora lutea. Ovarian-size returned to normal after cessa-
tion of the hormonal treatment (38).

Serum Levels of Ovarian Hormones
In control animals, serum estradiol levels ranged from 32.4 to 50.2 pg/mL, with no sig-

nificant variations observed in association with aging. Serum estradiol levels were ele-
vated in hCG-treated animals. Maximal values were observed between d 20 and 40 of
hormonal treatment (Fig. 2). The levels of estradiol decreased below those of the con-
trols in the hCG-treated group after the fortieth injection, and even further 20 d later (39).

P levels were significantly elevated in hCG-treated groups in comparison to control
animals (Fig. 3). The serum levels of P peaked between d 20 and 40 of hormonal treat-
ment. In the hCG group, the serum levels dropped to the levels observed in the controls
by the time of the fortieth injection, and they remained low by 20 d after cessation of treat-
ment (39).

Serum Levels of Pituitary Hormones
Serum levels of the pituitary hormone, LH, were similar in all groups of animals studied,

ranging from 3.2 to 8.5 ng/mL. It became evident that hCG treatment had no significant
effect on the synthesis and/or secretion of LH, because the levels of LH measured in the
serum of saline-treated rats were not significantly different from the levels in the hCG-
treated groups (39). Serum FSH levels of female rats were not modified by treatment with
hCG. All groups of animals had similar FSH levels, and no changes in serum levels were

Fig. 2. Estrogen serum levels. Mean ± SD of 5–10 animals/group. Groups as in Fig. 1. Abscissa:
days after DMBA treatment.
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observed with aging. The daily injections of hCG neither stimulated nor inhibited its pro-
duction (39). The serum levels of PRL were not modified by aging. The hormonal treat-
ment moderately affected PRL levels, since an elevation in serum levels was observed
in hCG-treated groups, but the differences with controls were not significant (39).

Administration of hCG to young virgin rats raised the serum levels of estrogen and
progesterone, but the levels of PRL, FSH, LH, and inhibin were not modified signifi-
cantly by the hormonal treatment (38,39). The increment in estrogen and P levels induced
by hCG was accompanied by an increase in the size of the ovaries, which was mostly
caused by the enlargement of the corpora lutea. These effects were transient, because
ovarian size regressed to normal values as early as 5 d after cessation of the hormonal
treatment. The effect of hCG treatment on the mammary gland, however, persisted even
after the cessation of treatment, indicating that the hormonal milieu induced by hCG
sufficed for differentiating the mammary epithelium.

ROLE OF PREGNANCY AND hCG
IN MAMMARY CANCER INHIBITION

The direct association of BC risk with the prolongation in the period encompassed
between menarche and the first full-term pregnancy, as well as the protection afforded
by pregnancy, have been partially explained by experimental studies performed in this
laboratory (7,12,28–32). The authors have demonstrated that mammary cancer in rodents
can be induced with the polycyclic hydrocarbon, DMBA, preferentially when the carcin-
ogen is administered to young nulliparous females (40). Those females that have com-
pleted a full-term pregnancy prior to carcinogen exposure fail to develop carcinomas
(7,12–15). The authors have demonstrated that the inhibitory effect of pregnancy on
mammary cancer initiation is mediated by hCG, because virgin rats, treated for 21 d with
a daily intraperitoneal injection of this hormone prior to carcinogen administration,
exhibit a dose-related reduction in tumor incidence and multiplicity (26,28–32). This
phenomenon is in great part mediated by the induction of mammary gland differentia-
tion, inhibition of cell proliferation, increase in the DNA repair capabilities of the mam-

Fig. 3. Progesterone serum levels. Mean ± SD of 5–10 animals/group. Abbreviations as in Fig. 1.
Abscissa: days after DMBA treatment.
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mary epithelium, decreased binding of the carcinogen to the DNA, and activation of genes
controling programmed cell death (PCD) (12,28–32,41–43). The activation of these
genes by hCG is of great relevance, because PCD is a physiological and phylogenetically
conserved form of active cell death (or apoptosis), which has been associated with spe-
cific phases of development that control cell proliferation and differentiation (41–43).

ROLE OF hCG IN BC PROGRESSION

The authors’ studies of the protective effect of hCG-induced differentiation on experi-
mental mammary carcinogenesis led to postulation of the possibility that hCG may be
useful in preventing the development of BC in women. The fact that the time of initiation
of BC in the female population is not known represented a major drawback for accom-
plishing the goal of instituting a truly preventative hormonal treatment. Thus, it has to
be assumed that all women are at risk of being carriers of initiated lesions. This assump-
tion requires that, before hormonal treatment is undertaken, it has to be proven that it
either inhibits the progression of initiated cells, or at least does not cause tumor progres-
sion. Based on previous observations that the chemical carcinogen, DMBA, induces neo-
plastic transformation in the mammary gland by acting on the highly proliferating TEBs
of the virgin animal (7,12,37), and that, once initiated, these structures progress to intra-
ductal proliferations (IDPs) within 3 wk of exposure to the carcinogen (7,37), the authors
tested the effect of hCG on tumor progression by administering 8 mg DMBA/100 g body
wt to 45-d-old virgin Sprague-Dawley rats. Twenty d later, when IDPs were already evi-
dent, the animals were treated with 100 IU/hCG/d for 40 d (DMBA + hCG group). Age-
matched, untreated, hCG , and DMBA + saline-treated rats were used as controls. Tissues
were collected at the time of DMBA administration, and at 5, 10, 20, and 40 d of hCG
injection, and 20 d postcessation of treatment (43).

Effect of hCG on TEBs,
Intraductal Proliferations, and Ductal Carcinomas In Situ

The mammary gland of 45-d-old virgin rats contains the highest number of TEBs.
In animals of the saline control group, the number of TEBs decreased slightly as a func-
tion of age, as has been previously described (23); in the DMBA group, their number
remained constant. In both hCG-treated groups, a diminution in the relative percentage
of TEBs was observed as early as 5 d after the initiation of treatment, and more sharply
between d 10 and d 20 before reaching a plateau. The percentage of TEBs in these two
groups of animals was significantly lower than the values found in the saline control and
DMBA groups (P < 0.01) (Fig. 4). A more noticeable effect of the hormonal treatment
occurred at the level of IDPs and ductal carcinomas in situ (DCIS) (Fig. 4). In DMBA-
treated animals there were 5.80 IDPs/gland when they reached the age of 105 d, which
is, 25-fold higher than the values observed in the hCG-treated animals, in which there
were 0.23 IDP/gland. These differences were still significant in the 125-d-old animals.

The number of DCIS was also higher in the DMBA-treated group, and their number
was decreased 13-fold by hCG treatment. The number of DCIS increased slightly when
the animals reached the age of 125 d, averaging 1.76 DCIS/gland; however, this was still
significantly lower than that observed in the DMBA group of animals, which contained
23 DCIS/gland (Fig. 4). Occasional lactating adenomas were observed in both hCG and
DMBA + hCG-treated animals (43).
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Effect of hCG Treatment on DMBA-Induced Tumor Progression
Although mammary tumors were palpated as early as 25 and 30 d postcarcinogen

administration in the DMBA + hCG and DMBA groups, respectively, none of the ani-
mals in the saline control or the hCG-treated groups developed tumors. In the group of
animals treated with DMBA, the number of palpable tumors continued increasing until
the end of the experiment. In the DMBA + hCG group, the number of palpable tumors
reached a plateau when the animals were 105 d old, and no additional tumors were
detected in the 125-d-old animals. The highest total number of tumors and number of
tumors per animal were observed in the DMBA group; the DMBA + hCG group showed
a reduction in the total number of palpable tumors and number of tumors per animal at
all time-points studied. The histopathological analysis of both palpable tumors and
microscopic lesions revealed that most of them were adenocarcinomas with papillary,
cribriform, or comedo features. Only three fibroadenomas developed in the DMBA and
two in the DMBA + hCG groups, respectively. The hormonal treatment more noticeably
reduced the incidence of adenocarcinomas, from 8.3 in the DMBA to 1.8 adenocarcino-
mas per animal in the DMBA + hCG group (Fig. 5; 43).

hCG treatment inhibited the progression of mammary carcinomas by stopping the
development of early lesions, i.e., IDPs and carcinomas in situ (CIS). These findings
indicated that hCG has a significant potential as a chemopreventive agent, not only before

Fig. 4. Number of terminal end buds (TEB), intraductal proliferations (IDP) (lefthand side ordi-
nate), and carcinoma in situ (CIS) (righthand side ordinate) in animals treated with DMBA when
they were 45 d old, followed by a daily ip saline injection (DMBA) or hCG from 65 to 105 d of age
(DMBA + hCG).
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the cell is initiated, but after the carcinogenic process has been initiated, and is vigorously
progressing. The authors’ report was the first to indicate that a hormone preventive agent,
such as hCG, is able to stop initiated cells by inhibiting the formation of the intermediate
step, represented by the CIS (38–43).

EFFECT OF hCG ON INHIBIN EXPRESSION
AND ITS RELATION TO ACTIVATION OF EARLY-RESPONSE GENES

The authors’ observations that the hCG-induced differentiation of the mammary gland
is associated with the synthesis of inhibin, a heterodimeric protein that is structurally
related to the transforming growth factor- (TGF- ) family (24,25,35,36,44), led to test
of whether inhibin was also involved in the regression of DMBA-induced rat mammary
carcinomas. For these purposes, virgin rats that received 8 mg DMBA/100 g body wt,
when they were 45 d old, were injected 20 d later with 100  IU/hCG/d for 40 d, as described
above. Corresponding age-matched controls received saline, hCG-, or DMBA + saline
treatments. Mammary glands and ovaries were collected at the time of DMBA admin-
istration, and at 5, 10, 20, and 40 d of hCG injection, and 20 d postcessation of treatment
(43). Total and polyadenylated RNAs were probed for inhibin A, B, c-myc, c-fos, and
c-jun. The mammary glands of hCG-treated animals exhibited elevated expression of
inhibin A (1.5–4-fold) and inhibin B (1.5–3-fold), from d 5 of hCG treatment to 20 d
posttreatment. The expression of these genes was also enhanced by hCG in the DMBA-
treated group; no changes occurred in the animals treated with DMBA alone. The hor-
monal treatment markedly increased the expression of c-myc and c-jun by 4–7-fold and
2–3-fold, respectively. No significant changes were found in the levels of c-fos expres-
sion, and DMBA treatment alone did not modify the expression of these genes. Immuno-
histochemical staining showed a strong immunoreactivity for inhibin - and -subunits
in the lobular epithelium. Inhibin expression became evident by d 10 of treatment, reach-
ing a peak of expression by d 20. A similar pattern of reactivity was observed in animals
treated with hCG alone, or after DMBA. The expression of both inhibin subunits remained
elevated until 20 d posthormone withdrawal, even though the lobular structures had

Fig. 5. Number of palpable tumors per animal in rats treated with DMBA when they were 45 d old,
followed by a daily ip saline injection (DMBA) or hCG from 65 to 105 d of age (DMBA + hCG).
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involuted from the well-developed secretory Lob 3 and Lob 4 to Lob 2 and Lob 1. The
finding that c-myc and c-jun were also elevated at the time of maximal inhibin synthesis
indicated that early-response genes could be involved in the pathway of hCG-inhibin-
induced synthesis (Fig. 6; 46–48).

The expression of both inhibin and was increased in the mammary gland of rats
treated with hCG, either alone or after DMBA, but it was absent in the mammary gland
of the saline control and DMBA groups. The inhibin mRNA levels were maximal by d
20 of treatment, but they remained elevated, even after hormone withdrawal. The changes
observed at the mRNA level were confirmed at protein level, since immunocytochemical
stains revealed increased expression of inhibin - and -subunits in the cytoplasm of
lobular ECs. Inhibin was immunocytochemically detected, even in the lobules that had
regressed after hormone withdrawal. There were differences, however, in the pattern
of inhibin distribution between those animals treated with hCG alone and those that
received DMBA before the hCG. In the former, both inhibin subunits were diffusely dis-
tributed in the cytoplasm of the lobular ECs; in the DMBA + hCG group, inhibin tended
to form clumps in localized areas of the cytoplasm. The effect of hCG was accompanied
by a significant activation of c-myc and c-jun, while c-fos was not modified by the treat-
ment. These early genes remained activated, even after the cessation of hCG treatment,
an indication that their expression was regulated by the hCG treatment in a fashion
similar to that described for inhibin. Even though inhibin belongs to the TGF- family,
hCG treatment did not affect the level of expression of TGF- , or of other members of

Fig. 6.Postulated mechanism of action of hCG. The hormone binds to a specific membrane receptor,
activating genes identified to be specific for pregnancy- or hCG-induced differentiation, and that
have been found to be correlated with the lobular development of the mammary tissue. Thus, a
pathway of activation of p53 and ICE may lead to apoptosis, or through p21 to cell growth arrest.
Activation of inhibin and , and of the milk proteins, casein, whey acidic protein (WAP), and HI-1,
may lead to differentiation through autocrine or paracrine mechanisms.
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this family. The authors’ results clearly support the concept that hCG acts as an inducer
of inhibin, and early-response gene expression, even in the mammary gland affected by
a chemical carcinogen. Although more work needs to be done to understand the mecha-
nisms mediating hCG’s effect on gene activation, our results indicate that both inhibin
subunits can be used as intermediate surrogate markers for evaluating the effect of hCG
in the mammary gland.

EFFECT OF hCG ON PCD GENE EXPRESSION

The mammary glands of hCG and DMBA + hCG groups of animals showed elevated
expression of testosterone repressed prostate message 2 (TRPM2) and interleukin-1 -
converting enzyme (ICE) transcripts as early as 5 d after initiation of treatment (70-d-old
groups): Their values remained elevated at all subsequent time-points tested, and up to
20 d posttreatment (125-d-old groups) (43). The hormonal treatment induced an increase
of 2.5–5-fold and 1.5–5-fold in the expression of TRPM2 and ICE transcripts, respec-
tively. Maximal induction was observed in the animals sacrificed at the ages of 85 and
105 d. DMBA treatment alone, on the other hand, did not modify, or even slightly reduce,
the expression of TRPM2 and ICE transcripts, since the values found were similar to
those of the respective control groups. The product of the proto-oncogene, bcl2 and one
of its family members, bcl-XL, are known to play a role in promoting cell survival and
inhibiting apoptosis, and expression of bcl-XS is associated with the induction of apop-
tosis. The authors examined, by Northern blot analysis, the effects of hCG treatment on
the mRNA expression of bcl2, bcl-XL and bcl-XS. Results demonstrated that neither
DMBA nor hCG treatments had an effect on the expression of bcl2 and bcl-XL at any of
the time periods tested. Treatment with hCG, either alone or after DMBA, on the other
hand, induced the expression of bcl-XS, an effect that was not observed in the DMBA-
treated group (43).

In order to determine whether the activation of PCD genes by hCG was dependent on
p53 and c-myc, the authors studied their expression at different time periods after the
initiation of the hormonal treatment. hCG treatment induced an increase in the expres-
sion of p53 (3–5-fold) and c-myc (2–4-fold) in the mammary gland. This increased
expression was maintained from d 5 of treatment (70-d-old animals) until 20 d posttreat-
ment (125-d-old animals). DMBA treatment did not modify the expression of these
genes, but, in the DMBA + hCG group, a dramatic increase in the expression of p53 (10–
14-fold increase) and c-myc (sevenfold increase) was noted in the groups of animals
sacrificed at the ages of 85 and 105 d. These findings indicated that the induction of PCD
observed in the mammary gland of hCG-treated animals, was dependent on both p53 and
c-myc (Fig. 6). TGF- and TGF- genes were normally expressed in the mammary
glands of control animals. Administration of hCG, either alone or after DMBA treatment,
had little or no effect on the expression of TGF genes (43).

Effect of hCG Treatment on the Expression
of Apoptotic Genes in DMBA-Induced Mammary Carcinomas

Mammary adenocarcinomas that reached 1.5 cm in diameter, from the DMBA and
the DMBA + hCG groups, were tested for the expression of the same genes described
above. In the nontumoral mammary glands and in the adenocarcinomas developed in
those animals treated with DMBA alone, the expression of p53, c-myc, ICE, bcl2, and
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TGF- was not modified in any of the groups studied; in those animals that received hCG
after carcinogen treatment, the levels of p53, c-myc, and ICE were significantly elevated
(43). The elevation was more marked in the nontumoral mammary gland than in the
tumors, but the differences from the levels observed in adenocarcinomas developed by
the animals treated with DMBA alone were significant. The expression of TRPM2 was
significantly elevated in the nontumoral mammary glands of DMBA + hCG-treated ani-
mals, but it was not modified in any of the tumors. Neither the nontumoral mammary
glands nor the tumors exhibited changes in the expression of bcl2 and TGF- , or TGF- ,
as a consequence of the hCG or DMBA treatments. These observations indicated that,
even though in certain animals treated with hCG, tumors developed, the hormone was
still capable of inducing a certain degree of activation of the apoptotic genes, which may
account for the lower overall tumorigenic response in hCG-treated animals (42,43).

Effect of hCG Treatment on the Expression of Apoptotic Genes in the Ovary
The specificity of the effect of hCG on the expression of apoptotic genes in the mam-

mary gland was verified by a comparison with the expression of these genes in the ovaries
of the same animals. Northern blot analysis revealed that the ovaries of control animals
had detectable basal levels of all the apoptotic transcripts tested in the mammary glands,
as well as of TGF- and TGF- . No significant alterations in mRNA expression in any
of the genes studied were observed to be induced by either hCG or DMBA treatments,
at any of the time periods tested. These results indicated that the induction of PCD
expression by hCG occurred specifically in the mammary gland, but did not modify these
parameters in the ovary, despite it being the target organ of hCG action.

Effect of hCG Treatment on Apoptosis
Apoptosis was detected in 4-µm sections of formalin-fixed, paraffin-embedded tissue

sections of nontumoral mammary glands of control, hCG, DMBA and DMBA + hCG-
treated animals, and in DMBA-induced mammary carcinomas in the two latter groups
of animals. Apoptotic cell nuclei were identified using the ApopTag kit (Oncor, Gaithers-
burg, MD), utilizing standard procedures (43). The number of cells containing apoptotic
nuclei was counted in ducts and lobules of nontumoral mammary glands of animals of
the four groups under study, and in three DMBA-induced tumors developed in the
DMBA and three in the DMBA + hCG groups of animals.

The percentage of positive cells over the total number of cells counted in each specific
structure represented the apoptotic index. In the nontumoral mammary gland, the lowest
apoptotic index was observed in control animals, and this parameter was not modified
by aging. The second lowest index was observed in the DMBA group of animals. Treat-
ment with hCG induced an increase in the apoptotic index, which reached its maximum
when the animals were 85 d old, and it remained elevated at the same level, even after
cessation of the hormonal treatment. Administration of hCG after DMBA induced a
steady increase in the apoptotic index which reached a peak by the time the animals were
105 d old, but its value decreased sharply after the discontinuation of the hormonal
treatment (43). The apoptotic index of DMBA-induced mammary carcinomas was mark-
edly lower than that of the nontumoral mammary gland of the animals in the same group.
hCG treatment resulted in a marked increase in the apoptotic index of mammary adenocar-
cinomas, with respect to the values found in the tumors of the DMBA group, and were
also higher than in the nontumoral mammary glands of the same group of animals (Fig. 6).
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ISOLATION AND CHARACTERIZATION OF NEW GENES
INDUCED BY hCG TREATMENT IN THE RAT MAMMARY GLAND

The authors tested the dual hypotheses that the inhibitory effect of hCG mammary
carcinogenesis was mediated by activation or downregulation of specific genes, and that
the changes induced in gene expression would be practically permanent, and not only
limited to the period of hormone administration. For this purpose, the authors analyzed,
by differential display, RNA from mammary glands obtained from four groups of ani-
mals: 15 d-pregnant rats; parous rats sacrificed 21 d postweaning; virgin rats treated with
a daily injection of 100 IU hCG, administered for 15 d, and sacrificed on the day of the
last injection; and virgin rats treated with a daily injection of 100 IU hCG, administered
for 15 d, and sacrificed 48 d after the last injection. Untreated, age-matched virgin rats
were used as controls for every group. Mammary gland RNA was isolated and reverse-
transcribed, and cDNAs were amplified using four different sets of arbitrary primers.
Selected fragments were cloned, sequenced, and used as probes in Northern blot analysis.

Three cDNA fragments were isolated. Two of the cDNA bands, which were called
R3A7 and R5C9, were found to be differentially expressed in differential display gels in
pregnant, and hCG-treated animals, but they were absent in the virgin rat mammary
gland. Differential expression was confirmed by Northern Blot for the two bands, after
32P-labeling of their cloned cDNA fragments. Both R3A7 and R5C9 were found to be
overexpressed in both hCG-treated groups, as well as in the pregnant group. These genes
were found to be upregulated during the hormonal treatment and during pregnancy, and
they remained activated, even after hormone withdrawal and after weaning of the pups.
The isolated and differentially expressed bands, R5C9 and R3A7, were 625 and 480 bp
in length, respectively, and showed 97% homology to the rat -casein mRNA (R5C9) and
98% homology to the rat whey acidic protein mRNA (R3A7). The third cDNA fragment,
HI-I, was found differentially displayed in another gel, in the lanes containing poly-
merase chain reaction products from hCG and pregnant animals, but it was absent in the
virgin rat mammary gland lane. The differential expression was confirmed in the same
Northern blots used for the other two isolated fragments. No sequence homology match
in the gene bank was found for the third cloned fragment HI-1, indicating that this may
represent a novel gene (Fig. 6; 45).

SUMMARY AND CONCLUSIONS

The novel finding that hCG treatment inhibits the progression of DMBA-induced
mammary tumors led the authors to capitalize on knowledge of the pathogenesis of mam-
mary cancer, for testing the effect of this hormone on the early phases of tumor progres-
sion, namely, from TEBs damaged by DMBA to IDPs, in situ carcinomas, and invasive
carcinomas. The authors observed that treatment of young virgin rats with hCG induced
a profuse lobular development of the mammary gland, practically eliminating the highly
proliferating TEBs, with overall reduction in the proliferative activity of the mammary
epithelium, and induction of the synthesis of inhibin, a secreted protein with tumor-
suppressor activity. The hormonal treatment induced differentiation of the mammary
gland, which was manifested at morphological, cell-kinetic, and functional levels. The
morphological changes consisted of progressive branching of the mammary parenchyma
and lobule formation, which was accompanied by a reduction in the rate of cell prolif-
eration. The functional changes included increased synthesis of inhibin, -casein, and
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other milk-related bioactive peptides. In addition, hCG also increased the expression of
the PCD gene, TRPM2, ICE, p53, c-myc, and bcl-XS. The authors found that PCD genes
were activated through a p53-dependent process, modulated by c-myc, and with partial
dependence on the bcl-2 family-related genes. Lobular development, which reached its
maximal expression after d 15 of hCG treatment, regressing after hormone withdrawal,
was preceded by activation of genes associated with the expression of PCD, and, further-
more, the expression of these genes, including the newly identified gene, HI-1, was still
elevated 20 d postcessation of treatment. Although lobular development regressed after
the cessation of hormone administration, PCD genes remained activated. The authors
postulate that this mechanism plays a major role in the longlasting protection exerted by
hCG from chemically induced carcinogenesis (Fig. 6), and may be even involved in the
lifetime reduction in BC risk induced in women by full-term and multiple pregnancies.
The implications of these observations are twofold: First, they indicate that hCG, as in
pregnancy, may induce early genomic changes that control the progression of the differ-
entiation pathway, and second, they show that these changes are permanently imprinted
in the genome, regulating the longlasting refractoriness to carcinogenesis. The perma-
nence of these changes, in turn, makes them ideal surrogate markers of the hCG effect
in the evaluation of this hormone as a BC preventive agent.
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INTRODUCTION

The development of cancer results from the cumulative acquisition of somatic and/or
germline mutations in regulatory genes that control various aspects of cellular prolifera-
tion, differentiation, apoptosis, and DNA repair (1–6). Gain or loss of function in proto-
oncogenes or tumor suppressor genes accounts for the majority of these genetic defects
(6–8). Generally, gain of function is observed in dominantly transforming oncogenes,
which can occur by point mutations, gene amplification, chromosomal translocation, or
insertional mutagenesis (6,9,10). Conversely, loss of function, because of the inactiva-
tion of tumor suppressor genes, can occur by point mutations or a loss of heterozygosity
(LOH) in one allele (11,12). Changes in the expression of these genes can also contribute
to the pathogenesis of cancer, and may be caused by environmental stimuli such as
viruses, radiation, carcinogens, hormones, and growth factors (GFs) (6–10).
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GFs and growth inhibitors are locally acting peptides that are normally involved in
regulating cellular proliferation, survival, and differentiation (13–16). The expression of
GFs in different tissues is tightly regulated by various systemic hormones and cytokines
(16). However, in carcinoma cells, in which proliferation becomes accelerated, there can
be a reduction in the requirement for exogenously supplied GFs, compared to their non-
transformed counterparts, which may contribute to this phenotype (14). This relaxation
in GF dependency may result in part, from the ability of tumor cells to synthesize and
respond to endogenously produced GFs (15). Tumor-derived GFs are known to function
through intracrine, juxtacrine, autocrine, or paracrine mechanisms, to regulate cellular
proliferation and survival in an autonomous manner, in cells that are also expressing
cognate receptors for these peptides (15,16). Additionally, overexpression of GF recep-
tors can hypersensitize carcinoma cells to low concentrations of host- or tumor-derived
GFs. These effects may result from the activation of oncogenes, which have the capacity
to indirectly regulate the expression of, or encode directly for, proteins that are GFs, GF
receptors, or intracellular proteins that are situated within GF-activated signal transduc-
tion pathways (8–16).

The complexion of cancer therapy will drastically change in the 21st century. Conven-
tional chemotherapy (Chemo) regimes will ultimately be wedded to more rational and bio-
logically oriented therapies. One important target for these novel therapeutic approaches
in solid tumors will be the epidermal growth factors (EGF)-related GFs and their receptors.

THE EGF FAMILY

The EGF-related peptide GF family constitutes one of the larger families of GFs,
which have been demonstrated to be important in regulating various aspects of carci-
noma development and growth (17). In fact, peptide GFs in this family are part of a larger
superfamily of proteins of diverse function, which are related by possessing singular or
multiple copies of a common motif, the EGF-like module (Table 1; 18). Proteins in this
superfamily perform an important role during early embryonic development, by speci-
fying and determining body axis and cell fate in Caenorhabditis elegans and Drosophila,
and in mammals, and in regulating the renewal of stem cells in adult tissues (18–20).
These proteins can be either secreted or membrane-bound, and can function as GFs,
morphogens, proteases, adhesion molecules, receptors, or extracellular matrix-associ-
ated molecules. The EGF-like domain, which is central to the biological activity of the
GFs in this family, and which is also involved in mediating interactions with other pro-
teins in this superfamily, consists of a stretch of six conserved cysteine residues spaced
at defined intervals within a region of approx 40 amino acids (Fig. 1; 18). The cysteine
residues within this region are capable of forming three intramolecular disulfide bonds,
which restrain the molecule in this domain in a three-loop secondary structure (Fig. 2;
21). The peptide GFs that are members of this family of proteins include EGF, transform-
ing growth factor- (TGF- ), heparin-binding EGF (HB-EGF), amphiregulin (AR),
beta-cellulin (BTC), epiregulin (EPR), and the neuregulin (NRG) and EGF-CFC (cripto)
subfamilies. The NRG subfamily includes and heregulins (HRG), glial growth factors,
sensory motor neuron-derived growth factor, and acetylcholine receptor-inducing activ-
ity (Table 2; 22–41). There are at least 45 known structural variants in this subfamily,
which are derived from three distinct HRG genes by alternative mRNA splicing (22,34,
35). Unlike other members in the EGF family, which are expressed predominantly in
epithelial cells (ECs),NRGs are expressed in mesenchymal and neuronal tissues (33–35).
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Table 1
EGF Superfamily and EGFR (erbB) Family

Protein Function

EGF GF
Heparin-binding EGF (HB-EGF) GF
Transforming growth factor (TGF- ) GF
Amphiregulin (AR) GF
Betacellulin (BTC) GF
Epiregulin (EPR) GF
Neuregulin and (HRG)-1 GF
Neuregulin-2 GF
Neuregulin-3 GF
Cripto-1 (CR-1) GF/Morphogen
Cryptic (mouse) Morphogen
One-eyed pinhead (oep/Zebrafish) Morphogen
FRL-1 (Xenopus laeavis) Morphogen
Vaccina virus growth facator (VGF) GF
Shopes fibroma virus growth factor (SFGF) GF
Myxoma virus growth factor (MGF) GF
pfs (Plasmodium falciparum)
Notch (Drosophilia) Adhesion/neurogenesis
Delta (Drosophilia) Adhesion/neurogenesis
Serrate (Drosophilia) Adhesion/neurogenesis
Crumbs (Drosophilia) Cell polarity
Slit (Drosophilia) Adhesion
Gurken (Drosophilia) GF
Spitz (Drosophilia) GF
Vein (Drosophilia) GF
Argos (Drosophilia) GF antagonist
lin-3 (C. elegans) GF
glp-1 (C. elegans) Adhesion
uEGF1 (sea urchin S. purpuratus) Exogastrulation(?)
SpEGF2 (sea urchin S. purpuratus) Exogastrulation(?)
Pref-1 (mouse) Adhesion
Ascites sialoglycoprotein-2 (rat) GF (?)
Urokinase Serine protease
Tissue plasminogen activator (tPA) Serine protease
Clotting factors (VII, IX, X, XII)
LDL receptor LDL uptake
Laminin 1 chain ECM protein
Thrombospondin ECM protein
Tenascin (Cytotactoin) ECM protein
Nidogen ECM protein
Human proteoglycan core protein ECM protein
Type I EGFR family of cell surface TKs
c-erbB/DER/let-23 p170-EGFR
c-erbB-2 (HER-2/c-neu) p185
c-erbB-3 (HER-3) p180
c-erbB-4 (HER-4) p180
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The EGF-CFC subfamily includes human cripto-1 (CR-1)/teratocarcinoma-derived
growth factor 1, mouse cripto-1, mouse cryptic, Zebrafish one-eyed pinhead, Xenopus
FRL-1 (37–41). Cripto-related proteins possess a modified EGF-like motif that lacks an
A loop, but possesses a truncated B loop and has a complete C loop. This structure
differentiates the EGF-CFC subfamily from other members within the EGF family of
peptides. In addition to these vertebrate GFs, there are peptides in Drosophilia, such as
spitz, gurken, vein, and argos or in C. elegans, such as lin-3, which can function as EGF-
like GFs or GF antagonists by binding to the Drosophilia EGF receptor or to the C.
elegans EGF receptor, let-23 (18–21). Finally, there is a series of DNA pox virus-derived
peptides, including vaccinia virus growth factor (VGF), Shope fibroma growth factor,
and myxoma virus growth factor, which possess an EGF motif, and which can bind to the
mammalian EGF receptor (EGFR) (21). EGF, HB-EGF, BTC, TGF- , AR, EPR, VGF,
and some of the isoforms of NRG, are synthesized as glycosylated membrane-associated
precursors that are biologically active, and that can function as such through a cell–cell,
juxtacrine-mediated pathway (Fig. 3; 26). Some of these cell-associated molecules can
also serve as cell–cell adhesion molecules, which suggests that they may be important
in regulating chemotactic migration, and in controlling the colonization of specific
organs during metastasis (18,26). Selective and tissue-specific processing of the larger
cell-associated forms of these GFs can lead to cleavage at residues that flank the EGF
domain, and which leads to the production of soluble, smaller peptides. This processing
occurs under the action of a specific group of serine proteases and elastase-like enzymes,
which may limit the diffusion and range of activity of these peptides (26,28,35). In
addition to the conserved, extracellular, juxtamembrane EGF domain in these GFs, the
NRG subfamily contains immunoglobulin (IgG) and kringle-like motifs that may serve
other functions (Fig. 3).

erbB-RELATED TYPE 1 TYROSINE KINASE FAMILY OF RECEPTORS

There are four distinct members of the erbB type 1 GF receptor tyrosine kinase
(TK) family, which includes the EGFR/erbB, c-erbB-2 (HER-2), c-erbB-3 (HER-3), and
c-erbB-4 (HER-4) (42–48). The EGFR exhibits considerable homology to the avian ery-
throblastosis virus transforming protein, v-erbB. This family of receptors is of particular
interest because of their frequent involvement in several types of human cancer (17,42,
43). For example, amplification of the EGFR and erbB-2 genes has been detected in

Fig. 1. Alignment of amino acid residues in EGF-like domains of GFs with six conserved cysteine
residues (yellow).
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Fig. 2. Proposed tertiary structure of EGF-like domains demonstrating three intramolecular disul-
fide bridges, which can restrain the EGF-like motif in a structure that can form three intramolecular
disulfide-bonded loops, designated a, b, and c. Yellow amino acid residues represent basic amino
acid residues that could potentially function as nuclear localization sequences in AR and HB-EGF.
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Fig. 3. Schematic of cell-associated precursor structures for EGF-related peptide GFs. Conserved
extracellular EGF-like motif (EGF in purple) and transmembrane domains (TM) in pink.

Table 2
EGF-Related GF Family and Their Receptors

Ligand Receptor

Epidermal growth factor (EGF) EGF Receptor (EGFR/erbB)
Transforming growth factor (TGF- )
Amphiregulin (AR)
Epiregulin (EPP) EGFR and erbB-4
Heparin-binding EGF (HB-EGF) EGFR and erbB-4
Betacellulin (BTC) EGFR< erbB-3 and erbB-4
? erbB-2
Neuregulins erbB-3 and erbB-4
Heregulin (HRG and )-1
Glial cell growth factor (GGF)
Sensory motor neuron-derived growth factor (SMDGF)
Acetylcholine receptor-inducing activity (ARIA) erbB-4 > erbB-3
Heregulin-2
Heregulin-3 (DON)
Cripto-1 (CR-1) ?
Cryptic
FRL-1
oep
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several types of human malignancies; deletions or truncations of the EGFR, which con-
stitutively activate the receptor in the absence of ligand binding, are also frequently
observed (17,43). All of these receptors were identified by low-stringency screening of
human cDNA libraries with a v-erbB probe or degenerate oligonucleotides to the con-
served TK domain regions in these receptors. Receptor proteins in this family are
glycosylated, and share a similar structure, consisting of an extracellular, ligand-binding
domain (ECD), which has two cysteine-rich regions, a short juxtamembrane sequence,
a hydrophobic transmembrane region, and an intracellular domain that contains a TK
domain that is adjacent to a hydrophilic carboxyl tail (Fig. 4). The carboxyl tail displays
sequence heterogeneity and carries several tyrosine autophosphorylation sites (42), which
serve as docking sites for various cytoplasmic signaling proteins that share a src homology
2 (SH2)-domain. Signal transduction by type 1 receptor TKs is initiated by ligand-
induced dimerization, which is followed by receptor autophosphorylation and recruit-
ment, and binding of specific SH2-domain-containing signaling proteins (17,42,43).
Besides differences in docking sites for different SH2-containing proteins, the intrinsic
catalytical activities of each ErbB protein differ, in that ErbB-2 is characterized by a con-
stitutively active, TK,whereasErbB-3 possesses an impaired TK (23,46). In addition, ligand-
induced downregulation, resulting from internalization and degradation, occurs only for
the EGFR, demonstrating that endocytosis of the other erbB receptors is impaired (49).
Ligands that bind exclusively to the EGFR include EGF, TGF- , and AR (Table 2; Fig. 5).

Fig. 4. Schematic of type 1 erbB receptor structure. Amino acid sequence homology of different
domains between EGFR (erbB-1) and the three other erbB TK receptors. SP, signal peptide; CRD, cys-
teine-rich domain; TM, transmembrane domain; TK, tyrosine kinase domain; and CT, cytoplasmic tail.
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EPR, HB-EGF, and BTC are more promiscuous, because these peptides can also bind to
erbB-3 and erbB-4 (23,50–52). In contrast, the NRGs bind to only erbB-3 or erbB-4.
Therefore, a single EGF-like peptide may bind to multiple erbB receptors, and, recipro-
cally, a single erbB receptor may accommodate multiple EGF-like ligands, suggesting
that signaling via this family of GFs may be quite complex (23). There is no known ligand
that directly binds to and activates erbB-2. Finally, the EGF-CFC subfamily of peptides
does not directly bind to any of the known erbB receptors, and its receptor has not yet been
identified (53).

A common and important feature of the erbB receptor family is their ability to hetero-
dimerize after ligand binding (54–57). Heterodimerization after ligand binding and activa-
tion, which can lead to tyrosine phosphorylation in trans between two different receptors,
increases signal diversification and the spectrum of biological responses, by recruiting
different SH2-containing proteins to these receptor complexes (22,23,56; Fig. 6). In this
context, erbB-2 functions as a co-receptor for the other three erbB receptors, and is the
preferred heterodimerization partner (54,55). In fact, there may be a hierarchy between
different receptor heterodimers, depending on the type and stoichiometry of erbB recep-
tors that are expressed on a target cell and the nature of the activating ligand (50,54).
Ligand activation of heterodimers containing erbB-2 as a partner leads to a more sus-
tained intracellular signal than homodimer activation, probably because of the impaired
internalization of erbB-2 (23,49). Another important consequence of heterodimerization
with erbB-2 is to increase the affinity of respective ligand binding to the EGFR, erbB-
3 or erbB-4 (22,23,55). However, this may be mutually exclusive, since binding of HRG

Fig. 5. Homodimerization and heterodimerization between the erbB type 1 receptors. Ten possible
dimeric combinations are presented with known ligand (L) binding preferences. ECD, extracellular
domain; TK, tyrosine kinase.
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to erbB-3, or erbB-4 in some types of tumor cells can indirectly inhibit EGF binding
to the EGFR (22). In addition to modulating affinity, heterodimers may also generate
novel, or expose previously cryptic, ligand binding sites that are not normally utilized in
homodimeric pairs. For example, erbB-2 overexpression in the context of erbB-4 or
erbB-3 can lead to EGF or TGF- binding to erbB-3 or erbB-4 (52,57),which suggests
that EGF-like ligands are bivalent in their binding capacity, with a high-affinity NH2
terminal site and a low-affinity COOH-terminal site in the molecule (58). There is also
evidence that secondary dimerization between erbB receptors can occur (59). In this
case, GF-induced dimerization and receptor transphosphorylation results in the dissocia-
tion of the original receptor dimer. Each phosphorylated monomer then interacts with a
new receptor partner to form a secondary dimer. This second wave of signals might
elongate or terminate the effects induced by the first wave, thereby providing a means
for control and fine-tuning of the primary signal. Finally, autoinduction and crossinduc-
tion within the EGF-related GF family has been identified in several different types of
ECs (60). All this evidence implies that a very complex network of interligand and erbB
crosstalk exists, leading to signal diversification (22,23). It also suggests that activation
of multiple erbB receptors in tumors may contribute to synergistic or novel sets of
biological responses to different endogenously produced EGF-like ligands (51).

BREAST CANCER

Breast cancer (BC) afflicts nearly 180,000 women each year, or 1/9 women in the
United States, and accounts for approx 48,000 deaths/year. BC is the leading cause of
cancer deaths in women. Therefore, a large investment has been made in attempting to
identify genetic and epigenetic factors that can regulate the normal and abnormal growth
and development of the mammary gland, because these facts may provide important

Fig. 6. Intracellular signal diversification resulting from ligand-induced type 1 receptor dimeriza-
tion. Reproduced with permision from ref. 35.
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clues to the pathogenesis of BC and information for improving prevention, diagnosis, and
therapy (61). Approximately 60% of BCs are initially estrogen-dependent at the time of
diagnosis, possess functional estrogen receptors (ER), and respond to some sort of anti-
estrogen therapy (62). It is conceivable that estrogens may indirectly function as mito-
gens or morphogens for mammary ECs, by their ability to regulate the local synthesis,
processing, and/or secretion of a spectrum of different endogenous peptide GFs or growth
inhibitors, or their ability to modulate the expression of specific GF receptors (62–65).
Alterations in GF signaling pathways is therefore also one factor that is likely to contrib-
ute to the etiology and progression of BC (62–67).

GFs in Rodent Mammary Gland Development and Carcinogenesis

The mouse has been an important model for studying the genetics and development
of human diseases. In this context, mammary gland growth and development has been
extensively studied in this species (68). Ductal growth and branching in the virgin mouse
and lobuloalveolar development in the parous animal are tightly regulated and orches-
trated by a complex interplay of systemic ovarian and pituitary (pit) hormones, such as
estrogen, progesterone (P), and prolactin. Hormonal responsiveness in the rodent mam-
mary gland is in turn regulated by stromal–epithelial interactions that are mediated by
components of the ECM and by various locally derived GFs (62–67,69).

GFs in Mammary Gland Development

Several different types of GFs are expressed either in the mammary stroma as paracrine
effectors or in the ductal or secretory epithelium as autocrine factors, at defined periods
during mammary gland development in the mouse (70–72). In this context, EGF, TGF-

, AR, and HRG have been shown to be involved in various aspects of mammary gland
development (73–85). EGF, AR, and TGF- are expressed in the virgin mouse mammary
gland, in either ductal ECs (EGF and AR) or in the cap stem cells (TGF- ) within the
growing terminal end buds (TEBs); HRG expression is generally restricted to a sub-
population of mesenchymal cells (74,75,77,84). More recently, HB-EGF, BTC, and EPR
have been detected in the virgin and/or pregnant mammary gland (78). Expression of
EGF is under the control of estrogen in the pubertal mammary gland, and lactational hor-
mones may regulate TGF- and HRG expression during pregnancy and lactation (76,79,
77). All four erbB receptors are expressed in the epithelium during pregnancy and lac-
tation, but only the EGFR and erbB-2 are expressed in the virgin mouse mammary gland
(78). When implanted in Elvax pellets in vivo, EGF, TGF- , HRG , HRG , CR-1, and,
to a lesser extent AR, can induce, to different degrees, longitudinal ductal growth, ductal
branching, and TEB development in the mammary gland of ovariectomized virgin mice
(79–85). Conversely, targeted expression of a dominant-negative EGFR to the mammary
gland in virgin transgenic mice produces an inhibition of mammary ductal development
in which TEBs are smaller and less frequent, and in which lateral and terminal ductal
branching are severely impaired (86). These peptides can also influence biochemical dif-
ferentiation in the mammary gland. For example, EGF, TGF- , CR-1, or various HRG
isoforms can either stimulate or inhibit the transcriptional expression of milk proteins,
such as -casein and whey acidic protein, depending on the presence or absence of prolactin,
and depending on whether the mammary epithelial primary cultures or explants were
initiated from mammary glands obtained from virgin or pregnant mice (77,83,87–89).
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Carcinogen-induced rat mammary tumors, spontaneous mouse mammary tumors, and
tumors in transgenic mice, which overexpress oncogenes in the mammary gland, also
exhibit elevated expression of EGF, TGF- , AR, CR-1, and/or HRG, which can potenti-
ally function as autocrine GFs in some of these cases (90–92). Overexpression of TGF- ,
HRG 2, CR-1, or c-erbB-2 has been formally demonstrated to contribute to the malig-
nant transformation of mouse, rat, or human mammary ECs in vitro and/or in vivo in
transgenic mice or rats, utilizing mammary-directed promoters such as WAP, or mouse
mammary tumor virus promoters to drive expression of the transgene (93–102). In fact,
TGF- and HRG 2 overexpression in transgenic mice or rats leads to the persistence of
TEBs, the appearance of hyperplastic alveolar nodules, and to a retardation in apoptosis
in secretory alveolar ECs during involution (96,97,100). These events may collectively
contribute to subsequent mammary tumor development in multiparous rodents, by facili-
tating the survival of a potential stem cell population that normally would regress during
involution, and that may persist and be susceptible to genetic or hormonal insult (97).
There is also a synergistic enhancement in the acceleration of mammary tumor formation
and number in bitransgenic mice that overexpress c-myc or erbB-2 in combination with
TGF- (103–105).

In addition to contributing directly to mammary EC transformation, some of these
GFs, such as TGF- , AR, HB-EGF, and HRG, may also indirectly mediate the transform-
ing activity of different oncogenes, such as c-H-ras and c-erbB-2, since these GFs can
be differentially upregulated in oncogene-transformed mammary ECs, and since block-
ade of their action can significantly inhibit the growth of these transformed cells (Fig. 7;
92–94,106–109). Estrogen and antiestrogens can also regulate the expression of TGF-
and AR in ER-positive human BC cell lines (110–114). In this respect, physiological,
growth-promoting concentrations of 17 -estradiol (E2) can induce a 2–10-fold increase
of TGF- and AR mRNA and protein expression in ER-positive BC cells (110,111). The
estrogen-induced increase in TGF- and AR expression in vitro is an ER-mediated
response that can be blocked by treatment with the antiestrogens, tamoxifen, (TAM), or
droloxifene (111,112). Blocking expression of TGF- or impairing the activity of the
EGFR, can significantly mute the growth-promoting effects of estrogen or P, suggesting
that TGF- may function as a mediator of estrogen and/or P action (66,115,116). Basal

Fig. 7. Coexpression of multiple EGF-related peptide GFs in nontransformed and c-Ha-ras and c-
erbB-2 transformed human mammary MCF-10A ECs.
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levels of TGF- are generally higher in ER-negative, estrogen-nonresponsive BC cell lines
than in ER-positive, estrogen-responsive cell lines; the reciprocal is observed for AR
mRNA expression (111,120). Some human BC cell lines also express EGF mRNA
(112,117,118). Specifically, the ER-positive BC cell lines, T47-D and ZR-75-1, exhibit
high levels of EGF mRNA expression. Progestins can increase the levels of EGF mRNA
in T47-D cells; E2 has no effect on EGF mRNA levels in these cells (118,119). In addition
to TGF- , EGF, and AR, human BC cell lines can also express HB-EGF, BTC, HRG, and
CR-1 (119,120). In fact, co-expression of several of these GFs is a frequent observation
in human breast carcinoma cell lines (119–121). In BC cells that express sufficiently high
levels of erbB-2, endogenous HRG may not only function as an EGF-like GF, but also
as a surrogate insulin-like growth factor-I (IGF-I), especially in cells that are autonomous
for several exogenous GFs, such as EGF and IGF-I (122,123).

EGF-like Ligands in Primary Human Breast Tumors
Cumulative data obtained from multiple studies, representing nearly 1000 invasive

breast tumors, have demonstrated expression of HB-EGF and BTC, and overexpression
(and, in a majority of cases, co-expression) of TGF- , AR, and/or CR-1 in breast tumors,
relative to the level of expression in adjacent noninvolved breast tissue (Fig. 8; 124). In
addition, overexpression of some of these GFs, such as TGF- and CR-1, can first be
detected in ductal carcinomas in situ (DCIS) (124). EGF mRNA has been detected in 83%
of human BC biopsy samples (125). In this subset of tumors, a higher proportion of ER-
and progesterone receptor (PR)-positive tumor biopsies had detectable EGF mRNA
levels, compared to tumors that were negative for ER or PR mRNA (125). Mizukami et
al. (126) found an inverse correlation between ER status and EGF protein expression in
breast carcinomas. They also found that EGF expression was correlated with poor prog-
nosis in BC patients, but no correlations between EGF expression and tumor size, degree
of differentiation, or metastatic progression were observed. In contrast, Pirinen et al.

Fig. 8. Expression of EGF-related peptide GFs in invasive human BC (IBC), ductal carcinoma in
situ (DCIS), and noninvolved, adjacent breast tissue.
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(127) has found, in 198 human breast carcinomas, expression of immunoreactive EGF
protein in 34% of the breast tumor specimens, with no association with steroid receptor
status or with overall survival.

Examination of TGF- expression in breast tumor specimens has been more thor-
oughly investigated. TGF- -specific mRNA has been found in 40–70% of primary and
metastatic human breast tumors (111,128–133). In situ hybridization has shown that
TGF- mRNA is expressed in breast tumor cells, and not in the surrounding stromal cells
or in infiltrating lymphoid cells (129). Most studies have found no significant correlation
between TGF- mRNA expression and steroid receptor status, axillary lymph node
involvement, or patient relapse and survival (128–131,136,137). However, one study
(133) has shown significantly higher levels of TGF- and EGF in ER-positive human
breast tumors than in ER-negative tumors. There is no evidence for rearrangements or
amplifications of the TGF- gene in human breast tumors that could account for elevated
expression (129). Immunoreactive and bioactive TGF- protein have also been detected
in premalignant atypical ductal hyperplasias, ductal hyperplasias, DCIS, and in 30–50%
of primary and metastatic human breast carcinomas, at levels that generally are 2–3-fold
higher than TGF- levels found in benign breast lesions or in normal mammary tissues (126,
134,135,137–141). The majority of BCs that express high levels of TGF- co-express
EGFR, suggesting that an autocrine loop may exist in vivo (132,133,135,136,138,142).
TAM can reduce the production of immunoreactive TGF- by 30–70% in primary human
breast tumors that are ER positive and PR-positive (143). In addition, in one study, TAM
treatment of BC patients resulted in a 10-fold reduction in tumor-associated TGF- (144).
Bioactive and immunoreactive TGF- has also been found in pleural effusions and in
urine from metastatic BC patients (129,145). High levels of TGF- in pleural effusions
correlate with a poor prognosis and performance status, and with tumor burden.

Normal human mammary EC strains and nontransformed human mammary EC lines
express AR mRNA and protein (146–148). AR can function as an autocrine GF in these
cells (119,146–148). AR protein is expressed in approx 80% of human primary breast
carcinomas, as detected by immunocytochemistry (137). Immunoreactive AR was also
found in 43% of the adjacent noninvolved mammary EC specimens, but generally at
lower levels, compared to the carcinomas (137). The pattern of staining was mostly
cytoplasmic, but nuclear staining was also observed. A similar nuclear localization has
been noted for HRG in erbB-2-overexpressing breast carcinoma cells, which may relate
to the presence of nuclear localization sequences in both AR and HRG (119,149). AR
expression is statistically associated with tumor histology, because a significantly higher
percentage of tumor cells in infiltrating lobular carcinomas were found to express AR,
compared to infiltrating ductal carcinomas (137). An inverse relationship between AR
expression and the presence of a point-mutated p53 gene has also been observed. No
correlation between AR expression, ER status, axillary lymph node involvement, histo-
logic grade, tumor size, proliferative index or LOH on chromosome 17p was found in this
study (137). However, a strong correlation between AR and ER expression was found
in a different subset of human primary breast carcinomas that were examined for AR
mRNA expression by Northern blot analysis. AR mRNA expression was found in approx
60% of these tumors, and all the tumors that were positive for AR expression were also
found to be ER-positive (121). LeJeune et al. (150) reported AR expression in only 37%
of human primary breast carcinomas, as assessed by immunocytochemistry and by RNA
dot blot analysis. LeJeune et al. also found that expression of AR was more common
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in lymph-node-positive cases than in lymph-node-negative cases, and no correlation
between AR expression and tumor histology or p53 expression was observed. Finally,
Visscher et al. (151) found that AR is expressed in 71% of breast tumors and in 59% of
surrounding host stromal cells.

HRG  mRNA has been detected in both normal and malignant breast tissues (151–
155). Visscher et al. (151) showed that immunoreactive HRG could be detected in 38%
of the tumors, and in the stroma in 50% of the cases. Peritumoral host stromal AR and
HRG staining was significantly correlated with tumor recurrence. In this study, medul-
lary carcinomas were found to express HRG at a higher frequency than infiltrating ductal
carcinomas (151). HRG may regulate estrogen-responsiveness. In this respect, HRG-trans-
fected MCF-7 cells become estrogen-independent and develop resistance to antiestrogens
(157). This phenotype may result from the ability of HRG to downregulate ER expression
(158). A similar phenotype is observed after transfection and overexpression of c-erbB-2
in MCF-7 BC cells (159,160). Finally, HRG 3 can induce apoptosis in BC cells that are
overexpressing erbB-2 (161).

Immunohistochemical (IHC) detection of CR-1 has been observed in approx 80% of
human primary infiltrating breast carcinomas, in approx 47% of DCIS, and in only 13%
of noninvolved breast tissue samples (124,137,156,162,163). Since TGF- and AR are
expressed in 29 and 43% of noninvolved, adjacent breast tissues, respectively, this
suggests that the differential expression of CR-1 in malignant mammary ECs may serve
as a more useful tumor marker than expression of other GFs for the early detection of BC
(137,162,163). Nonetheless, no significant correlations were found between the percent-
age of carcinoma cells that were positive for CR-1 and ER status, axillary lymph node
involvement, histologic grade, tumor size, proliferative index, LOH on chromosome
17p, or overall patient survival (137,162,163).

erbB Receptors in Primary Human Breast Tumors
Expression of the EGFR was the first erbB TK to be detected in both lobular and duc-

tal human breast carcinomas (164). EGFR expression is generally associated with an
estrogen-independent phenotype (164). ER-negative BC cell lines usually express higher
numbers of EGFRs than ER-positive cell lines, and estrogen and P treatment upregu-
lates expression of EGFR in ER-positive BC cells (165). However, overexpression of the
EGFR alone is not sufficient to induce ER downregulation, and the appearance of a
hormone-independent phenotype in vitro, in human BC cells (166). Several groups have
reported EGFR expression in human breast carcinomas, with an incidence ranging from
14 to 91% and a median value of 48% (164,167). Increased levels of EGFR expression
that are observed in primary breast tumors, or in BC cell lines, are not the result of gene
amplification, but generally result from an increased level of EGFR mRNA and protein
expression (168). Although activating mutations within the EGFR gene are rare, at least
in BC, one study (169) has demonstrated in a subset of BC patients the existence of type
VIII mutations in the EGFR, in which regions of the ECD are deleted. Several studies
have correlated high expression of EGFR in breast tumors that have higher proliferative
rates and axillary lymph node involvement (167). Studies following patients for longer
than 5 yr generally do not show a significant relationship between EGFR expression and
relapse-free survival or overall survival; studies analyzing patients after 1–2 yr have
found this association (167). These results indicate that EGFR status may define a subset
of early-relapsing, poor-prognosis patients. It has been demonstrated that EGFR expres-
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sion is second only to lymph node involvement as a prognostic marker in lymph-node-
positive patients, and is the only predictive marker for recurrence and overall survival in
node-negative patients during short-term follow-up (170,171). These results have been
recently confirmed by a prospective study demonstrating that EGFR expression is indic-
ative of poor prognosis in BC patients (172). A statistically significant inverse relation-
ship between EGFR and ER expression in human primary BC has also been found in
several studies (167). The relapse-free survival and the overall survival for ER-negative,
EGFR-positive patients has been demonstrated to be significantly worse than for double-
negative patients (170,173). Thus, EGFR status stratifies the ER-negative population into
good and poor prognosis subgroups. Expression of EGFR in breast tumors of patients
treated with primary endocrine therapy has also been correlated with accelerated disease
progression and with a poor response to antiestrogen treatment (174,175). In addition,
EGFR expression is also associated with a lack of response to endocrine therapy in
patients with BC relapse after surgical treatment, compared to EGFR-negative tumors in
antiestrogen-treated patients (174–176).

The c-erbB-2 protein is expressed at generally low levels in normal breast ECs and
myo-ECs (177). Oncogenic activation of the c-erbB-2 protein may occur both by point-
mutation in the transmembrane region or by overexpression of the wild-type protein
(178–181). Although no activating transmembrane mutations have been detected in the
c-erbB-2 proto-oncogene in primary human primary breast carcinomas, c-erbB-2 pro-
to-oncogene amplification and/or erbB-2 protein overexpression has been detected in
several human BC cell lines, and in approx 15–30% of primary human breast tumors
(43,177,182,183). More recently, tyrosine phosphorylated erbB-2, which is indicative of
the presence of an activated receptor, has been found in 35% of the erbB-2-positive cases
(184,185). Overexpression of erbB-2 mRNA and protein can occur both in the presence
or absence of gene amplification (186). Overexpression of erbB-2 is associated with
resistance to TAM and other drugs, suggesting that patients presenting with breast tumors
that overexpress erbB-2 may derive the best benefits from high-dose Chemo (43,183,
187,188). In benign tumors, overexpression of erbB-2 is relatively rare, although expres-
sion of low levels of p185erbB-2 protein frequently occurs (189,190). In comedo types of
DCIS, over 90% of these lesions overexpress c-erbB-2, but other DCIS subtypes are
negative (191). In addition, c-erbB-2 overexpression in comedo DCIS is associated with
tumors with a greater invasive potential (183,192). Overexpression of c-erbB-2 in inva-
sive breast tumors is essentially confined to ductal carcinomas, and is more frequent in
inflammatory ductal carcinomas than in noninflammatory tumors (193,194). There is no
association of elevated c-erbB-2 expression with age, grade, size, or nodal involvement;
there is a significant inverse association with steroid hormone receptor status, similar to
expression of the EGFR (177,183). This may be mechanistically significant, since it has
recently been demonstrated that E2 can induce a dose-dependent decrease in c-erbB-2
expression in estrogen-responsive human BC cells (187,195). In contrast, an increase in
c-erbB-2 expression is observed in TAM-treated BC patients, suggesting that antiestrogen
therapy may be contraindicated in erbB-2-positive tumors (187). erbB-2 overexpression
in lymph-node-positive patients is predictive of a poor outcome, independent of other
prognostic indicators (183). More controversial is the role of c-erbB-2 status as a prog-
nostic indicator in node-negative patients. However, some recently published studies
have reported a prognostic role for c-erbB-2 that is independent of stage and nodal status
of patients (183,196). erbB-2 overexpression is a reasonable indicator of poor survival
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in node-negative patients with breast tumors that possess low nuclear grade, and who
normally represent a low-risk group (197). Co-overexpression of c-erbB-2 and EGFR in
the same tumor is associated with a poorer prognosis than overexpression of either
oncogene alone (183,198,199). This may be functionally significant, because the EGFR
can form heterodimers with p185erbB-2, can transphosphorylate p185 erbB-2 in response to
ligand binding, and can synergistically enhance cellular transformation in vitro with
c-erbB-2 (23,43).

c-erbB-3 is expressed in both luminal ECs and myo-ECs of the adult mammary gland
(200). Overexpression of c-erbB-3 has been found in several human BC cell lines in the
absence of either gene rearrangement or amplification (201). erbB-3 shows a wide range
of expression in primary breast carcinomas. It is expressed in 60–90% of primary human
breast tumors, and is overexpressed when compared to the adjacent noninvolved mucosa
in approx 15–30% of the tumors (202–205). Overexpression of c-erbB-3 is caused by an
increase in gene transcription, since no evidence of gene amplification has been found
(202). High expression of c-erbB-3 is also positively associated with the presence of
lymph node metastases, but not with patient survival (202). c-erbB-4 is expressed in
several human BC cell lines (155,203). In addition, approx 50–70% of primary human
breast tumors express erbB-4 in which erbB-4 expression correlates with ER and PR
expression (155). In a more recent study (204), erbB-4 expression in a small panel of
breast tumors was found to be elevated in approx 20% of primary breast tumors, com-
pared to adjacent noninvolved breast tissue.

PROSTATE CANCER

Prostate cancer (PC) is the most common cancer in men. There are approx 190,000
new cases per year, of which there are nearly 38,000 deaths per year from this disease
(205). The incidence of PC increases significantly with age. Less than 1% of PCs are
diagnosed in men under 50 yr of age; 10% of men in the age range of 50–60 yr and 50%
of men in the 70–80-yr range have histological foci of cancer within their prostate glands
(203–207). This may relate to the fact that nearly 80% of men over 70 yr of age have
some degree of benign prostatic hypertrophy (BPH). Similar to BC, PC begins as a hor-
mone-dependent disease with tumors that are androgen-receptor-positive and androgen-
dependent, and eventually progress to a more aggressive, androgen-independent phenotype.
In addition, as in BC, it is unclear whether androgens have a direct mitogenic effect on
prostate ECs or function to enhance the expression of autocrine or paracrine factors in
the prostate stroma that mediate this effect (205,208–210).

EGF and TGF- can function as mitogenic and survival factors in both normal and
malignant prostate ECs (209–213). EGF has been detected in the ECs of the prostate
gland of rodents; TGF- is expressed both in the epithelium and in the stroma (211,
214,215). EGF is mitogenic for normal rat and human prostate cells (211,216,217), as
well as for rat and human prostate carcinoma cells (211,215,216,218). EGF, AR, and
TGF- expression in the rodent prostate, and in some human prostate carcinoma cell
lines, are inducible by androgens (219–222). Some human prostate carcinoma cell lines
contain high levels of TGF- mRNA and exhibit an increased proliferation in response
to TGF- (223). The androgen-independent prostate carcinoma cell line, PC-3, exhibits a
reduced requirement for exogenous GFs. This results, in part, from the secretion of TGF-
into the medium. and from the expression of EGFR on these cells (224). Pretreatment of
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PC-3, DU-145, or ALVA101 prostate carcinoma cells with a humanized EGFR-blocking
monoclonal antibody (mAb) or TGF- -neutralizing Ab is able to block the growth stim-
ulatory effects of TGF- in vitro, and to significantly inhibit the growth of PC-3, DU-145,
and ALVA101 tumor xenografts (221,224). Likewise, growth of PC-3 tumor xenografts
in nude mice can be significantly retarded by the intratumoral injection of TGF-
or EGFR antisense oligodeoxynucleotides (225). LNCaP cells can be stimulated to pro-
liferate with either EGF or TGF- (226). The synthetic androgen, R1881, can stimulate
the growth and increase the number of EGF receptors in these cells, suggesting that the
increased growth rate of LNCaP cells is related in part to the increase in EGFR expres-
sion, thereby hypersensitizing these cells to endogenously produced TGF- (226). In
contrast to EGF or TGF- , HRG was found to inhibit LNCaP growth, and to induce a
more differentiated phenotype (227). Treatment of DU-145 cells, an androgen-indepen-
dent human prostate carcinoma cell line, with suramin (a trypanocidal drug that can
inhibit the binding of various GFs to their receptors), specifically reduced the binding of
TGF- to DU-145 cells and EGF to LNCaP cells (228,229). This effect was substantially
reversed by culturing the cells in the presence of an excess of TGF- (229).

TGF-  and EGF expression in prostate carcinomas is generally elevated, relative to
BPH or prostatic intraepithelial neoplasia (PIN) (230,231). In the normal human pros-
tate, TGF- may function as a paracrine effector, because it is expressed in the stroma;
in prostate carcinoma cells, this GF probably becomes a predominantly autocrine growth
regulator (208,210,231). The most intensive staining for TGF- has been demonstrated
in less-differentiated prostate tumors. TGF-  expression has been shown to be signifi-
cantly correlated with the histopathological grade of the tumors, but not with the expres-
sion of proliferation markers, such as Ki-67 (231). More recently, immunoreactive HRG
has been demonstrated to be expressed in nearly 70% of prostate carcinomas; its receptor,
erbB-3, is expressed in 54% of the cases in the tumor ECs (232). Increased expression
of erbB-3 can be detected in PINs and prostate carcinoma, compared to nondysplastic
normal secretory prostate epithelium (233). In a second study, 95% of prostate carcino-
mas were found to express erbB-3 and only 23% erbB-4 (234). In contrast, HRG expres-
sion was found to be restricted to the stroma of normal and benign prostate lesions (234).

In contrast to TGF- and HRG , which are expressed in the normal prostate stroma,
EGFR, erbB-2, erbB-3, and erbB-4 expression is restricted to the epithelial compart-
ment, where expression of the EGFR is elevated in human prostate carcinomas, com-
pared to normal or benign human prostate tissues (222,232–235). EGFR expression is
negatively regulated by androgens, and is correlated with high-grade tumors and with
less-differentiated tumors (222,236,237). More recently, it has been demonstrated that
expression of EGFR is highest in BPH, compared to PIN or prostate carcinoma (238).
These data are at variance with other data, which demonstrate higher levels of EGFR
expression in PC tissue, compared to BPH (222,236).

There are conflicting data on the relative levels of expression of c-erbB-2 in BPH or
prostate carcinomas, since expression levels range from 30 to 86% in prostate tumor
samples and from 0 to 62% in BPH samples. For example, no staining was found in 23
PCs or in 10 BPH specimens, using an anti-erbB-2 Ab (239). In contrast, another study
(240) found that 86% of 19 primary prostate tumors were moderately to strongly stained.
Similar to EGFR expression, expression of erbB-2 mRNA is enhanced by androgens
(241). More recently, 53 prostate carcinomas and 9 cases of BPH were examined for
c-erbB-2 gene amplification and erbB-2 overexpression (242,243). Enhanced staining
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was detected in 34% of the carcinomas and in none of the BPH samples (243). Over-
expression of c-erbB-2 results fromenhanced levels of transcription, but also amplifica-
tion has been detected by fluorescence in situ hybridization analysis and found to correlate
with Gleason score in approx 40% of prostate tumors that are generally nondiploid
(244,245). Similar to EGFR expression, enhanced staining for erbB-2 was more preva-
lent in poorly differentiated carcinomas than in well-differentiated prostate tumors.

DIAGNOSTIC, PROGNOSTIC, AND THERAPEUTIC APPLICATIONS

Differential overexpression of the EGFR or erbB-2 in breast, ovarian, and endometrial
carcinomas has already proven to be efficacious in stratifying patients with respect to
subsequent Chemo, and in prediction of shorter disease-free survival or overall survival.
This suggests that these receptors, or the GFs or signaling proteins that function either
upstream or downstream from these receptors, may represent novel targets for selective
therapy (Table 3; 246–255). In addition, the detection of elevated levels of GFs in the
urine and in the serous effusions of BC patients or the shed ECD of GF receptors, such
as the ECD of c-erbB-2, in the serum of BC or PC patients, suggests that these proteins
may have some utility in the early diagnosis of BC. Detection of these peptides could also
be useful in the prognosis of BC, PC, or ovarian cancer (OC), particularly for following
the response to therapy, or for monitoring tumor progression or recurrence (256–264).
For example, EGF concentrations are significantly higher in cystic breast fluid from
patients with associated proliferative benign or malignant breast pathology (265,266).
Reciprocally, expression of the EGFR in ductal ECs found in needle aspirates is signifi-
cantly higher in women at high risk for BC development (e.g., first-degree relative with
BC ) than in low-risk women (267).

The selective overexpression of GF receptors in tumors also offers the potential for
therapeutic intervention, since humanized antireceptor mAbs, which can block the bind-
ing of a ligand to a receptor such as the EGFR or erbB-2, have been demonstrated to be
efficacious in perturbing tumor cell growth in vitro and in vivo, particularly in breast and
ovarian tumors that overexpress these receptors (249–252,254,255,268–273). A prime

Table 3
Novel Therapeutic Targets

Growth factors
Neutralizing antibodies
Antagonists
Sequestration drugs (Suramin/PPS)
Antisense ODNs

Growth factor receptors
Immunotherapy and blocking antibodies
Ligand-based toxins
Protein kinase inhibitors
Antisense ODNs
Vaccines

Intracellular signal transduction components
Peptide antagonists for SH2/PID
Farnesylation inhibitors
PI-3-Kinase inhibitors
MAPK inhibitors
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example is Herceptin, which is a humanized anti-erbB-2 mAb that can block signaling
through this receptor. Herceptin has significantly lengthened survival time in 16% of
stage IV metastatic BC patients (273). In addition to the use of antireceptor-blocking
mAbs, anti-GF neutralizing mAbs, such as those directed against TGF- , may also be
equally as effective in directly or indirectly blocking tumor cell growth. In addition,
combination or rotation therapy of these monoclonal antireceptor or anti-GF Abs or
chimeric GF toxins with other more conventional chemotherapeutic drugs, such as cis-
platinum, paclitaxel, or doxorubicin, may synergistically enhance the therapeutic effi-
cacy of these drugs in breast and ovarian cancer. This may, therefore, reduce the systemic
side effects of these drugs, because lower effective doses of these cytotoxic agents could
be used (274–277). For example, Herceptin in combination with paclitaxel produced an
approx threefold increase in response rate (RR) in patients treated with Ab plus drug
(45% RR), compared to the drug alone (16% RR) (273). It may also be possible to con-
struct synthetic peptide analogs of erbB receptor transmembrane region(s), which are
involved in heterodimer formation, and which could sterically inhibit receptor dimeriza-
tion in a manner similar to the mechanism by which dominant-negative receptor mutants
abrogate normal receptor function. These peptides could be selectively introduced into
tumor cells that are overexpressing a particular erbB receptor. Such an approach has
already proven experimentally feasible, since expression vector constructs that produce
short transmembrane erbB-2 proteins, which lack ligand binding or intracellular kinase
domains, were able to significantly inhibit the in vitro growth and tumorigenicity of
erbB-2 transformed cells (278).

For radioimaging and for therapy, conjugation or genetic chimerization of radio-
nuclides, bacterial or fungal toxins or drugs, to GFs or to different anti-erbB receptor or
anti-GF mAbs may provide a mechanism for selectively delivering these cytotoxic agents
to tumor cells that are overexpressing different erbB receptors or cell-associated EGF-
like GFs. For example, chimeric toxins encoding GF genes, such as TGF- , HB-EGF,
or HRG, have been selectively chimerized to the II and III domains of Pseudomonas
exotoxin A (PE). Some of these recombinant PE-peptides, such as HRG 1-PE toxins,
can selectively kill breast tumor cells in vitro and in vivo, which are expressing high num-
bers of erbB-3 or erbB-4 (279–284).

Because members of the erbB family all possess an intracellular TK that is essential
for signaling, specific inhibitors of this enzyme, such as the tryphostins and other quina-
zolone compounds, may also have potential for use as therapeutic drugs (285–289). In
fact, some of the newer pyrido–pyrimidine compounds are orally active against human
breast tumor xenografts that overexpress EGFR (289). A more provocative gene therapy
approach might include the use of antisense RNA expression vectors, using ribozymes
or chemically modified phosphorothioate or methylphosphonate antisense oligodeoxy-
nucleotides (290–297). This approach has already proven to be effective in blocking the
expression of TGF- , AR, CR-1, EGFR, and c-erbB-2 in breast carcinoma cell lines, and
in significantly inhibiting the growth and tumorigenicity of these cells. Their potential
use in vivo may be facilitated by their encapsulation into liposomes containing a mAb
that is directed against a tumor-associated antigen, and that has been integrated into
the liposome membrane bilayer (298). Alternatively, it may be possible to immunize
patients against tumor-associated antigens, using peptide vaccine immunotherapy. In
this context, tumors expressing the type VIII mutant form of the EGFR could be effec-
tively targeted by prior immunization of mice with a peptide derived from the fusion
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junction region of the type VIII EGFR (299). Design of specific inhibitors that can disrupt
the activity or function of specific signal transduction proteins may also yield novel drugs
that can uncouple GF receptors from other downstream effectors in tumor cells, which
possess a constitutively activated intracellular signal transduction pathway (247,248,
253). For example, specific farnesyltransferase inhibitors (FPTIs) have been isolated,
which can block the farnesylation of p21ras and which can prevent association of p21ras

with plasma membrane, thereby perturbing its activity. These compounds are effective
in blocking in vitro transformation induced by a point-mutated ras gene (300–305). It is
possible that cancer cells that possess an activated, point-mutated ras gene or that over-
express p21ras in an active guanosine triphosphate-bound state caused by chronic auto-
crine GF-induced receptor TK activation, may be particularly sensitive to this new class
of compounds. In this context, mammary tumor growth in vivo can be effectively blocked
by FPTIs (305). Finally, the availability of specific mitogen-activated protein kinase
(MAPK) and phosphatidylinositol-3 kinase inhibitors now offers the possibility of target-
ing these proteins, which are frequently engaged in erbB signaling pathways (247,253,306).

CERVICAL CANCER

The incidence of invasive cervical cancer (CC) is relatively low in the United States,
with 15,800 patients diagnosed and 4500 deaths occurring in 1995 (307). It is clinically
well established that the proliferation of normal squamous epithelium of the cervix is
under the control of sex hormones during the menstrual cycle. Immunohistochemically,
it has been shown that, during the proliferative phase, cervical cells are ER-negative
(308). As plasma E2 levels increase, the basal and parabasal cell layers become ER-
positive. Finally, in the secretory phase of the menstrual cycle, the nuclei of the super-
ficial layers (stratum spinosum, granulosum et corneum) also express ER. Secondary
estrogen responses on the cervical epithelium can be mediated by estrogen-dependent
effects through the stroma (309).

There are several studies that have assessed the presence of ER or PR in cervical
carcinomas (310–316). The reported presence of ER in cervical carcinomas ranges from
12 to 100%, depending on the method of assessment (for review, see ref. 317). The pres-
ence of functional ER seems to be higher in adenocarcinomas of the cervix than in squa-
mous epithelial neoplasms (315,318,319). In a study with 100 postmenopausal women
with locally advanced cervical carcinomas, Battacharya et al. (320) demonstrated that
estrogen treatment increased the S-phase fraction, but also increased ER and PR content,
suggesting the need for use of estrogen in combination with other treatment modalities.
There are no valid data demonstrating the prognostic value of ER or PR in CC (311–
315,321,322). However, the proportion of CC patients who might be expected to obtain
objective benefit from endocrine therapy is only about 30% (317). Since the regulation
of EGF-related GFs, such as TGF- and AR by estrogen could be demonstrated, the same
mechanisms might be assumed for cervical tissues (323–326).

Human Papilloma Virus and EGF-like GFs and Receptor Expression
The human papilloma virus (HPV-16, -18, -33) plays a dominant role in the etiology

of cervical carcinogenesis (327,328). The viral proteins, E6 and E7, which are expressed
by the high-risk types of HPV, are able to bind to and inactivate the host tumor suppressor
proteins p53 and Rb, which normally inhibit cell cycle progression (329,330). Inactiva-
tion of p53 and Rb by E6 and E7 leads to dysregulated entry of cells into the S-phase of
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the cell cycle (307,331–333). However, only a minority of HPV-infected women actually
develop invasive CC. Thus, additional environmental and/or genetic factors must be
involved in cervical carcinogenesis.

Approximately 66% of cervical carcinomas and 100% of vulvar condylomas that are
the result of HPV-infection express high levels of TGF- mRNA (325). Because HPV-
16 and HPV-18 are associated with approx 60–90% of cervical intraepithelial neopla-
sias, and since these viruses have a major transforming potential, these data suggest that
overexpression of TGF- may be associated with the early stages of disease after HPV
infection. In this context, the E6 and E7 genes are involved in the immortalization and
transforming activities of HPV, and the effects of these genes are accentuated by the
product of the E5 gene (334). The E5 gene encodes for a small membrane-associated
protein that can inhibit the downregulation and degradation of the EGFR in response to
ligand binding. In addition, E5 can induce hyperphosphorylation of the EGFR in a ligand-
independent fashion, and can accelerate receptor recycling at the cell surface, thereby
hypersensitizing infected cells to the effects of EGF-related ligands (335). This obser-
vation is of clinical relevance, because EGFR expression can be detected in 85–100% of
HPV-related cervical dysplasias or condylomas (336–339). In a series of 97 HPV lesions
of the uterine cervix, EGFR expression was found in 95/97 (98%) specimens, mostly in
the basal or parabasal cells (340). No associations were established between the EGFR
or erbB-2 and the specific HPV types, grade of cervical intraepithelial neoplasia (CIN),
or the clinical course of cervical HPV lesions. Therefore, assessment of these factors
seems to be of limited value in explaining the development of HPV-associated CIN, and
in predicting the prognosis of this disease.

The tumor growth rate in CC cells is related to the level of induction of HPV gene
products, but increased proliferation is not associated with upregulation of EGFR levels
(341). This finding suggests that EGFR overexpression by itself may not be an important
feature in the etiology of cervical carcinoma. However, Woodworth et al. (342) have
found in HPV-immortalized and carcinoma-derived cervical ECs, that the proinflam-
matory cytokines, interleukin 1 (IL-1 ) and tumor necrosis factor (TNF- ), stimulate
the autocrine expression of AR in vitro. In contrast, both cytokines only minimally
stimulated TGF- mRNA expression. Additionally, treatment with recombinant TGF-
or AR could stimulate the proliferation of CX16-2 cervical cells in the absence of EGF.
Similar results were reported for five immortal or carcinoma cell lines. Those investiga-
tors also observed that IL-1- and TNF- -induced mitogenesis is dependent on a func-
tional EGFR, and is further dependent on autocrine stimulation by AR. Recently, Hu
et al. (343) demonstrated that either the expression of antisense HPV E6/E7 or the Rb
transcription unit results in decreased expression of EGFR protein. EGFR levels were not
affected at the transcriptional level, but at the posttranscriptional level. Reduced cancer
cell growth has now been shown to occur when the EGFR transduction pathway is turned
off by a diverse set of therapeutic agents, including antisense E6/E7 constructs (344,345),
anti-EGFR neutralizing Abs (346), and specific inhibitors of the EGFR kinase (347). It
has also been shown that EGF has a direct stimulatory effect on the expression of E6 and
E7 genes by activating AP-1 transcription factor activation (348).

Expression Patterns and Biological Effects of EGF-Related GFs
Recently, using semiquantitative reverse transcriptase-polymerase chain reactions,

Pfeiffer et al. (349) investigated the mRNA expression pattern of several EGF-related
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peptides in the normal human cervical epithelium and in CC, and found that CR-1 mRNA
was expressed only in the stroma of normal cervix and not in the epithelium. Expression
of TGF- mRNA was found in the stroma. EGF, AR, and BTC mRNA were equally
expressed in epithelium and stroma. Furthermore, there were no significant differences
in the mRNA expression of any EGF-related peptide between normal cervix and CC. In
approx 10% of the carcinomas, overexpression of EGF, AR, and TGF- mRNA was
observed. In the majority of cervical carcinomas, the level of mRNA expression of EGF-
related peptides seemed to decline with tumor progression. In undifferentiated stage II
cervical carcinomas, the mRNA expression of TGF- and HB-EGF was significantly
reduced, in comparison with more differentiated stage I tumors (349). Konishi et al. (350)
demonstrated TGF- expression in normal, benign, and malignant lesions of the cervix.
Immunohistochemically, normal squamous cells of the exocervix were found to be
TGF- -negative; reserve cells and metaplastic squamous cells in the transformation zone
were positive. Most cases of CIN, with or without koilocytotic atypias, were TGF- -neg-
ative. In invasive carcinomas (SCC), TGF- immunoreactivity was observed in 49% of
squamous cell carcinomas, and in 100% of adenocarcinomas (ACs) and adenosquamous
carcinomas. There was no significant correlation between TGF- positivity and clinical
stage of disease or degree of keratinization.

GFs have been implicated as agents that stimulate proliferation and enhance the
possibility of malignant transformation in cervical cells (351). In proliferation assays,
EGF can enhance CC cell growth in a dose-dependent manner (352,353). EGF may be
stimulating proliferation by an EGF mitogenic pathway, and by indirectly reducing the
levels of inhibitory insulin-like GF binding proteins. It has also been demonstrated that
the autocrine production of IGF-II and the overexpression of IGF-IR, are important in
controling the proliferation of CC cells, and that autocrine IGF-II production may also
participate in the mitogenic signaling of EGF in these cells (354). This might be an impor-
tant mechanism, since Tonkin et al. (355) did not find evidence of amplification of the
EGFR gene in four CC cell lines, using Southern blot analysis. Additionally, infection
with multiple sexually transmitted pathogens has been associated with inflammation of
the cervix and an increased risk of CC in women who are also infected with HPVs.
Various studies have demonstrated that IL-1 and TNF- stimulate the proliferation of
immortal and malignant cervical cells by an EGFR-dependent pathway requiring auto-
crine stimulation by AR (342). In addition, in the ME180 cervical carcinoma cell line,
the expression and the TK activity of the EGFR may alter TNF- cytotoxicity and signal
transduction, and may therefore control TNF- responsiveness (356–358). In contrast,
in the same cell line, retinoic acid reduces the synthesis of EGFR (359). In SKG-III cervi-
cal carcinoma cells, EGF and TGF- stimulate haptotactic migration, invasive activity,
and type-IV collagenase activity (360). In OMC-4 cervical AC cells, the production of
laminin and collagen IV is inhibited by EGF; that of tissue plasminogen activator was
significantly promoted at physiological concentrations of EGF (361).

Clinical Use of erbB-Receptors as Prognostic Factors
There are a number of publications demonstrating the expression of EGFR or erbB-

2 in normal and dysplastic crvical epithelim or CC. Generally, overexpression of EGFR
is a hallmark of human SCC (362). In 52 cervical carcinomas and 40 normal cervical
epithelia, Pfeiffer et al. (363) found a higher expression of EGFR in homogenized malig-
nant tissue than in the normal samples, using a ligand-binding technique. A high EGFR
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expression was associated with a poor prognosis. In contrast, Kimmig et al. (364) have
shown that expression of EGFR in most cervical carcinomas is reduced, compared with
the normal cervical epithelium, indicating that dedifferentiation of cells may be associ-
ated with a reduction of EGFR, instead of an increase. Using two-color flow cytometry
in a prospective study on 73 primary cervical carcinomas and 11 normal controls, they
found EGFR overexpression in only 10% of cervical carcinomas. They suggest that
cervical carcinomas overexpressing EGFR represent a small, biologically distinct sub-
group of this cancer, which exhibits an enhanced aggressiveness associated with poor
prognosis. In this context, EGFR levels seem to be indicative of the biological aggres-
siveness of cervical carcinomas, and may provide additional information for the predic-
tion of the prognosis of this disease (363,365). Recently, Pfeiffer et al. (366) showed that
EGFR levels per cell were high in the nondividing, upper cell layers of the normal human
cervical epithelium, where a mitogenic function of EGF can be excluded. In the prolif-
erative basal or parabasal strata, normal cells express intermediate or comparatively
reduced levels of EGFR per cell. CC cells displayed a significant reduction of specific
EGF binding and of EGFR levels per cell, compared with normal epithelium. A signifi-
cant negative correlation of cell density and EGFR number per cell was obtained (366).
In a retrospective study, Hale et al. (367,368) found EGFR staining in approx 34% of
human invasive CCs. EGFR expression in SCC, adenosquamous carcinomas, and ACs
was 50, 33, and 19%, respectively. Overall, EGFR staining was correlated with poor
prognosis, but, in the histological subgroups, the results were quite different. Thus, in
SCCs, there was no correlation between EGFR staining intensity and patient outcome.
In contrast, in adenosquamous carcinoma there was a significant correlation between
EGFR expression and mortality, both overall and in those lacking lymph node meta-
stases. When lymph node metastasis was present, no such correlation could be shown.
No correlation between EGFR expression and outcome could be demonstrated in ACs.
However, in ACs, there was a correlation of EGFR expression and the presence of lymph
node metastasis. Hale et al. (367,368) concluded that IHC demonstration of EGFR expres-
sion may be useful in identifying those patients with a poor prognosis, particularly those
with adenosquamous carcinomas that have not metastasized to the regional lymph nodes.
These findings are supported by Hayashi et al. (369), who found no correlation between
EGFR expression and lymph node status in SCCs. On the other hand, patients with
positive staining for p21ras had a significantly higher incidence of lymph node metastasis.
This suggests that expression of the ras oncogene product may be associated with bio-
logical aggressiveness in cervical carcinoma.

An interesting diagnostic approach involved the use of lymphoscintigraphy, using
EGF as a tumor-seeking agent, in CC (370). However, labeled EGF did not localize to
the regional lymph nodes, where metastases could be detected. In fresh-frozen tissue
samples, Berchuck et al. (337) found EGFR expression in basal keratinocytes of normal
epithelium; in carcinoma in situ, the EGFR expression was maintained throughout the
entire thickness of the epithelium. They also found EGFR staining in many carcinomas,
but the staining intensity did not appear to be significantly stronger than that seen in the
basal layer of normal cervical epithelium. In another study, Berchuck et al. (337) ana-
lyzed EGFR levels in frozen tissues, using 125I-labeled EGF with a computerized image
analysis system. Among 54 cervical carcinomas, 23 (43%) had an increase in EGFR
levels (<3-fold). High overexpression (>3-fold) was seen in 2/54 cases. Patients whose
cancer had significant EGFR overexpression died of disease.
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In 6/11 normal cervical tissue samples, Goeppinger et al. (371) found strong EGFR
staining, using frozen tissues samples from punch biopsies. The staining reaction was
confined to the basal and deep parabasal cell layers. Staining was independent of the day
of the menstrual cycle, age, or the presence of inflammatory disease. In contrast to the
normal epithelium, in all 27 CIN samples (with or without HPV association), homogen-
ous EGFR staining could be observed. In CINs, all dysplastic cells exhibited stronger
EGFR staining. No correlation between HPV infection and EGFR staining, localization,
or intensity could be found. No EGFR staining could be detected in the more differentiated
cell layers of the normal cervical epithelium. This finding suggests that there is an inhibi-
tion of EGFR expression in the terminal phase of squamous epithelium cell differentiation.

Using an enzyme-linked immunosorbent assay in fresh tissue samples, Kim et al.
(372) found no EGFR overexpression (defined as EGFR level exceeding the 250 fmol/mg
protein) in a control group of 10 chronic cervicitis, but EGFR overexpression was found
in 25% of 20 CIN II/III samples. In 40 invasive cervical carcinomas, 72.5% showed
EGFR overexpression. Lesions of 4 cm or more had significantly higher EGFR levels
than those under 4 cm. There were no significant differences in EGFR levels when stra-
tified according to clinical stage, histological cell type, age, or menopausal status. These
data were confirmed by the IHC findings of Maruo et al. (336), who found no EGFR
expression in normal cervical epithelium, but 75% of dysplastic and 50% of malignant
tissues were positive. Large-cell nonkeratinizing and keratinizing carcinomas contained
high levels of EGFR; small-cell nonkeratinizing carcinomas lacked EGFR. Elevated
expression of EGFR may be involved in the initial stage of tumorigenesis, and may be
related to the differentiation or dedifferentiation of cervical squamous carcinoma cells.

Expression of erbB-2 has also been examined in cervical tissues (373,374). Berchuck
et al. (337) found erbB-2 expression primarily in the ectocervical basal squamous cells
of the normal cervix. In contrast, in the endocervix, EGFR staining was seen primarily
in stroma, and erbB-2 expression was observed only in the glandular epithelium. In the
same study, 1/26 CCs was found to overexpress erbB-2: This was the only patient who
presented with pulmonary metastasis at the time of diagnosis. Mitra et al. (375) found
erbB-2 amplification in 22% of 50 cervical carcinomas. Overexpression of erbB-2 was
observed in 25% of cervical ACs (376). Using IHC in a retrospective clinical evaluation
of 62 cases with CC (20 SCCs, 21 adenosquamous carcinomas, and 21 ACs), Hale et al.
(367) detected erbB-2 membrane staining in 24/62 (38.7%) cases. Overall, a significant
correlation between positive staining and poor outcome for patients, both with or without
lymph node metastasis, was found. Additionally, a significant correlation between posi-
tive staining and poor prognosis was seen in all three tumor subtypes. No significant
correlation was detected between lymph node status and erbB-2 staining, except in ACs,
in which there was significantly more staining in the tumors of patients in whom lymph
node metastasis had been identified. Where lymph node metastasis was absent, positive
erbB-2 staining was significantly related to poor outcome in SCCs and in adenosqua-
mous carcinomas; in ACs, all 14 tumors lacking lymph node metastasis were negative
for erbB-2. Immunostaining for erbB-2 could be useful as a prognostic marker and may
help identify those patients for whom early adjuvant treatment might be beneficial.

Using IHC, Brumm et al. (377) showed at least focal positivity for erbB-2 protein
expression in 100% (17/17) of CINs and in 6/8 cervical SCCs. In a larger retrospective
IHC study of 125 patients with SCCs, 21 ACs, and 4 adenosquamous carcinomas, Ndubisi
et al. (378) noted erbB-2 expression in 22% of total cases. Semiquantitative scoring of
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erbB-2 expression did not show any correlation with stage, histology, grade, or patient
age. There was no significant change in 5-yr survival rates in patients whose tumors
expressed erbB-2. Lakshmi et al. (379), using IHC in 150 normal cervical tissue samples,
found erbB-2 and EGFR expression in 83.3 and 86.6% of this group, respectively. There
was no difference between erbB-2 and EGFR expression in 100 low-grade squamous
intraepithelial lesions (SILs) vs staining in 122 high-grade SILs. In 166 invasive carci-
nomas, erbB-2 and EGFR expression was observed in 96.8 and 93.7% of the cases,
respectively. Also, there was a significant correlation between EGFR and erbB-2 expres-
sion in the different cell layers of the cervix. In normal tissue, immunoreactivity for
EGFR expression was mostly confined to the basal and parabasal cell layers, suggesting
that there is a reduction in EGFR expression during the terminal phase of squamous cell
differentiation. In SIL, all dysplastic cells were found to exhibit a stronger EGFR expres-
sion. The expression intensity and the localization of EGFR are independent of the day
of the menstrual cycle (379).

Altavilla et al. (380) reported EGFR and erbB-2 expression in 43 cervical ACs, in
which 41.5% were EGFR-positive and 53.5% were erbB-2 positive. There was no sig-
nificant correlation between EGFR expression and stage of disease, lymph node status,
vascular space invasion, isthmus infiltration, or overall survival. Additionally, there was
no significant correlation between EGFR or erbB-2 expression and different histological
subgroups (endometroide, mucinous, clear cell, serous, mesonephric, adenosquamous).
For erbB-2 expression, a significant correlation was observed with lymph node status,
vascular space involvement, and isthmus infiltration. In lymph-node-positive cases,
erbB-2 was expressed in all the tumor samples. In a retrospective IHC analysis, Kristensen
et al. (381) evaluated the expression of EGFR, erbB-2, and cathepsin D expression in 132
patients with International Federation of Gynecology and Obstetrics (FIGO) Institute of
Biology (IB) cervical carcinomas that had been treated surgically, and in 10 control
patients without cancer. Overexpression of the EGFR was observed in 25.8% (34) of the
tumors, but no correlation with any histopathological variables was detected. Otherwise,
the relapse-free survival was lower in patients whose tumor was overexpressing EGFR.
erbB2 was positive in 12% of the cases. However, no correlation with relapse-free sur-
vival was found. In a multivariate analysis, expression of EGFR and cathepsin D obtained
independent prognostic significance, and, when considered together, were the strongest
prognostic factors, after tumor size. Of clinical interest is the finding of no relapse in a
subgroup of patients with squamous cervical cancer smaller than 2 cm in dimension and
not overexpressing the EGFR. In contrast to Hale et al. (367), erbB-2 was not found to
be useful in predicting prognosis in squamous cervical cancer. In 64 patients with SCC
that had been treated with radiation therapy, Nakano et al. (382) found IHC positivity for
erbB-2 in 42.4% of the cases. A significant increase in erbB-2 expression was observed
with advanced stages, but no correlation between erbB-2 expression and histological
subtypes was detectable. The mean growth fraction of erbB-2-positive tumors was sig-
nificantly lower than of erbB-2-negative tumors (26.2 vs 38.3%). Otherwise, the mitotic
index in erbB-2-positive tumors was significantly higher than in erbB-2-negative samples
(3.7 vs 2.0%). The 5-yr survival rates for erbB-2-positive and erbB-2-negative patients
were 44.4 and 74.8%, respectively, indicating a poorer prognosis in erbB-2-positive
patients. A similar trend was observed in stage III patients, in which 5-yr survival rates
for erbB-2-positive and erbB-2-negative tumors were 44.4 vs 69%, respectively. The 5-yr
recurrence rate of erbB-2-positive patients after radiotherapy was 37.3%, significantly
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higher than the 8.3% rate for erbB-2-negative patients. The same trend was seen in stage
III patients. Nakano et al. (382) concluded that erbB-2 expression was chiefly associated
with radiation resistance.

ENDOMETRIAL CANCER

Cancer of the endometrium is the most common female genital tract malignancy
(383). It is estimated by the American Cancer Society that approx 35,000 women develop
endometrial cancer per year in the United States, making it the fourth most common
cancer in women. Multiple risk factors, such as late menopause, nulliparity, or obesity,
have been identified, but the etiology of this disease is unknown. There have been several
studies demonstrating the importance of EGF-related peptides and their receptors (384–
386), in normal, hyperplastic, and malignant endometrial tissues (387–389).

Expression and Biological Effects of EGF-Like Peptides
GFs may play an important role in human endometrial cancer development, both alone

or in combination with sex steroids. In endometrial carcinoma cell lines, EGF-related
GFs play a major role in regulating proliferation (390–392). EGF might exert its mito-
genic effects by activating protein kinase C through increased breakdown of phosphati-
dylinositol (393). In the poorly differentiated endometrial cancer cell line, KLE, EGF
stimulation of cell growth is exerted through both protein kinase C-dependent and inde-
pendent pathways (394). In vitro, the phosphatidylinositol cascade appears to be an
important signal transduction pathway that mediates the growth effects of EGF on HEC-
1-A endometrial cancer cells (393). This may be significant, since, in endometrial car-
cinoma, sex steroid hormones can regulate phospholipid turnover. TAM action can be
mediated through an alteration of protein kinase C activation (395). An inverse relation-
ship was found between EGFR content and the percentage of EGF-induced stimulation
of phospholipid turnover. A similar relationship was observed between EGFR content in
EGFR-positive samples and the extent of P suppression of EGF-induced turnover (396).
In vitro, it has been demonstrated that EGF-like GFs and sex steroids have significant
effects on migration and invasion of endometrial cells (397), endometrial receptivity
(398), proliferation and regulation of protein tyrosine phosphatase 1D (399), and malig-
nant transformation (400).

Bauknecht et al. (401) found that the EGFR and EGF or TGF- can be detected in most
epithelial tumors of the female genital tract, such as CC, endometrial cancer, Fallopian
tube cancer (402,403), and OC. Using an EGFR radioreceptor assay, 4/14 (28%) endo-
metrial carcinomas exhibited enhanced levels of EGF-like activity.

Expression of mRNA for EGF, TGF- , AR, HB-EGF, BTC, and CR-1 has been
detected by Pfeiffer et al. (349) in normal human endometrium. In 19 endometrial can-
cers, the same authors found that mRNA levels of these EGF-related peptides were
higher than in normal endometrium samples. The increase was significant for TGF- and
AR, but no correlation of EGF-related peptide mRNA expression and tumor stage or
histological differentiation was observed. Using IHC, Niikura et al. (404) demonstrated
positive immunoreactivity for EGFR, EGF, TGF- , and CR-1 in 58.5, 66.7, 91.6, and
66.7% of normal endometrium samples, respectively. In hyperplasia of the endometrium,
positive immunoreactivity for EGFR, EGF, TGF- , and CR-1 was observed in 100, 15.4,
100, and 30.8% of the samples, respectively. In endometrial cancer, they detected posi-



Chapter 9 / EGF-related Peptides 163

tive immunoreactivity for EGFR, EGF, TGF- , and CR-1 in 67.5, 32.5, 65, and 65% of
tumor samples, respectively. AR was not detected in normal endometrium, hyperplasia,
or endometrial carcinomas. In their study, Niikura et al. (404) demonstrated that TGF-

or EGFR expression correlated significantly with surgical stage, the depth of myome-
trial invasion, and peritoneal washings. CR-1 expression correlated more significantly
with surgical stage than either EGFR or TGF- , and there was no significant correlation
between CR-1 immunoreactivity and EGFR, TGF- , or EGF expression. Niikura et al.
(404) also demonstrated that co-expression of EGFR and CR-1 or TGF- , and CR-1 in
endometrial carcinoma specimens significantly correlated with advanced surgical stage,
deeper myometrial invasion, and positive peritoneal washing cytology. Jasonni et al. (405)
investigated 44 primary endometrial carcinomas for TGF- and EGFR expression. They
found a differential staining pattern for TGF- and EGFR. EGFR and TGF- co-expres-
sion was a constant feature of benign squamous metaplasia. Reinartz et al. (406) found
that positive TGF- staining (41/128, or 32%) correlated with increased myometrial
infiltration, reduced survival, and the presence of vascular invasion. In a multivariant
analysis. TGF- staining was not an independent predictor of survival.

Exogenous or unopposed estrogen is a known risk factor for the development of endo-
metrial cancer. In several human endometrial carcinoma cell lines and primary tumors,
EGFR is expressed and seems to be regulated by sex steroids (392,405,407,408). Addi-
tionally, there is evidence demonstrating that human endometrial cancer cell lines may
also have a regulatory system for their proliferation that is dependent on luteinizing hor-
mone-releasing hormone (LH-RH) and EGF (409). For example, LH-RH analogs can
entirely block EGF-induced MAPK activity in endometrial carcinoma cells (410). In
benign endometrium, EGFR expression increases during the estrogen-dominant follic-
ular phase, and decreases during the P-dominant luteal phase (411). Haining et al. (412)
suggested that EGF may play a role in estrogen-stimulated proliferation of normal and
endometriotic endometrium. Estrogen can increase c-H-ras expression and total TK
activity in endometrial fibroblasts and in Ishikawa endometrial carcinoma cells. In con-
trast, P diminishes c-H-ras expression and TK activity induced by estrogen in the fibro-
blasts, but not in the carcinoma cells, which persistently overexpress c-H-ras (413). EGF
increased c-H-ras expression, as did E2. Thus, it may be that a TK activity can lead to an
overexpression of c-H-ras in endometrial cancer cells after estrogen stimulation, which
may therefore be associated with an increase in tumor cell growth potential (413). On the
other hand, mutated Ki-ras can cause a loss of responsiveness to EGF in endometrial Ishi-
kawa cells, where EGFR function is dispensable for the growth of mutant Ki-ras-positive
endometrial carcinoma cells (414). In human RL95-2 endometrial carcinoma cells, there
is also evidence for a differential effect of EGF on fos/jun and c-myc expression (415).

In normal human endometrium and in different types of endometrial hyperplasia,
Niikura et al. (404) found that only the distribution of TGF- was concordant with that
of ER expression. The correlation between ER or PR expression and AR, EGF, EGFR,
or CR-1 expression was not significant. In the same study, a significant inverse correla-
tion between IHC positivity for TGF- and ER was detected in human endometrial car-
cinoma samples of different histology. Within the same histological subtype, no correlation
was found. The correlation between ER or PR and EGF, AR, CR-1, or EGFR was not
significant. Niikura et al. (404) suggested that an estrogen-independent, EGFR/TGF-
autocrine pathway may be operative in poorly differentiated endometrial neoplasms that
express TGF- , but not ER. However, some moderately or well-differentiated endometrial
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carcinomas apparently express TGF- through an estrogen-dependent pathway (416),
similar to normal cycling endometrium or hyperplasia. In a total of 113 cases of endome-
trial carcinomas, Yokoyama et al. (417) found positive immunoreactivity for EGF, EGFR,
and TGF- in 25.6, 53.1, and 67% of the cases, respectively. EGF and EGFR expression
was not correlated with histologic grade or clinical stage. Only TGF-  expression was
found to correlate with poor grading and advanced FIGO stage. There was a significant
negative association between E2 and TGF- status. Also, simultaneous expression of E2,
EGF, and EGFR, or E2, TGF- , and EGFR was detected in 6.8 and 15.9% of all tumor
samples, respectively. Yokoyama et al. (417) suggested that a predominant number of
endometrial carcinomas escape autocrine or paracrine growth regulation by EGF and E2
or TGF-  and E2. EGF and TGF-  are therefore expressed independent of E2 status in
endometrial cancer. The relative amount of TGF- mRNA was significantly reduced by
medroxyprogesterone acetate in estrogen-responsive Ishikawa cells, but not in estrogen-
unresponsive HEC-50 endometrial carcinoma cells (418,419). Exogenous TGF- stimu-
lated proliferation of both cell lines (418). Neither E2 nor TAM affected mRNA levels
for TGF- in HEC-50 cells. In Ishikawa cells, E2 increased TGF- mRNA and TAM
lowered the TGF-  mRNA (416).

The findings of Berchuck et al. (338) also showed that high-level erbB-2 expression
is associated with the absence of ER expression, and with an increased mortality rate
from endometrial cancer. No significant correlations were revealed between EGFR and
ER/PR status in 26 patients (396). Estrogens may enhance EGFR expression in the uterus;
EGF may promote a number of phenotypic changes in uterine ECs, that are normally
induced by estrogens, such as regulation of ER and PR expression (420–422). EGFR
expression has been detected in 91% of endometrial carcinomas; 30% of these carcino-
mas express erbB-2. In certain endometrial cell lines, the antiproliferative effects of P are
associated with a reduction in TGF- mRNA expression (405,423). The growth inhibi-
tory effects of P could be significantly reversed by exogenous TGF- . Finally, an anti-
EGFR blocking Ab could produce a 40–50% inhibition of anchorage-dependent growth
of these cells, suggesting that TGF- was functioning as an autocrine GF. Also, a majority
of primary endometrial carcinomas (66%) were found to express TGF- mRNA (424).
Treatment of endometrial carcinomas with a synthetic P, Danazol, results in a significant
decrease in TGF- and EGFR expression (405). TGF- expression was co-expressed
with EGFR in endometroid ACs and ACs with benign squamous metaplasia. In the prog-
nostically unfavorable mucinous and serous papillary ACs, EGFR and TGF- immuno-
staining was not observed. EGFR and TGF- coexpression appeared as a constant feature
of benign squamous metaplasia (405). Normal endometrial cells are growth-inhibited by
EGF, TGF- and IGF-I; endometrial carcinoma cells exhibit an increase in thymidine
incorporation when treated with EGF, TGF- or IGF-I (411). These data are consistent
with the autocrine stimulation hypothesis for malignant cells, and illustrate differences,
compared to normal endometrial GF-mediated proliferation.

Expression of erbB Receptors and Clinical Outcome
Several studies have focused on the expression of EGFR and/or erbB-2 and their

biological or clinical role in endometrial cancer (338,406,425,426,428), or in mixed
malignant Muellerian tumors (427). Overexpression of erbB-2 occurs in approx 10–30%
of endometrial tumors, and is associated with aggressive, poorly differentiated tumors
(377,428,429). Using a multiparameter flow-cytometric quantitation method, Van Dam
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et al. (425) found overexpression of EGFR or erbB-2 in 2/15 (13%) and 2/13 (15%)
endometrial carcinomas, respectively. The expression of both receptors was signifi-
cantly higher in the malignant tissue than in the corresponding normal endometrium, but
was also higher in premenopausal than in postmenopausal patients. A direct correlation
between the ploidy status and the expression of EGFR and erbB-2 has been found.
Esteller et al. (426) examined the amplification of erbB-2 and EGFR in 50 normal endo-
metrial tissues, 10 adenomatous hyperplasias, and 50 endometrial carcinomas, using
genomic differential polymerase chain reaction. No EGFR gene amplification was found
in normal, hyperplastic, or malignant tissues, suggesting that mechanisms other than
gene amplification could be responsible for the reported EGFR overexpression. Amplifi-
cation of erbB-2 was found in 14% of endometrial carcinomas. None of the 50 endometrial
normal tissues or the 10 adenomatous hyperplasias showed erbB-2 gene amplification.
Nyholm et al. (407) have shown that EGFR expression was not correlated with histologic
grade, surgical stage, or ER/PR status evaluated immunohistochemically or biochemi-
cally in adjacent tissue sections of endometrial carcinomas. In 65 endometrial carcino-
mas, 71% expressed positive EGFR immunoreactivity. EGFR immunoreactivity was also
observed in 77% of atrophic/inactive endometria and in 54% of adenomatous hyperpla-
sias. EGFR immunoreactivity seems to be related to the endometrial cancer histotype,
regardless of the tumor grade or extent of myometrial invasion (405,408).

Strong or diffuse staining for EGFR was found in 41/128 (32%) of endometrial car-
cinomas, but EGFR did not correlate with any known prognostic variable (406). Expres-
sion of erbB-2 was found to correlate with tumor type, but was not found to be a valuable
prognostic indicator. In contrast, Berchuck et al. (338) and Hetzel et al. (428) found that
erbB-2 overexpression may be a useful prognostic factor in endometrial cancer. In 95
patients with endometrial cancer and in 24 patients with normal endometrium, Berchuck
et al. (338) found that 9% of endometrial ACs had more intense staining for erbB-2 than
was observed in normal endometrium. High erbB-2 expression was detected in 27% of
patients with metastatic disease, compared with 4% of patients with disease confined to
the corpus uteri. In a very complete study representing 247 patients with endometrial
cancer, Hetzel et al. (428) analyzed the expression of erbB-2. Strong overexpression of
erbB-2 was associated with a poor overall survival. Multivariate analysis revealed that
overexpression had independent significance in predicting progression-free and overall
patient survival. In stage I patients, the 5-yr progression-free survival was significantly
decreased in the erbB-2-overexpressing group, compared to the erbB-2-negative group
(62 vs 97%). No correlation between erbB-2 gene amplification and FIGO stage, histo-
logic grade, or lymph node metastasis were found by Seki et al. (430), but there was a
significant association between erbB-2 amplification and deep myometrial infiltration,
suggesting that erbB-2 gene amplification may be involved in local progression, but is
not closely related to the loss of differentiation and metastasis. In contrast, Rasty et al.
(389) published a significant correlation between the level of erbB-2 oncogene expres-
sion and overall survival. They suggest that the association between erbB-2 oncogene
expression, higher grade lesions, and poor survival in patients with endometrial cancer
may also justify assessment of the erbB-2 oncogene as a reliable prognostic marker.

Recently, Ayhan et al. (431) have demonstrated that CR-1 was expressed in 71% of
endometrial carcinomas, but there was no significant correlation between cripto immu-
noreactivity and major determinants of survival for endometrial cancer, such as grade,
myometrial invasion, lymph node involvement, or lymphovascular space involvement.
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CR-1 immunoreactivity was stronger in adenomatous hyperplasia with atypia than with-
out hyperplasia, suggesting that CR-1 may play a role in the transition from atypical
hyperplasia to carcinoma. Costa and Walls (427) examined 82 cases of malignant, mixed
Muellerian tumors, including 61 endometrial tumors for EGFR and erbB-2 expression.
Immunoreactivity for erbB-2 was present in 96.3, and 99% of carcinomatous and sarcoma-
tous tumor components, respectively. No association between erbB-2 immunoreactivity
and pathological features was observed. In contrast, EGFR immunoreactivity was present
in the carcinomatous components only in 55% of the cases, in sarcomatous components
in 18% of the cases, and in both components in 27% of the cases. EGFR immunoreac-
tivity was associated with adenosquamous and heterologous rhabdomyosarcomatous
differentiation. EGFR expression may be an indicator for aggressive biological behavior,
but its prognostic utility was found to be limited.

OVARIAN CANCER

Because of the diagnostic difficulties and the high mortality rate, OC is the enigma of
gynecological oncology. About 26,500 new cases are diagnosed each year in the United
States, and about 14,500 deaths occur annually as a result of this disease. Approximately
12/1000 women in the United States, older than 40 yr, will develop OC (383). The etiology
of epithelial neoplasms of the ovary, but also of the other histological types, is unknown
today. There is a urgent need for new diagnostic and therapeutic approaches in this malig-
nancy and its possible premalignant lesions (432).

Role of EGF-Like Peptides in Ovarian Carcinogenesis
EGF-related peptides and their receptors may be involved in the autonomous prolif-

eration of ovarian carcinoma cells, and may play a role in ovarian carcinogenesis (401,
432–440). EGF and TGF- stimulate the growth of several human ovarian carcinoma
cell lines (441,442). The stimulatory effects of EGF and TGF- are accompanied by
changes in cell cycle distribution, as detected by flow cytometric analysis (443). Like
TGF- , AR is also mitogenic, but has less pronounced effects on proliferation (444). The
growth of some ovarian carcinoma cells can be inhibited by EGF, which suggests that
the EGF effect is not only dependent on concentration, but also on different postreceptor
events in various cell lines (445). Neutralizing Abs directed against EGF or TGF- can
inhibit ovarian cell proliferation in cells that possess functional EGFR, suggesting a
major role of TGF- /EGFR autocrine growth mechanisms in primary Ocs, but also in OC
cell lines and in xenotransplants (441,446–448). Individual primary OCs vary widely in
their response to and production of known peptide GFs (437,438). Expression patterns
of different GFs is dependent on the culture conditions (449). In a series of 174 ovarian
carcinomas from 133 patients, EGF was detected in 27.6% samples and TGF- was pres-
ent in 88.5% of the specimens. The mean levels for TGF- were at least 10-fold greater
than those for EGF. No correlation between GF expression and tumor grading could be
found (450). In OC cell lines, EGF or TGF- treatment leads to a significant reduction
in erbB-2 expression (451). A role for erbB-2 in the development of benign ovarian
surface epithelium, and in the genesis of neoplastic epithelium in borderline and some
malignant ACs, has been suggested (452).

In normal cycling ovaries, TGF- has been detected in 12/33 antral follicles in the
follicular phase of the menstrual cycle, but not in follicles of the luteal phase. Immunore-
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active EGF, AR, and CR-1 were not found in any follicles. EGFR has been demonstrated
in 24/33 antral follicles of the follicular phase and in 2/18 follicles of the luteal phase.
TGF- is synthesized in theca cells of normal ovaries, and affects granulosa cells in a
paracrine fashion (453). TGF- is found in ECs of nonmalignant tissues, as well as in dif-
ferent ovarian carcinomas (435). No correlation between EGFR/TGF- and c-myc/c-jun
expression was found (454,455).

EGF has been detected in 75% of normal ovarian surface epithelium; TGF- , AR, and
CR-1 can be detected in 86, 0, and 86% of these samples. EGFR was found in 86% and
erbB-2 in 100% of the specimens. In benign human cystadenomas, EGF, TGF- , AR,
CR-1, EGFR, and erbB-2 were found in 65, 65, 10, 28.6, 53, and 90% of the lesions,
respectively. In borderline tumors, an increase in the frequency of expression was demon-
strated for EGF (100%), TGF- (70%), AR (90%), CR-1 (100%), EGFR (100%), and
erbB-2 (100%). In ovarian ACs, EGF is expressed in 71%, TGF- in 64%, AR in 18%,
CR-1 in 53%, EGFR in 100%, and erbB-2 in 94% of the cases. In other studies, EGF
expression has been reported in 28–71% of the tumors, TGF- in 50–100%, CR-1 in
52%, and AR in 18–24% of the specimens (440,446,450,454,456). Co-expression of
more than two EGF-related peptides or the EGFR significantly correlates with increased
surgical stage in prognosticly unfavorable serous and clear cell carcinomas. AR expres-
sion seems to correlate with mucinous differentiation, rather than with advanced stage
of disease (440). Furthermore, EGF is present in 12.7% of normal ovaries and in 32% of
benign tumors; TGF- was found in 85% of normal ovaries and in 84% of benign ovarian
lesions (457). Thirty-one percent of ovarian carcinomas expressed EGF mRNA and 35%
TGF- mRNA; in borderline lesions, 17% expressed TGF- mRNA and 0% EGF mRNA.
In benign ovarian tumors, 40% expressed EGF mRNA and 7% expressed TGF- mRNA
(458). The sequential increase in expression of EGF-related peptides and their receptors
suggests a possible role in malignant progression in ovarian carcinoma (440,442,459).
The expression of EGFR in ovarian tumors is associated with TGF- expression, but not
with EGF expression. Neither EGF or TGF- showed an association with histological
subtypes or stage of disease, but EGFR mRNA expression was significantly associated
with a serous histology, but not with stage or grade (458).

TGF- is a major GF present in normal ovaries and benign tumors (456,457). In ovar-
ian carcinoma cell lines, dexamethasone may increase the number of high- and low-
affinity EGFR in a dose-dependent manner (460). Recently, it has been demonstrated that
HRG can stimulate proliferation in several ovarian carcinoma cell lines. Because inter-
action of HRG with erbB-3 and erbB-4 results in the transactivation of erbB-2, in this
system, erbB-2 was a critical component in mediating HRG responsiveness (461). In ER-
positive ovarian carcinoma cells, E2 may increase the production of TGF- and decrease
EGFR expression. In primary ovarian tumors, high concentrations of ER were also asso-
ciated with an increased percentage of tumors expressing TGF- mRNA and a decreased
percentage of cells expressing EGFR (462). P and E2 significantly increase the release
of EGF and TGF- from human benign ovarian tumors, but not from normal ovaries and
malignant tissues (463). In several OC cell lines, human chorionic gonadotropin (hCG),
human follicle-stimulating hormone and EGF increased cell growth in a dose- and time-
dependent manner, but E2 inhibited cell growth. EGF and hCG were able to block the E2
inhibitory effect, suggesting that EGF, hCG, and E2 may modulate growth of metastatic
epithelial OC (464,465). Emons et al. (411) suggested that LH-RH analogs can effec-
tively block EGF-induced MAPK activity in OC and endometrial cancer cells. Cytotoxic
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analogs of LH-RH may therefore be useful for targeted Chemo in OC, endometrial can-
cer, and in choriocarcinomas (410). Measurement of EGF and TGF- content in the urine
of patients with OC may serve as a tumor marker (466–468).

TGF- is able to increase the CA125 and tissue plasminogen activator secretion levels
in EGFR-expressing OC cells (469). By IHC, the stroma is TGF- -negative in ovarian
carcinomas (436,456).

Certain OC cell lines may secrete and respond to EGF and TGF- , suggesting that
endogenous activation of EGFR through autocrine or paracrine mechanisms may con-
tribute to the proliferative response. In vitro, the proliferation of both human primary cell
lines or human OC cell lines can be inhibited by anti-EGFR or anti-TGF- mAbs (441,
442,446). Additionally, EGFR antisense mRNA expression reduces the expression of
EGFR and suppresses the malignant phenotype (470). Although the mitogenic response
to EGF may be attenuated in several OC cell lines, loss of responsiveness to EGF does
not appear to be caused by decreased EGFR expression (471). In contrast, using neutraliz-
ing anti-EGFR Abs, Ottensmeier et al. (472) could show that EGFR activation through an
autocrine pathway is not a major mechanism for the growth of several OC cell lines. Addi-
tionally, EGFR-independent pathways may limit the effectiveness of strategies designed
to inhibit OC cell growth. Ovarian carcinomas with an activated EGFR/TGF- system
seem to be biologically different, compared to EGFR/TGF- -negative tumors (436). In
vitro, EGFRs may be affected by cytostatic agents (473). However, it has been demon-
strated that EGF did not enhance the sensitivity of carcinoma cells to cisplatin, or alter
morphology in cisplatin-resistant human carcinoma cells, despite the presence of func-
tional EGFR, suggesting that cisplatin resistance may be associated with a defect in the
EGFR signal transduction pathway (474). These data are confirmed by the finding that
human ovarian carcinomas with no or low expression of TGF- , EGFR, myc, and jun do
not respond to Chemo (434,475).

EGF-Receptors as Prognostic Factors in Human OC
The prognostic value of the erbB receptor family in human OC is still controversial.

Enhanced cytoplasmatic or membrane EGFR expression has been detected in approx
40–70% in OC cells (476–482). No correlation between EGFR expression and histologi-
cal type of the tumors has been observed (477). Low EGFR immunoreactivity has been
observed in stromal and endothelial cells in both normal and tumorous ovarian tissues.
Two of 30 normal ovarian epithelium samples were positive for EGFR expression;
47/103 malignant tumors showed cytoplasmatic immunoreactivity for EGFR. No corre-
lation between EGFR immunoreactivity and histological subtype could be detected (479).
Also, no correlation was found between EGFR expression and clinical stage or any of
several other prognostic factors (482,483). EGFR expression showed no significant
impact on survival, and does not seem to have prognostic relevance (484). In contrast,
EGFR-positive, TGF- -expressing ovarian carcinomas showed a high response rate
to Chemo, and EGFR- or TGF- -negative tumors exhibited no change, or actually
had more progressive disease (436). Survival was significantly reduced in patients with
EGFR-positive tumors than in EGFR-negative tumors. However, unlike protein expres-
sion, the expression of TGF-  mRNA or EGF mRNA was unrelated to survival (458).
Irrespective of the method of determination, the level of EGFR showed a positive, but
not significant, correlation with the risk for disease progression (480). The assessment of
EGFR status at the time of surgery may be helpful in identifying a subset of patients with
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a particularly poor prognosis in advanced ovarian carcinomas. Only the postoperative
residual tumor and EGFR expression remained significantly associated with a high risk of
progression (478).

In ovarian carcinomas, an association between EGFR gene copy number and metasta-
sis was associated in a multivariate analysis (485). In 17 ovarian carcinomas, EGFR,
erbB-2, erbB-3, but not erbB-4, was detected by Western blot analysis (486). EGFR expres-
sion correlates with erbB-2 and erbB-3 levels, but the highest correlation was obtained
between erbB-2 and erbB-3. An increase of erbB receptors in OC may mediate increased
propensity for tumor development.

No significant correlations between either EGFR or erbB-3 and other prognostic fac-
tors was observed. However, erbB-2 was associated with favorable prognostic param-
eters (481). Multiple expression of different TK type I receptors was significantly higher
in malignant tumors than in borderline or benign ovarian lesions (Table 4).

Early-stage tumors are more likely to express multiple erbB-receptors than late stage
tumors. Co-expression of EGFR with erbB-2, and erbB-2 with erbB-3, was significantly
greater in carcinomas than in borderline or benign tumors. In the OC subgroup, a positive
association between EGFR and erbB-3, and between erbB-2 and erbB-3, was observed. It
was suggested that stimulation by the appropriate ligand may confer a selective advantage
to cells expressing more than one receptor (481). Additionally, an association between
EGFR and the androgen receptor, which is expressed in over 80% of ovarian carcinomas,
has been demonstrated (487).

erbB-2 may be involved in the pathogenesis of OC, and overexpression of erbB-2
receptors seems to be correlated with aggressiveness of disease (333,439,458,475,481,
488,489). erbB-2 gene amplification was found in normal ovaries and malignant tumors
(490). erbB-2 has been detected in 18% of ovarian carcinomas, where it was found to
have a significant prognostic value (484,489). Using IHC in a retrospective study, Rubin
et al. (491) tested the hypothesis that there was prognostic significance to the level of
erbB-2 in 105 patients with advanced OC. Overall, 24% of investigated tumors showed
strong membrane staining. No correlation of erbB-2 expression with stage, grade, cell
type, and residual tumor was found. Additionally, there was no significant survival dif-
ferences between patients with staining intensity levels similar to those of normal ovarian
epithelium and those with increased expression. The authors concluded that erbB-2

Table 4
Multiple Expression of Different

TK Type I Receptors in Ovarian Tumors

%Tumors positive

Benign Borderline Malignant

EGFR 39 38 65
erbB-2 31 25 76
erbB–3 62 100 89
EGFR + erbB-2 23 13 50
EGFR + erbB–3 39 38 63
erbB-2 + erbB–3 23 25 74
EGFR + erbB-2 + erbB–3 23 13 50

Adapted with permission from ref. 481.
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expression does not appear to be an important prognostic factor in patients with advanced
OC. The same authors examined the prevalence and significance of erbB-2 expression
in 40 early epithelial OCs (stage I or II), by immunoperoxidase technique in fresh-frozen
tissue samples. Again, no statistically significant relationship was found between erbB-2
expression and survival, disease-free interval, stage, or grade, suggesting that it is unlikely
that such overexpression is a general early event in ovarian carcinogenesis (492). In 104
common ovarian epithelial carcinomas, only 22% showed cytoplasmatic staining and
9% cytoplasmatic and membrane immunoreactivity (493). Using IHC, only 10/56 ovar-
ian carcinomas showed overexpression of erbB-2 (494), which did not correlate with
histological type, grade, FIGO stage, or prognosis. In contrast, Felip et al. (495) showed,
in a multivariant analysis, that, in residual tumors, size and erbB-2 overexpression are
independent prognostic factors. However, no correlation was found between erbB-2
expression and age, grade, or histological subtype. The percentage of tumors with erbB-2
overexpression was higher in those with stage III/IV diseases, compared with those
patients with stage I/II disease, and in patients who failed to respond to Chemo (carbo-
platin, cyclophosphamide), compared with those who responded. erbB-2 overexpression
was correlated with worsening survival rates. These data were confirmed by Berchuck
et al. (437). Patients with tumors showing a high erbB-2 expression had a significantly
shorter survival time than those with normal erbB-2 expression. Additionally, erbB-2-
overexpressing tumors were significantly less likely to have a complete response to pri-
mary therapy, suggesting that erbB-2 expression may play a role as a prognostic marker
in a subset of human OC. In serous ovarian carcinomas, expression of erbB-2 may be
associated with high stage of disease, but it is not likely to identify the small fraction of
patients with serous tumors of low malignant potential (496). It is likely that more of the
patients whose tumors showed strong membrane staining for erbB-2 suffer relapses of
the disease by 3 and 4 yr than did patients whose tumor showed no or weak membrane
staining (452). Recently, it was suggested that the increase of EGFR expression appears
to be associated with early stage of ovarian tumorigenesis. The enhancement of erbB-2
reactivity may interact with EGFR activation in the development and progression of
ovarian carcinomas (497).
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INTRODUCTION

The observation that breast (BC) and prostate cancer (PC) are regulated by sex hor-
mones provided a paradigm for treatment of these diseases (1,2). Despite the accumu-
lation of multiple genetic abnormalities, the cancer cell is still responsive to extracellular
signals that were previously required for normal growth and development of the organ.
Blockade of steroid hormone receptors, or inhibition of the synthesis of the ligands for
the receptors, are successful and relatively nontoxic therapeutic modalities for treatment
of virtually all stages of BC and PC (3,4). Thus, it is a worthwhile effort to define other
growth regulatory pathways important for cancer cells, with the long-term goal of devel-
oping additional specific therapies. This chapter discusses the evidence that the insulin-
like growth factors (IGFs) regulate cancer cell growth, and that strategies directed at
inhibition of IGF action could be useful therapeutic strategies for cancer treatment.

THE IGF SYSTEM

Like other growth factors (GFs), the IGF system is composed of an interacting network
of ligand and receptors. In addition, there are high-affinity binding proteins (IGFBPs)
that bind the ligands with equal or higher affinity than the receptors, and have the poten-
tial to influence ligand–receptor interactions.
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IGF Ligands
Two well-characterized ligands, IGF-I and IGF-II, exist. Both ligands have a high

degree of homology to insulin, with a disulfide linkage between the amino and carboxy
terminii (A and B domains), but, unlike insulin, both IGF-I and IGF-II retain the middle
portion of the molecule (C domain). It is well-known that IGF-I is an important determi-
nant of linear skeletal growth that accompanies puberty (5,6). Pituitary release of growth
hormone (GH) results in increased gene expression of IGF-I by the liver, and people who
have mutations in GH receptor are dwarfs with no detectable circulating IGF-I (7). In
addition to the endocrine function of IGF-I, mouse models have suggested that IGF-I also
has an important role in prenatal growth. Mice with a homozygous deletion of the IGF-I
gene have a birthweight of less than 60% of their wild-type littermates, and do not
survive, because of hypodevelopment of the lungs and diaphragm (8–10). Recent data
suggest that this perinatal lethality can be controlled by reducing the level of gene dele-
tion, using the cre recombinase system (11). A human with partial homozygous deletion of
the IGF-I gene has also been described (12). Although this person’s gene deletion could
encode for a truncated protein, he still has significant growth retardation and abnormali-
ties of the nervous system, compatible with observations made in the mouse (13). These
data support an important role for the local (paracrine or autocrine) expression of IGF-I,
in addition to its endocrine function during normal growth and development of the entire
organism. Moreover, the data suggest that the function of IGF-I during fetal development
cannot easily be substituted by other related GFs.

Mouse models have also suggested a role for IGF-II during prenatal development (14).
When the paternal allele is deleted, animals are also growth-retarded at birth. However,
they may survive postnatally and remain consistently smaller than their wild-type litter-
mates, suggesting that the growth effects of IGF-II occur during embryonic life. These
gene-knockout studies led to the observation that the IGF-II gene is imprinted, i.e.,
only the paternal allele is expressed (15). In humans, the function of IGF-II is less well
understood. Unlike mice, whose IGF-II levels decline shortly after birth, humans retain
high levels of IGF-II throughout life (16). Humans lacking IGF-II expression have not
been described.

IGF Receptors
There are two well-defined receptors that have high affinity for the IGFs: the type I

and type II IGF receptor. However, these high-affinity receptors are completely different
in their structure and function. The type II IGF receptor (IGF-IIR) is a multifunctional
receptor that binds IGF-II, transforming growth factor , leukemia inhibitory factor,
retinoic acid, and lysosomal enzymes bearing mannose-6-phosphate moieties (17–19).
The receptor is 300 kDa, with a small intracellular domain and a large extracellular domain
containing 15 repeated motifs. Initial reports suggested that this receptor may signal
through a G-protein-coupled signal transduction pathway (20–22), but subsequent reports
have not shown this to be the case (23). It appears that ligands that bind IGF-IIR are sorted
to lysosomal compartments. However, there are distinct domains within the receptor
responsible for binding lysosomal enzymes, or IGF-II, with binding of IGF-II localized
to the eleventh repeat (24,25). In mice, the IGF-IIR gene is also imprinted with expres-
sion of the maternal allele only (26,27). Mice that fail to express IGF-IIR, because of
deletion of the maternal allele, are actually 30% larger at birth than their littermates;
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however, this results from accumulation of extracellular fluid, and is generally lethal. In
humans, imprinting of IGF-IIR seems to be less frequent, and its imprinting may be a
polymorphic trait (28–32). It is possible that IGF-IIR functions as a sink for IGF-II,
thereby regulating its interaction with the type I IGF receptor (IGF-IR).

Most evidence suggests that the IGF-IR, or insulin receptor–IGF-IR hybrids, mediate
IGF action. The IGF-IR is transcribed from a single gene, and is processed into - and

-subunits (33). The -subunits are extracellular and contain ligand binding domains.
The -subunit spans the membrane and has tyrosine kinase (TK) activity, and dimers
are assembled into a tetrameric structure, which is required for receptor function, because
transphosphorylation of one -chain by the other chain is necessary for activation of
downstream signaling pathways (34). Specific tyrosine residues have been identified in
the -subunit, which are associated with phenotypes important for cancer, such as trans-
formation, proliferation, and protection from apoptosis (35–40). This observation sug-
gests that IGF-IR can signal through a variety of different pathways, and this has indeed
been shown, with multiple adaptor proteins binding directly to phosphorylated IGF-IR
(41–45). Moreover, the insulin receptor substrate (IRS) family of adapter proteins are
substrates for both IR and IGF-IR, and can also couple signals generated from either
receptor to many downstream activators (46). Thus, activation of IGF-IR can initiate a
myriad of signaling pathways that could contribute to the maintenance of the malignant
phenotype.

In addition to IGF-IR, it is clear that hybrids between the IR and IGF-IR also exist
(47–54). These hybrids contain an dimer from each subtype. Studies suggest that
these hybrids behave like IGF-IR in their ligand affinity (55). In addition, the IR can also
bind IGF-II with fairly high affinity, providing yet another way in which IGFs may
stimulate signal transduction (38,56).

IGF Binding Proteins
Both IGF-I and IGF-II are found complexed to high affinity binding proteins, when

examined in all extracellular fluids. Six distinct species have been cloned, and an addi-
tional four have homologous structures and are termed IGFBP-related proteins (IGFBP-
rP) (57). Obviously, the presence of IGFBPs lend another level of complexity to the
regulation of IGF action. It is felt that most IGFBP species function to regulate access
of the IGF ligands to the IGF receptors. For example, in the circulation, most IGF-I and
IGF-II are complexed in a high-mol wt complex composed of the IGF, IGFBP-3, and an
additional protein called the “acid labile subunit” (58). In this ternary complex, IGF-I is
unable to initiate receptor signaling. However, during certain physiologic states (stress,
pregnancy), IGFBP-3 is cleaved by a protease, freeing IGF-I to interact with its receptor
(59,60). These data suggest that the IGFBPs play a critical role in IGF storage, transport,
and tissue distribution. At the tissue level, IGFBPs could be a major determinant of IGF
action. It is likely that IGFBP interactions with specific proteases are also critical in
regulating ligand–receptor interactions (61).

However, it is clear that the IGFBPs have physiologic functions that do not require
their interaction with the IGFs or the IGF-IR. For example, IGFBP-3 can induce apoptosis
in cells that do not express IGF-IR (62). Furthermore, specific cell surface binding of
IGFBP-3 has been suggested (63,64). Although the exact nature of the IGFBP-3 receptor
has not been unambiguously identified, it is clear that IGFBP-3 can interact with the cell
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membrane. Likewise, IGFBP-1 has been shown to interact with the 5 1 integrin, to
mediate cell motility (65). Certain IGFBPs appear to be transported to the nucleus (66)
in human BC cells. Their role as intranuclear proteins has not yet been defined; however,
this location would suggest an extra-IGF function. Thus, it appears that the IGFBPs are
multifunctional proteins: In addition to binding IGFs with high affinity, they appear to
have additional functions that have nothing to do with IGF signaling

The IGFBP-rPs have only recently been described. These proteins were identified
based on their structural similarity to known IGFBPs; like the IGFBPs, they share a series
of conserved cysteine residues in their amino terminii (67). It has not yet been determined
if these IGFBP-rPs have high affinity for the IGFs, thus they are called “related proteins.”
Some of these proteins have interesting functions. For example, one of these species
(initially called IGFBP-7/mac25, now referred to as IGFBP-rP1), appears to have high
affinity for insulin (68). Moreover, fragments of IGFBP-rP1 also bind insulin with high
affinity, as do fragments of other IGFBPs. Thus, both the IGFBPs and IGFBP-rPs appear
to be multifunctional proteins.

The IGF System in Perspective
It is obvious that the potential for cellular regulation by the IGF system components

is complex and incompletely understood. Figure 1 demonstrates the potential for inter-
actions. For example, IGF-II can potentially bind to four different receptors (IGF-IR,
IGF-IIR, insulin/IGF-IR, and IRs) and this ligand–receptor interaction can be regulated

Fig. 1. Schematic representation of the IGF system. Four receptors: type I IGF receptor (IGF-IR),
insulin receptor (Ins R), hybrid insulin/type I IGF receptors (Hyb R), and type II IGF receptor (IGF-
IIR), all have the potential to interact with the two IGF ligands (IGF-I and IGF-II). In addition, the
six IGFBPs and four IGFBP-rPs can interact with the ligands. Once the TK receptors are activated,
numerous downstream signaling molecules are phosphorylated, which convey the growth, transfor-
mation, and survival signals mediated by both IGF-I and IGF-II.
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by six specific IGFBPs, which is influenced further by specific IGFBP proteases. In
addition to the IGFBPs’ ability to influence IGF action, both the intact IGFBP and IGFBP
proteolytic fragments may also influence cell behavior through IGF-independent path-
ways. There are also IGFBP-rPs that may also influence IGF action. Thus, research during
the past several years has added significant detail concerning the identity of the compo-
nents involved in the IGF system. However, this detail has also enhanced the potential
complexity of this system. In order to understand IGF action in tumor cells, an under-
standing of the key elements responsible for IGF action also needs to be elucidated.

IGF SYSTEM COMPONENTS AND RISK OF CANCER

Many proteins that regulate proliferation of the normal cell (Ras, Myc, cyclin D1, and
so on) are also intimately associated with malignant transformation. Because the IGFs
are key extracellular triggers involved in progression through the cell cycle, it is also
possible that the IGFs also function in malignant transformation. Recent evidence sug-
gests that this may be the case, because in vitro, animal, and human studies have all linked
IGF action to cancer.

Malignant Transformation and IGF-IR
Although homozygous deletion of IGF-IIR is lethal to the animal, fibroblasts obtained

from the embryos have been created (8). Work from the laboratory of Baserga has shown
that these cells are refractory to transformation by a variety of known oncogenes (69–72).
Specific tyrosine residues of the receptor have also been shown to be required for the abil-
ity of the IGF-IR to cooperate with oncogenes (36,73), suggesting that specific signal trans-
duction pathways engaged by the receptor are associated with transformation. Although
IGF-IR overexpression has been shown to transform cells in a NIH 3T3 focus-forming
assay, in a ligand-dependent manner (74), gene amplification of IGF-IR is uncommon,
at least in BC (75). Moreover, not all oncogenes require IGF-IR action to transform cells
in these model systems (76).

It is obvious that the in vivo transformation of human epithelial cells (ECs) is much
more complex than these simple model systems performed in fibroblast cells. However,
these experiments suggest that the genetically transformed cell may still require normal
signals required for controlled proliferation to fully display the transformed phenotype
of unregulated cellular proliferation. As noted in all of the studies examining the role of
IGF-IR in malignant transformation, stimulation of the receptor by ligand is required.
Unlike other TK growth factor receptors (such as the epidermal growth factor [EGF]
receptor family), overexpression of IGF-IR alone is insufficient to activate signal trans-
duction. Thus, it appears that both receptor function and ligand action could have a role
in transformation. Studies examining the control of systemic IGF-I levels have supported
this concept.

IGF Serum Levels and Malignant Transformation
Serum IGF-I levels are controlled by a number of factors, one of which is diet (77,78),

which may account for up to 30% of all cancer-related deaths, and diet restriction can
reduce cancer progression and incidence in animal systems (79). Hursting et al. (80)
reported that serum IGF-I levels are decreased in rats that are diet-restricted (DR), and
that this is associated with a decrease in mononuclear cell leukemia. Further studies have
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recently shown that DR can inhibit progression of chemically induced bladder carcinoma
in p53 heterozygous mice, and that restoration of serum IGF-I levels, by administration of
recombinant IGF-I, relieved the DR inhibition, resulting in an increase in stage and inci-
dence of bladder carcinoma (81). An insight into the mechanism of these effects comes
from measurements of proliferative and apoptotic indices in hyperplastic foci within the
bladder. DR resulted in a 10-fold decrease in proliferative index and a 10-fold increase
in apoptotic index. Administration of IGF-I increased proliferation and decreased apop-
tosis, reverting to levels seen in rats fed ad libidum. These results directly implicate circu-
lating IGFs in bladder cancer growth, and suggest that approaches to lowering serum
IGF-I levels may be beneficial for cancer prevention and treatment.

IGF-IIR and Malignant Transformation
As noted above, most evidence suggests that interaction of IGF-IR with its ligand,

either IGF-I or IGF-II, is required for transformation. The ability of IGF-IIR to function
in a signaling pathway has been brought into question (23). It is possible that the high-
affinity binding of IGF-II to this class of receptors represents a sink for inhibition of IGF-
II action.

Recent data have shown that the IGF-IIR demonstrates frequent loss of heterozygosity
(LOH) in hepatocellular and BC, a finding compatible with its function as a tumor sup-
pressor gene (82–84). Since IGF-IIR is a multifunctional protein that binds several
secreted proteins, and also plays a key role in intracellular protein trafficking, there are
many potential explanations for this finding. However, one possible explanation for its
role as a tumor suppressor gene is that it normally functions to suppress a proliferative
signal mediated by an IGF-II–IGF-IR interaction. When LOH occurs, and the remaining
allele is subsequently mutated to disrupt its function as an IGF-II receptor, unopposed
action of IGF-II at IGF-IR results. IGF-II gene expression is often found adjacent to
transformed ECs (see below), making it theoretically possible that the dysfunction of
IGF-IIR could influence IGF-II action in a paracrine manner at the tumor microenviron-
ment. Additional experimentation using intact animals will be required to prove whether
or not this model is correct.

IGF-II and Risk of Cancer
As mentioned, IGF-II is an imprinted gene with the paternal allele normally expressed

in adult tissues (27,85,86). Loss of imprinting was initially shown in several childhood
cancers (87–90), with the idea that loss of imprinting would allow increased expression
of IGF-II from two alleles, rather than only one allele. Similar findings have also been
made in adult cancers, including BC (91–96), although the frequency and relevance of
these observations are somewhat controversial. Nonetheless, these findings add further
credence to the idea that dysregulation of IGF action at the tissue level could function to
promote malignant transformation.

Serum IGF-I Levels and Risk of PC and BC
Recent evidence taken from two prospective studies have shown that high IGF levels

are associated with an increased risk of BC and PC (97,98). In PC, data from the Physi-
cian’s Health Study demonstrated that men with the highest quartile of serum IGF-I levels
had 4.3-fold increased relative risk, compared to men in the lowest quartile. In addition,
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there was a strong positive association between serum IGF-I levels and PC risk. These
data are compatible with several other studies linking IGF-I levels and PC risk (reviewed
in ref. 99). Some of the earlier studies could be criticized for using an older method of
IGF-I analysis, which did not completely exclude interference of IGFBPs, but the two
newest studies (97,100) have used assays that eliminated this confounding variable.

In the Nurses Health Study, a similar prospective analysis of IGF-I levels and BC risk
was performed. In contrast to the PC study, no association between IGF-I levels and the
risk of BC for the entire group was observed. However, when only premenopausal
women were studied, it was found that the top tertile had a relative risk of 2.33, compared
to the lowest tertile. When women under age 50 yr were analyzed further, there was a
further increase in relative risk (4.58) in the highest quintile, compared to the lowest.
If IGF-I levels were normalized for alterations in IGFBP-3 levels, then the relative risk
was further enhanced to more than sevenfold in the youngest cohort of women studied.
No such relationship between IGF-I and BC risk was found in postmenopausal women.
Although these studies have been criticized on statistical grounds (101–105), they do
provide evidence that serum levels are at least associated with BC and PC. However,
because the interactions between the IGF system components are complex, it remains to
be shown that these changes are indeed causative and not a marker for another risk factor,
such as nutritional status. Moreover, further study, accounting for the other key regula-
tors of endocrine IGF action (IGFBPs, serum IGF-I and IGF-II levels, and IGFBP pro-
teases), will need to be performed to fully explain the increased risk for cancer.

IGFS AND PC

IGFs and Normal Prostate Epithelium
We have suggested that the normal EC at risk for transformation is likely to be respon-

sive to IGF-mediated mitogenesis. IGF-I has been shown to be a potent mitogen for
prostate ECs in culture (106,107), but it is always of concern that these types of cells
removed from the host are not actually representative of the behavior of the cell in the
organ. However, recently it has been shown that a 7-d administration of IGF-I, but not
EGF, to Wistar rats, causes increased mean wet weight of the ventral prostate (108).
Although it is likely that the doses used in this study are superphysiologic (400 µg/d), it
does show that the same responsiveness to IGF-I observed in vitro is also evident in vivo.
It has also been shown that inhibition of prostate growth by the 5 -reductase inhibitor,
finasteride, reduces IGF-I and IGF-IR expression in the ventral prostate of the rat (109).
Thus, both increased and decreased IGF action is associated with normal prostate growth
in the rat. Moreover, it is possible that autocrine or paracrine expression of IGF-I in the
prostate can regulate normal growth.

IGF as an Autocrine GF for PC
It has long been suggested that production of peptide GFs by cancer cells could lead

to autocrine growth characteristic of cancer cells (110). Several groups have studied
human PC cells in vitro, and have found that they indeed do express IGFs, and are impli-
cated in autocrine growth (111–116). Furthermore, inhibition of IGF action inhibits growth
in vitro (113,117–119). Most of these in vitro studies have documented IGF-II, but not
IGF-I, gene expression. Thus, autocrine production of IGF-II is well documented in
transformed prostate ECs.
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In vivo, tumor growth of DU-145 human PC cell xenograft tumors are suppressed by
a growth-hormone-releasing hormone (GH-RH) antagonist (120). In these animals, the
GH-RH antagonist suppressed serum IGF-I levels as expected; however, significant
downregulation of tumor-expressed IGF-II was also seen. Thus, both endocrine and
autocrine sources of IGFs may be important for PC growth.

Strategies designed to interrupt IGF-IR function have also been successful in inhib-
iting PC growth. Burfeind et al. (121) demonstrated that rat PC cells, transfected with an
antisense IGF-IR, grow poorly in rats. However, there is also evidence that IGF-IR may
oppose the expression of the malignant phenotype. Plymate et al. (122) found that pros-
tate ECs, transformed with SV40T antigen, lost IGF-IR expression. When IGF-IR was
re-expressed in these cells, decreased cell growth was seen, suggesting that, in this
context, loss of IGF-IR was associated with progression of PC. Similarly, this group
observed that IGF-IR gene expression is decreased in human PC, compared to benign
prostatic hypertrophy (123). These results may seem contradictory, but it is possible that
the different model systems account for the conflicting results. Moreover, it is possible
that appropriate regulation of IGF-IR gene expression, rather than unregulated expres-
sion, ultimately determines IGF action. For example, it is possible that high levels of
constitutive expression, obtained by transfection, are toxic to cells, because appropri-
ately regulated receptor function, as seen with the endogenous receptor, is required for
coupling to signal transduction pathways required for growth.

It has also been shown that the IGFs can stimulate transactivation of the androgen
receptor (124,125) in culture model systems. In these studies, transfection of androgen-
receptor-negative cells with the androgen receptor and a reporter construct showed
that IGF-I could activate the androgen receptor in an androgen-independent manner.
Although similar studies have not been done for PC cells that express endogenous andro-
gen receptor, as have been done for BC (see below), these studies suggest that dual
blockade of both androgen and IGF pathways could combine to inhibit PC cell growth.

Direct Effects of IGFBPs in PC
The original view of the IGFBPs is that they influenced the cell by influencing IGF

ligand–receptor interactions. It is now clear that the term “binding protein” only partially
describes the functions of the IGFBPs (126). In particular, IGF-independent effects of the
binding proteins are well-characterized in several model systems.

It has been suggested that a high-affinity cell surface receptor for IGFBP-3 exists
(63,64). Moreover, cells lacking IGF-IR can be affected by IGFBP-3, highlighting the
IGF-independent effects of this protein (62).

In PC cells, it has been shown that IGFBP-3 can directly induced apoptosis (127).
Moreover, induction of apoptosis by TGF- in PC-3 PC cells is mediated by induction
of IGFBP-3. Fragments of IGFBP-3 generated by proteases also have activity in this
assay (128,129). Since prostate-specific antigen is an IGFBP-3 protease (130,131), the
interplay between cell growth, IGFBP-3 expression, and protease production is likely to
be quite complex. This situation may be even more complicated when also considering
the IGF-dependent functions of IGFBP-3.

Expression of IGF System Components in Human Prostate Tissues
Expression of IGF system components in vitro supports the idea that this GF system

can regulate prostate EC growth, but expression in human tissue specimens must also be
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shown to prove that this pathway is relevant. In both benign and malignant prostate
tissues, a number of studies have shown that the ligands, receptors, and binding proteins
are present (106,123,132–137).

In benign disease of the prostate, stromal cells produce IGF-II, and have upregulated
IGF-IR, thus leading to a potential hyperproliferative state (137,138). In PC cells, IGF-
II expression has been found to be enhanced (123,136). Although IGF-IR is present,
levels appear to be reduced (123). However, this apparent decrease of receptor levels in
malignant cells, compared to normal cells, may reflect IGF-II-induced downregulation
of the receptor, when the cells are undergoing autocrine growth stimulation. Thus, the
key components required for autocrine growth regulation of PC by IGF-II are expressed.
Taken together with the data obtained from in vitro systems, inhibition of the IGF axis
may result in inhibition of PC growth.

IGFs AND BC

IGFs Effects on BC Cells
Estrogen receptor (ER)-positive BC cells (e.g., MCF-7, ZR-75, and T47D) are stimu-

lated to proliferate by pico- to nanomolar concentrations of IGF-I and IGF-II (139). In
contrast, ER-negative cells (e.g., MDA-435, MDA-231, or MDA-468) tend not to prolif-
erate, or are minimally responsive to IGF stimulation. Expression of practically all mem-
bers of the IGF family are under the control of the ER, including IGF-I (140), IGF-II
(141,142), IGF-IR (143), and IGFBPs (144), possibly accounting for IGF action within
cells that contain an active ER. Additionally, the ability of the ER to regulate IGF signal-
ing molecule expression may account for the apparent growth synergism between estra-
diol (E2) and IGF (145). However, it is not known at present whether ER is a requisite
for IGF-stimulated growth, or whether ER is simply an indicator of a cell line that has
a relatively intact growth signaling pathway (ER-positive cells are less aggressive and
more differentiated than ER-negative tumors). For example, ER-negative cells have been
shown to have defects in either IGF-IR action (146) or downstream signaling through
IRS-1 (147), and often have other constitutively active GF pathways.

The majority of studies have concentrated on the mitogenic ability of the IGFs, but,
as discussed above, the IGF system can mediate a number of different responses. Many
reports have documented the ability of IGF to protect cells from apoptosis (148), and it
has recently been shown that IGF-I can protect BC cells from chemotherapy-induced cell
death (149,150). IGFs are chemoattractants for BC cells (151), possibly through inter-
action with integrins (152). Finally, IGFs may be involved in cell migration and invasion,
because dominant-negative IGF-IR constructs inhibit invasion and metastasis of MDA-
435 BC cells in vitro and in vivo (153).

IGF Signaling Pathways in BC
Because expression of most of the IGF family members is regulated by estrogen, it is

not surprising that overexpression of IGFs in ER-positive BC cells results in reduced
estrogen requirements or estrogen-independent growth. Overexpression of IGF-II in
MCF-7 cells results in estrogen-independent growth (154,155). It is surprising, however,
that overexpression of IGF-IR does not result in dramatic phenotypic changes, with only
slight changes in IGF, estrogen responsiveness (156), and E-cadherin association (157).
In contrast, overexpression of IRS-1 in the same cell line results in a large increase in
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autocrine-mediated growth and reduced estrogen responsiveness (158), suggesting that
IRS-1 may be the rate-limiting step in IGF action in BC cells.

In many other cell systems, the contribution of the various IGF signaling pathways to
cell proliferation has been analyzed by transfecting signaling components into cells that
do not normally express them. This has undoubtedly furthered knowledge of IGF signal-
ing pathways, but the relevance of these results to cells that normally express and respond
to IGFs is only now being discovered. In BC cells that respond to IGF (ER-positive cells),
IRS-1 is the predominant activated downstream signaling molecule (159). IRS-1 activa-
tion results in downstream activation of mitogen activated protein kinase (MAPK) and
phosphatidylinositol-3-kinase (PI-3-K). Inhibition of both of these pathways, using the
specific inhibitors, PD90859 (MAPK) and wortmannin (PI-3-K), can reduce IGF-medi-
ated growth (159,160). However, the inability of either inhibitor to completely abolish
IGF-mediated growth suggests the involvement of other signaling pathways.

One consequence of IGF signaling that has particular importance in BC is the ability
of IGF to activate the ER. Expression of progesterone receptor (PR), an estrogen-respon-
sive gene, is regulated by many factors including E2 and IGF-I in BC cells (161), and this
occurs at the level of gene expression (162). Further studies have shown transcriptional
activation and phosphorylation of the ER by IGF-I (163–165). The authors have shown
that IGF-I can activate the ER in ER-positive BC cells (166), and further, like others, that
IGF-I can increase expression of estrogen-inducible genes, such as pS2 and PR in vitro,
indicating that crosstalk between GF pathways and nuclear steroid hormone receptors
can occur within cells that normally express ER. Indeed, there is evidence that GF cross-
talk with hormone receptors may occur in vivo. It is well established that EGF can elicit
an estrogen-like uterotropic response in vivo. However, in ER knockout mice, EGF fails
to cause this response, indicating in vivo GF crosstalk (167). The mechanism for IGF
activation of the ER remains unclear, which is, in part, because of the cell type and pro-
moter specificity of the ER and the recent identification of a family of ER co-activators
and co-repressors that can affect ER action (168).

IGF Expression in Human Tissue
Analysis of IGF ligand expression has historically been hampered by the presence of

IGFBPs, which interfere with radioimmunoassays (169). Although IGF can be separated
from IGFBP by acid extraction and chromatography, a large portion of the IGF can be
lost. Furthermore, analysis of tumor extracts does not indicate where the IGF originated.
For these two reasons, immunohstochemistry (IHC) and in situ hybridization studies
have given an insight into IGF expression in BC. IGF-I is rarely expressed in breast ECs,
but is expressed in the stroma (170). IGF-II is also expressed mostly in the stroma (171),
but may ocasionally be found in ECs (172). IHC studies have confirmed these observa-
tions, which suggest a paracrine role for IGF action in BC (173). Strengthening this hypoth-
esis is the fact that IGF-II expression is increased in breast stroma associated with a
malignancy, compared to benign and normal breast (174). Furthermore, malignant breast
ECs can induce IGF-II expression in breast stroma in vitro (175).

In contrast to other GF families, which can only act by autocrine and paracrine mecha-
nisms, the IGFs can also act in an endocrine manner. Recent evidence has shown that
circulating IGFs can effect xenograft breast tumor growth (176) and tumor growth in p53
heterozygous mice (81). Several retrospective studies have shown that circulating IGF
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levels are higher in BC patients than in normal controls (177), which is strengthened by
the recent finding that circulating IGF levels are a strong predictive risk factor for BC
(98). Of further importance is the large body of evidence showing that the major therapy
in BC, antiestrogens, consistently reduces serum IGF-I levels in patients (177). Further-
more, in vitro evidence suggests that part of the action of antiestrogens may be through
anti-IGF mechanisms (178,179).

IGF-IR mRNA expression is detected in the majority of breast tumors (174). Protein
analysis has revealed similar results (50–93% BCs express IGF-IR), and that IGF-IR
expression correlates with ER status (180,181). BCs express higher levels of IGF-IR than
benign or normal tissue. Recent evidence suggests that radioresistant BCs express high
IGF-IR levels (182), supporting the role for IGF-IR in antiapoptotic signaling pathways.
Furthermore, IGF-IR from BCs has higher intrinsic TK activity than that from normal
breast (183), suggesting that the IGF-IR is in an active signaling cascade.

Very few studies have examined IGF-IIR expression in BC. However, it has been
shown that there is significant LOH at the IGF-IIR locus in BC, and that this is associated
with a mutation in the other allele of IGF-IIR (82). Although it has yet to be shown that
these mutations disrupt IGF-IIR action, they do appear in the ligand binding domain, and
so possibly could disrupt IGF-II binding to IGF-IIR. Hypothetically, this could release
IGF-II, that would then be able to act through IGF-IR. Thus, IGF-IIR may represent a
tumor suppressor gene in BC. Further studies are underway to confirm these observations.

The role of IGFBPs in IGF signaling remains unclear, but the authors have examined their
expression in BC cell lines and tissue. ER-positive BC cells generally express IGFBP-2,
-4, and -5; while ER-negative cell lines express IGFBP-1 and -3 (144). A similar pattern
of expression was seen in BCs, with all BCs expressing at least some of the IGFBPs, and
IGFBP expression correlating with ER status (184). Because the cloning and characteri-
zation of the six high-affinity binding proteins (IGFBP1–6), four more proteins that share
some homology, and can bind IGF with lower affinity, have been identified (67) and
termed IGFBP-related proteins (IGFBP-rP). The first discovered was MAC25/IGFBP-
7/TIA (IGFBP-rP1), which has been found to be expressed in normal breast tissue,
but not BC specimens, suggesting a tumor-suppressor-like function (185). Additionally,
there is frequent LOH (50%) at the chromosomal locus of IGFBP-rP1 (186) in human
BC. Studies have yet to be performed that examine expression of the other IGFBP-rPs
in human BC.

If IGFs are important in BC growth and progression, then their expression should be
an indicator of the prognosis of the disease. The authors and others have therefore exam-
ined IGF expression in breast tumors. High IGF-II expression, measured by enzyme-
linked immunosorbent assay, is associated with poor prognostic features (187). However,
IGF-II expression measured by IHC is weakly, inversely related to poor prognostic fea-
tures (173), perhaps reflecting the difficulty in measuring IGF ligand expression and the
weakness of the correlations. IGF-IR is expressed in a high number of BCs, and expres-
sion is an indication of good prognosis (188,189). IGFBP-3 expression is associated with
poor prognostic features (ER-negative, high S-phase, and so on) as is IGFBP-4 in a small
subset of tumors (184,190). Finally the authors examined the prognostic potential of the
IGF downstream signaling molecule, IRS-1, in BC patients. Examination of IRS-1 expres-
sion in 200 node-negative patients revealed that IRS-1 expression was significantly corre-
lated with ER status, and that, in a subset of patients with small tumors, IRS-1 expression
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predicted a shorter disease-free survival (190). Thus, expression of nearly all of the IGF
family members is associated or correlated with prognostic features, suggesting a role for
the IGFs in BC pathogenesis.

Inhibition of IGF Signaling as a Therapy for BC
Substantial circumstantial evidence implicates IGFs in breast tumor growth, but inhibi-

tion of IGF signaling in vitro, and translation of these finding to in vivo and clinical studies,
has been problematic. Clearly, the IGF system is an ideal target (191,192), because the
IGF-IR can provide signals for proliferation, survival, and transformation, which are cri-
tical for tumor growth. Thus, it can be envisioned that inhibition of IGF-IR signaling, or
removal of IGF ligand, would have profound effects on tumors cells, and this is indeed
the case in most model systems.

Several different strategies have been employed to inhibit IGF signaling in BC, includ-
ing dominant-negative IGF-IR (153), soluble IGF-IR (193), antisense IGF-IR (194), over-
expression of IGFBP-1 (195), antisense IRS-1 (158), and blocking antibody against IGF-IR
(196–198). All of these mechanisms can inhibit BC cell growth in vitro, and some have
also been shown to inhibit xenograft tumor growth.

Despite the wealth of evidence implicating the IGFs in breast tumor growth, very few
clinical trials have attempted to target IGFs. This is probably because of the difficulty in
inhibiting autocrine, paracrine, and endocrine IGF action. Furthermore, the IGFs are
important in several other physiological responses within the body, making targeting
of IGF action within tumor tissue imperative. Estrogen was discovered as a mediator of
breast tumor growth over 100 yr ago by simple ovariectomy of BC patients (2). Because
production of circulating IGF is controlled by the hypothalamus, ablation of circulating
IGF-I by hypophysectomy is not practical. Despite this, there is evidence that hypophys-
ectomy is an effective treatment of metastatic BC (199).

Clinical trials have already been performed, or are currently underway, examining the
efficacy of somatostatin analogies on lowering IGF-I level as a therapy for BC. A trial
of lanreotide failed to decrease GH levels in BC patients (200); a trial of somatuline
lowered IGF-I levels, but had no effect on GH levels (201). Perhaps the most exciting
drug studied thus far is octreotide, which, in combination with tamoxifen (TAM), has
been shown to be effective in lowering circulating IGF-I levels, both experimentally
and clinically. In the 1,2-dimethylbenz[a]anthracene model of breast carcinogenesis, the
combination of octreotide and TAM was more potent than TAM alone at inhibiting tumor
growth (202). In a small feasibility study involving 22 women, the combination of TAM,
octreotide, and an antiprolactin gave a higher objective response rate (55%) than TAM
alone (36%), and gave a longer time to disease progression (84 vs 33 wk) (203). The
combination of octreotide and TAM is being tested in two randomized clinical trials
(National Surgical Adjuvant Breast and Bowel Project B29 and National Cancer Institute
of Canada MA14).

SUMMARY AND FUTURE DIRECTIONS

It is clear that the IGF system is complex and the biological effects of the IGFs are
determined by diverse interactions between many different molecules. However, most
of the data suggest that both BC and PC are responsive to the IGFs in many model
systems. Moreover, the IGFs may have a role in malignant transformation of normal
breast and prostate epithelium.
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In these endocrine-sensitive cancers, a major advance was the demonstration that
agents that interfered with steroid hormone receptor function had significant clinical
activity. In clinical oncology, the selective ER modulators (antiestrogens) for BC and
strategies to deprive the PC of androgens are clearly the most successful therapies avail-
able. Neither antihormonal strategy is curative for patients with advanced cancer, but
they are effective and well-tolerated.

It is hoped that other hormonal pathways are also active in human cancer and can be
targeted for therapy. This argument is validated by the recent demonstration that a humanized
antibody directed against the epidermal growth factor receptor, HER2/neu, has modest
activity in BC (204,205). In fact, this antibody strategy has been approved for treatment
in a relatively short period of time, because its relevance was demonstrated in BC as a
prognostic factor (206).

What is needed to prove that the IGF system is also a relevant growth regulatory system
in BC and PC? IGF system components have been shown to be expressed in these cancers,
growth regulation in vitro and in vivo is well documented, prognostic significance of
some of the IGF system components has been demonstrated, and strategies designed to
inhibit IGF action clearly reduced tumor growth in animals. Thus, the remaining proof
required is the development of a therapeutic strategy demonstrating activity in BC and
PC patients. The knowledge gained about the IGF system may soon translate into clinical
strategies.
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INTRODUCTION

The insulin-like growth factor binding proteins (IGFBPs) are components of the IGF
signaling system, which is comprised additionally of the IGF-I, IGF-II, and insulin
ligands, and a family of transmembrane receptors, including the insulin receptor (IR) and
IGF-I and IGF-II receptors (IGF-IR and IGF-IIR) (1–3). Six IGFBPs have been identi-
fied, cloned, and sequenced (3–5). They share a high degree of similarity in their primary
protein structure, particularly in their N- and C-terminal regions, which are separated by
a variable midprotein segment of 55–95 amino acid residues (5). IGFBPs bind IGF-I and
IGF-II, but not insulin, with high affinity (6), and are essential to transport IGFs, to
prolong their half-lives, and to regulate the availability of free IGFs for interaction with
IGFRs, thereby modulating the effects of IGFs on growth and differentiation (6–10).
Recent evidence indicates that some IGFBPs may themselves have direct receptor-
mediated effects, independent of IGFs. A growing body of data has demonstrated that
IGFBP-3 is an important growth-suppressing factor in various cell systems, through an
IGF-independent mechanism (11,12). In addition, the recent identification of proteins
with significant similarity to IGFBPs in their N-terminal domains suggests the existence
of other potential IGFBPs (13). This has led to the concept of an IGFBP superfamily with
high- and low-affinity members, capable of influencing cell growth and differentiation
by both IGF-dependent and IGF-independent means (Fig. 1, 13–15).



216 Minniti and Oh

Despite recent progress, several questions remain regarding the interaction of the
IGFBPs with the IGFs and their receptors, the signaling pathways involved in IGF-inde-
pendent action, and the role of some posttranslational modifications of IGFBPs that can
alter their biological activity. In this chapter, the role of IGFBPs in human endocrine
neoplasia is presented in the light of recent experimental and clinical evidence, especially
IGF-independent antiproliferative action of IGFBP-3 and the role of the new low-affinity
members of the IGFBP family.

IGFBPs: STRUCTURE AND FUNCTION

Structure
Six IGFBPs that bind IGFs with high affinity, designated IGFBP-1–6, have been well

characterized (3–6,13). They share a high degree of amino acid sequence similarity in
their N- and C-terminal regions, including conserved cysteine (Cys) residues (13). The
N-terminal amino acid sequences of these proteins have an average of 58% similarity and
contain 12 Cys; in IGFBP-1–5 these Cys are well conserved, and, in IGFBP-6, 10/12 are
invariant. Within this region, a local motif, GCGCCXXC, is well conserved in IGFBP-
1–5; in IGFBP-6, it is substituted with GCAEAEGC. The significance of this motif has
not been elucidated. The C-terminal regions of the IGFBPs are also highly conserved and
share a similarity of more than 30%, with six Cys strictly conserved. The N- and C-
terminal regions are responsible for the high affinity binding to IGFs, and are separated
by a variable midprotein region of 55–95 amino acids.

Recently, a group of Cys-rich proteins, with structural similarities to the IGFBPs and
demonstrably lower affinity for IGFs, have been identified (16–18), and it is proposed
that these IGFBP-related proteins (IGFBP-rPs) and the classical IGFBPs constitute an
IGFBP superfamily, as shown in (Table 1 (14,15). Mac25 (renamed IGFBP-rP1) was
originally cloned from leptomeninges (19), and subsequently from human bladder car-
cinoma (20) and breast carcinoma cell lines (21). The human connective tissue growth
factor (IGFBP-rP2) (22), nephroblastoma overexpression gene, NovH (IGFBP-rP3) (23),
and Cyr61 (provisional IGFBP-rP4) (24), are members of the CCN family of proteins
(25). The CCN proteins are highly related, comprised of four protein domains, and share
an overall similarity of 46% (25). Within these four IGFBP-rPs, 11/12 Cys found in the

Fig. 1. Schematic diagram of mechanisms for IGF-independent and -dependent antiproliferative
actions of IGFBP superfamily.
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N-terminus of the IGFBPs are conserved, as well as the GCGCCXXC motif (13). Another
related protein, L-56 (provisional IGFBP-rP5), shares 39% similarity with the IGFBP
N-terminal domain, and retains all 12 conserved Cys in this region (26).

With the discovery of these an Cys-rich proteins closely related to an IGFBPs, the con-
cept of an IGFBP family is changing, and new nomenclature for the IGFBP superfamily
has been proposed. IGFBPs, therefore, may be derived from an ancestor gene/protein that
was involved in the regulation of cell growth and was capable of binding IGFs. In the course
of evolution, some members evolved into high-affinity IGF binders (IGFBPs), and others
into low-affinity binders (IGFBP-rPs), conferring to the IGF superfamily the ability to
influence cell growth by both IGF-dependent and IGF-independent mechanisms.

Function
The current belief is that IGFBPs bind IGFs with high affinity to transport IGFs in

circulation and modulate their availability to IGF receptors. The predominant IGFBP in
humans is IGFBP-3. Most of the circulating IGF is sequestered by IGFBP-3 in a 150-kDa
ternary complex, with a bound acid-labile subunit (ALS) (27–29). When associated with
the 150-kDa complex, the IGFs do not cross the capillary barrier (29), and their half-life
can be as long as 12 h; the half-life of free IGFs is less than 10 min (30). However, IGFBPs
are not simply carriers of IGFs, but also influence IGF function, either inhibiting or
augmenting IGF action. Regulation of the interaction of IGFs with IGFRs by IGFBPs
involves several factors: IGFBP affinity for IGFs, the association of the IGFBPs with
proteins on the cell surface or in the extracellular matrix (ECM) (5,6,9), and posttransla-
tional modifications of IGFBPs, such as phosphorylation (31–34), glycosylation (6,9,35),
and proteolysis (36–47).

Table 1
Structural Characteristics of the Human IGFBP Superfamily

No. of mRNA Gene
Mol wt amino No. of N-linked Chromosomal size size
(kDa) a acids cysteines glycosylation location (kb) (kb)

IGFBP: high-affinity IGF binder
IGFBP-1 25.3 234 18 No 7p 1.6 5.2
IGFBP-2 31.4 289 18 No 2q 1.5 32
IGFBP-3 28.7 264 18 Yes 7p 2.4 10
IGFBP-4 26.0 237 20 Yes 17q 1.7 14
IGFBP-5 28.6 252 18 No 2q 1.7 33
IGFBP-6 22.8 216 16 No 12 1.1 ?
IGFBP-related proteinb: low-affinity IGF binder
IGFBP-rP1 26.4 256 18 Yes 4q 1.1 >30
IGFBP-rP2 35.5 349 (pre) c 39 Yes 6q 2.4 ?
IGFBP-rP3 36.0 357 (pre) 41 ? (No) 8q 2.4 ~7
IGFBP-rP4 39.5 381 (pre) 35 ? (No) 1p 2.5 ?
IGFBP-rP5 51.3 480 (pre) 16 ? ? 2.3 ?

a kDa, kiloDalton
b IGFBP-rP1, Mac25/TAF/PSF/IGFBP-7; IGFBP-rP2, CTGF; IGFBP-rP3, NovH; IGFBP-rP4, Cyr61;

IGFBP-rP5, L56.
c pre = prepeptide.
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IGF-Dependent Action of the IGFBPs
IGFBP-1 appears to be involved in a variety of metabolic and reproductive processes

(9,10). Both insulin-dependent diabetes mellitus and fasting result in increased IGFBP-
1 (48,49). Inhibition of IGFBP-1 production by insulin and stimulation by glucocorti-
coids are responsible for much of the change in IGFBP-1 expression associated with
catabolic processes (49). IGFBP-1 is the predominant IGFBP in amniotic fluid (50),
suggesting involvement in gestational development, as well as in reproductive function,
including the endometrial cycle and ovulation (51,52). IGFBP-1 has been reported to
inhibit IGF actions in various cell systems, including porcine aortic smooth muscle cells,
fibroblasts, cultured human granulosa, and lutheal cells, as the result of the formation of
IGF/IGFBP-1 complexes that cannot bind to the IGFR (6,9).

IGFBP-2 is a nonglycosylated, nonphosphorylated IGFBP (5), which is readily detec-
table in serum, as well as in cerebrospinal, follicular, endometrial, and seminal fluids
(9,10). In general, IGFBP-2 appears to inhibit IGF actions in some cell lines, such as chick
embryo fibroblast (53) and human lung cancer cells (54); however, in porcine aortic
smooth cells, IGFBP-2 was shown to potentiate the response to IGF-1 (55).

IGFBP-3 is the major form of binding protein present in human circulation, and
exhibits a molecular mass of 38–43 kDa, depending on glycosylation status (5,9). In cir-
culation, IGFBP-3 is associated with IGFs and ALS to form a ternary complex of 150–
200 kDa (27–29). IGFBP-3 has also been found in several biological fluids, including
urine, synovial fluid, milk, amniotic, and seminal fluids (10). IGFBP-3 undergoes post-
translational modifications, including glycosylation (35), phosphorylation (33,34), and
proteolysis (36–47). There are no significant differences in affinity for IGF-1 between
glycosylated and nonglycosylated IGFBP-3 (35), nor does direct mutagenesis of phos-
phorylated serines (Ser) affect IGF-binding characteristics (33). IGFBP-3 also has abil-
ity to bind proteoglycans on the ECM via heparin-binding motifs in the C-terminus. This
ECM association of IGFBP-3 may contribute to the potentiation of IGF actions in some
cell systems (56).

IGFBP-4 is the smallest of the IGFBPs, and is present in biological fluids as a 24-kDa
nonglycosylated form and a 28-kDa glycosylated species (57,58). IGFBP-4 appears to
be a potent inhibitor of IGF action in several human cell lines (59–61), but there have been
no reports to indicate a potentiation of IGF-stimulated cell proliferation.

IGFBP-5 is abundant in connective tissue, and is the predominant IGFBP in bone
extracts, but is present at a very low concentration in serum (62–64). There are heparin-
binding motifs present in the C-terminus, and it has been demonstrated that IGFBP-5
adheres to the ECM and potentiates the effect of IGF-I on cell growth in bone (65,66).
When IGFBP-5 is associated with the ECM, its affinity for IGF-I is strongly reduced,
explaining at least partially the ability of ECM-associated IGFBP-5 to potentiate IGF
action. In contrast, IGFBP-5 exerts an inhibitory effect on follicle-stimulating hormone-
stimulated steroidogenesis in granulosa cells, and also inhibits IGF-mediated cell matu-
ration and proliferation, suggesting an important role in the process of follicular selection
of the ovarian cycle (67).

IGFBP-6 is a 30-kDa glycosylated protein present in serum and cerebrospinal and
amniotic fluids (10). Studies of IGFBP-6 in vivo and in vitro are limited; however, a
recent paper (68) reports an antigonadotropic effect of IGFBP-6 in ovary, suggesting a
possible role of this protein in female reproductive function.
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IGF-dependent actions of IGFBP-rPs are not yet elucidated. The fact that these IGFBP-
rPs exhibit significantly lower affinity for IGFs suggests that their primary function may
not be regulating IGF action (16–18).

IGF-Independent Action of IGFBPs
Recently, several experimental results have indicated that the IGFBPs might have

their own biological actions beyond their ability to regulate IGF action. In addition to
their structural and sequence similarity, some IGFBPs appear to possess unique charac-
teristics. Ser phosphorylation occurs in IGFBP-1 (32), and -3 (33,34); IGFBP-1 and -2
contain the integrin receptor recognition sequence, Arg-Gly-Asp (RGD sequence) (6,9);
IGFBP-3, -5, and -6 contain heparin binding motifs (6,9); and IGFBP-3 has a nuclear
localization sequence, and can be translocated to the nucleus (69,70).

The functional importance of specific binding of IGFBP-1 to the 5 1-integrin recep-
tor on the cell surface has been demonstrated in Chinese hamster ovary cells, in which
IGFBP-1 treatment results in stimulation of cell migration in an IGF-independent man-
ner (71). IGFBP-2, which contains the RGD sequence, may also bind to integrins and
exert IGF-independent action, although this has not yet been demonstrated.

The observation that IGFBP-3, -5, and -6 bind to heparin- or heparin-sulfate-contain-
ing proteoglycans in the ECM suggests IGF-dependent, as well as IGF-independent
action of these IGFBPs. When IGFBP-5 is associated with ECM, its affinity for IGF-I
is strongly reduced, explaining the ability of ECM-associated IGFBP-5 to potentiate IGF
action (65,66); however, the cell-surface association of IGFBP-5 could also mediate
IGF-independent actions of IGFBP-5. Andress and Birbaum (72) have demonstrated that
either a carboxyl-truncated form of IGFBP-5, derived from U2 osteosarcoma cells, or
human recombinant carboxyl-truncated IGFBP-51-169 (73) can stimulate mitogenesis in
osteoblasts, in absence of exogenous IGF-I, suggesting an IGF-independent mechanism.

IGFBP-3 is also a well-documented inhibitor of cell proliferation. Although restricting
IGF access to the IGFRs appears to be an important mechanism by which IGFBP-3 inhi-
bits cell growth, there is increasing evidence that IGFBP-3 by itself exerts an IGF-indepen-
dent action through its own putative receptor (74–81). This action seems to be important,
especially in growth inhibition of some breast cancer (BC) and prostate cancer (PC) cell
lines (see below).

The physiological functions of IGFBP-rPs, either in vitro or in vivo are not clear.
IGFBP-rP1 has been detected in normal serum, urine, and amniotic, and cerebrospinal
fluids, but its function is unknown (21). IGFBP-rP1 mRNA has been detected in a wide
range of normal tissues, including breast (82), small intestine, colon, ovary, prostate,
testes, heart, kidney, and pancreas (16), and appears to be absent in various tumors, such
as BC (82), glioblastoma (83), squamous cell carcinoma (83), and in several cancer cell
lines (16), suggesting that IGFBP-rP1 may function as a growth-suppressing factor.

IGFBP-rP2 has been demonstrated in various human biological fluids, such as normal
and pregnancy serum, and cerebrospinal, amniotic, follicular, and peritoneal fluids (84).
Some experimental evidence suggests that IGFBP-rP2 mediates the effects of transform-
ing growth factor (TGF- ) in some physiological and pathological processes, including
wound repair (85,86) and atherosclerosis (86).

IGFBP-rP3 has been recently identified in several human biological fluids, such as normal
and pregnancy serum, and cerebrospinal, amniotic, and follicular fluids (18). Moreover,
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IGFBP-rP3 mRNA is widely distributed in several human tissues, especially prostate,
testes, heart, brain, and pancreas, consistent with the hypothesis that IGFBP-rP3 may be
involved in cell growth regulation. So far, its function is unknown (18).

The provisional IGFBP-rP4, Cyr61, was identified in the mouse (24), and the human
counterpart has not yet been found (86). In vitro, IGFBP-rP4 has no detectable mitogenic
activity itself, but seems to potentiate the mitogenic effects of other growth factors, such
as fibroblast growth factor, on fibroblasts and endothelial cells (87).

Proteolysis of IGFBPs
Proteolysis has been shown for all IGFBPs. Several proteases have been identified in

serum and other biological fluids, including the Ser proteases, plasmin, thrombin, and
prostate-specific antigen (PSA); the acid protease, cathepsin, and the matrix, metallo-
protease (36–47).

IGFBP-3 can be specifically proteolyzed under various conditions, and an increase in
proteolytic activity has been observed under different physiological and pathological
circumstances (8,44). Proteolysis reduces the affinity of IGFBP-3 for IGFs, and potenti-
ates IGF-I action through a sustained release of free IGF-I available for the IGFR (35,44).
More recently, IGFBP-3 fragments, derived from in vitro plasmin digestion, have been
shown to inhibit the mitogenic effects of IGF-I and insulin, including insulin-induced
autophosphorylation of the IR, and subsequent IR substrate I phosphorylation in IR-over-
expressing NIH-3T3 cells (88,89), suggesting an IGF-independent biological activity of
IGFBP-3 proteolytic fragments.

IGFBP-4 is cleaved by a specific protease that is activated in presence of IGF-I or IGF-
II (38,39,61). Proteolysis results in two fragments of 14 and 18 kDa, which appear to have
very low or no IGF-binding capacity; as a consequence, proteolysis has been suggested
as a mechanism whereby the inhibitory effect of IGFBP-4 can be relieved.

Proteolysis of IGFBP-5 results in fragments of approx 23, 20, and 17 kDa (42,64); but
the role of proteolysis is still unclear, because the fragments do not potentiate cell growth
response to IGFs. However, the demonstration that the proteolytic 23-kDa IGFBP-5
fragment may stimulate mitogenesis in osteoblasts in the absence of exogenous IGF-I
(72,73) suggests that IGFBP-5 proteolysis could be an important mechanism for regu-
lating cell growth and proliferation, in an IGF-independent manner.

IGFBPs IN BC

Most neoplastic cells produce IGFBPs, which can regulate the biological activity of
the IGFs in an autocrine and paracrine manner (91). The expression pattern of IGFBPs
is altered in cancer cells, compared with counterpart normal cells, again suggesting a
specific role for IGFBPs in cancer. The direct biological function of IGFBPs has been
extensively studied in endocrine-related neoplasia, such as BC, PC, ovaryian cancer
(OC), and endometrial cancer.

The IGFs are important regulators of mammary epithelial cell (EC) growth, and play
an important role in BC development (90–94). Both IGF-I and IGF-II have been shown
to be potent mitogens for a number of BC cell lines in vitro (92), and IGF-I and IGF-II,
as well as IGF-IR mRNA, are detectable in the majority of human breast tumor specimens
(93–95). The importance of the IGF system in the development of BC has been recently
addressed by Hankinson et al. (96) in a large clinical case-control prospective study. In
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an investigation of the relationship of circulating IGF-I and IGFBP-3 plasma levels to the
risk of BC, they found a positive correlation between IGF-I concentration and BC risk
in premenopausal women. The risk of developing cancer dramatically increased in pre-
menopausal women when plasma IGF-1 levels were adjusted for IGFBP-3 levels, sug-
gesting a potential role for IGFBPs in the development of BC.

In BC, the predominant secreted IGFBP appears to correlate with the estrogen receptor
status of the cells (97,98). Estrogen-responsive cells secrete IGFBP-2 and IGFBP-4
as major species, and IGFBP-3 and IGFBP-5 as minor binding proteins; estrogen-non-
responsive cells predominantly secrete IGFBP-3 and IGFBP-4, and, to a lesser extent,
IGFBP-6. This clearly implies that IGF system is complex, and, depending on estrogen
receptor status, the cellular response of IGFBPs to IGFs may be significantly different.

IGFBP-3 is the binding protein most extensively studied in BC. It appears to inhibit
cell growth by modulating the biological action of IGFs, by regulating IGF availability
to bind IGFRs (IGF-dependent action), or by exerting its own biological action directly
in the target cells (IGF-independent action). In general, the binding affinity of IGFs for
IGFBP-3 is higher than that of IGFRs, implying that IGFBP-3 can modulate IGF binding
to its receptor, thereby blocking IGF’s biological actions in the local environment. Co-
incubation of cells with IGFBP-3 and IGFs results in an inhibition of the IGF-stimulated
mitogenic effect in human BC cells in vitro (99), suggesting that the paracrine or autocrine
effects of IGFs can be modulated by IGFBP-3 produced by ECs and stromal fibroblasts.

In human BC cells, expression of IGFBP-3 is hormonally regulated: estrogens inhibit
the expression of IGFBP-3 in estrogen-responsive MCF-7 human BC cells; antiestrogens,
such as tamoxifen (TAM) and ICI182780, stimulate its production (100). Proteolysis of
IGFBP-3 may be an additional factor in this system, resulting in a lower affinity of IGFBP-
3 for IGFs, thereby increasing the availability of IGFs to IGFRs. IGFBP-3 can be proteo-
lyzed by proteases, such as cathepsin, PSA, and plasmin, all of which are detected in human
BC cells (41,44,101,102).

Restricting IGF access to the IGFR is an important mechanism by which IGFBP-3
inhibits mitogenic effects of IGF-I in human BC, recent data in estrogen-nonresponsive
Hs578T and MDA-MB231 human BC cells suggest that IGFBP-3 inhibits cell growth
by an IGF-independent mechanism, potentially mediated through an IGFBP-3 receptor
(75–78). In Hs578T cells, IGFs and their analogs, des-(1-3)-IGF-I and [QAYL-L]-IGF-
II, which have high affinity for the IGF-IR and reduced affinity for IGFBPs, have no
effect on Hs578T cell proliferation (75). Since both IGFs and their analogs show no effect
on Hs578T cells, the failure of IGFs to stimulate cell growth cannot be attributed to inter-
ference by endogenous IGFBPs. However, treatment with recombinant human IGFBP-3
shows a significant inhibitory effect on monolayer growth of Hs578T cells, and co-incu-
bation of IGFBP-3 with [QAYL-L]-IGF-II did not result in attenuation of the IGFBP-3
inhibitory effect. In contrast, IGF-II, which binds with high affinity to IGFBP-3, is able to
attenuate its inhibitory effect. Similar findings have been observed with IGF-I and IGF-I
analogs, indicating that inhibitory action of IGFBP-3 cannot be attributed to blocking
IGFs access to the IGFR. Taken together, these data suggest that IGFBP-3 can directly inhibit
Hs578T cells, and that IGFs prevent the inhibitory effect by forming IGF–IGFBP-3
complexes. These observations provide the foundation for the concept of IGF-indepen-
dent actions of IGFBP-3.

Affinity crosslinking of Hs578T monolayers and cell lysates with [125I]-IGFBP-3 has
been employed to investigate possible mechanisms for the cell surface interaction of
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IGFBP-3 (77). These studies revealed that IGFBP-3 interacts with a 25-kDa protein on
the cell surface, and with 25-, 28-, and 55-kDa species in cell lysates. IGFBP-3 binding
to these proteins appears to be specific, as demonstrated by a dose-dependent displace-
ment of [125I]-IGFBP-3 by unlabeled IGFBP-3; immunoprecipitation of IGFBP-3 with
specific antibodies, but not with nonimmune serum; and Western ligand blots of cell
lysates with [125I]-IGFBP-3 reveals three proteins of the same size as those observed in
cell lysate crosslinking experiments. More recently, some experimental evidence seems
to indicate that the type V TGF- receptor is the putative IGFBP-3 receptor (103); how-
ever, further studies are needed to confirm this finding.

Other studies have confirmed that IGFBP-3, and possibly the IGFBP-3/IGFBP-3
receptor complex, functions as a major growth-suppressing factor in various cell sys-
tems. These studies have shown that the growth rate of fibroblast is significantly reduced
in IGFBP-3-transfected cells, with a targeted disruption of the IGF-IR gene (80); purified
mouse IGFBP-3 binds to chick embryo fibroblasts cell surface and inhibits cell growth
(104); upregulation of IGFBP-3 expression is correlated with retinoic acid (RA)-induced
cell growth inhibition in cervical ECs (105); and the tumor suppressor, p53, induces
IGFBP-3 expression, indicating that IGFBP-3 may be a mediator in p53 signaling (81).
Further studies have revealed that various growth-inhibiting factors, such as TGF- , RA,
and antiestrogens, stimulate the expression and secretion of IGFBP-3 in human BC cells
(78,79,100). Oh et al. (78) have reported that the potent antiproliferative factors, TGF-

 and RA, stimulate the expression and secretion of IGFBP-3 in human BC cells, sug-
gesting that it may act as a mediator of their antiproliferative effects. Treatment with
either RA or TGF- stimulated IGFBP-3 gene expression and protein expression 2–3-
fold, with a concurrent inhibition of cell growth. IGFBP-3 antisense oligodeoxynucle-
otide (ODN) and IGF analogs have been employed to demonstrate that IGFBP-3 medi-
ates RA and TGF- antiproliferative action. Inhibition of IGFBP-3 gene expression,
using an IGFBP-3 antisense ODN, blocks RA- and TGF- -induced IGFBP-3 production by
up to 90%, and inhibits their antiproliferative effect by 40–60%. Treatment with IGF-II
analogs, which retain affinity for IGFBPs, but significantly reduced affinity for the IGF-
IR also diminished TGF- -inhibitory effects; in contrast, treatment with [QAYL-L]-
IGF-II, which has a significantly reduced affinity for both IGFBPs and the IGF-IR,
resulted in no change of TGF- -inhibitory effect.

These findings suggest that TGF- - or RA-induced IGFBP-3 inhibits cell growth in
an IGF-independent manner, and that IGF can modulate its inhibitory effect by forming
an IGF-IGFBP-3 complex, thereby preventing IGFBP-3 action. Similar observations have
been reported in MDA-MB231 cells (79). The direct antiproliferative effect of IGFBP-3
via an IGFBP-3/IGFBP-3 receptor system, on the basis of these experimental data, may
be a major mechanism in the inhibitory actions of TGF- and RA on these cells.

The potent growth inhibitory effect of antiestrogens is associated with increases in
both IGFBP-3 mRNA and protein levels in MCF-7 human BC cells (100). In addition,
treatment with recombinant IGFBP-3 inhibits basal and estradiol (E2)-stimulated MCF-7
cell proliferation, and the use of IGFBP-3 antisense ODNs can reverse antiestrogen-induced
inhibition of cell proliferation (100). Taken together, these data suggest that the antiprolif-
erative action of antiestrogens could be mediated, at least in part, by upregulation of
IGFBP-3. Similarly, it has been shown that IGFBP-3 expression may be induced by other
growth inhibitory factors, such as tumor necrosis factor  (TNF- ) and vitamin D analogs
(106,107). In MCF-7 cells, TNF- stimulates the expression and secretion of IGFBP-3,
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moreover, IGFBP-3 antisense ODN treatment antagonizes TNF- -induced inhibition of
cell proliferation and IGFBP-3 accumulation, implicating IGFBP-3 as downstream effec-
tor in the inhibitory action of TNF- (106). The two vitamin D analogs, EB 1089 and CB
1093, enhance the production of IGFBP-3 in Hs578T and MCF-7 cells, suggesting a role
for IGFBP-3 in the growth-inhibitory effects of vitamin D analogs in BC (107).

Some experimental data support the ability of IGFBP-3 to induce apoptosis (108,109).
In MCF-7 cells, treatment with recombinant human IGFBP-3 for 72 h has been shown
to increase apoptosis and to inhibit [3H]-thymidine incorporation (108). In Hs578T human
BC cells, IGFBP-3 results in no direct induction of apoptosis; however, Gill et al. (109)
demonstrated that preincubation of the cells with IGFBP-3 caused a dose-dependent poten-
tiation of apoptosis by ceramide, an apoptotic-inducing reagent, suggesting the involve-
ment of an IGF-independent activity of IGFBP-3.

Less is known about the role of the other IGFBPs in BC. An inhibitory role for IGFBP-
5 in BC has been addressed. In MCF-7 cells, the vitamin D3 analog [1,25(OH)2D3], and
two related compounds, stimulated production of IGFBP-5 and indirectly suppressed
cell proliferation (110). Moreover, like IGFBP-3, IGFBP-5 seems to mediate the anti-
proliferative effects of the antiestrogen, ICI 182780 (111), but it is not clear whether the
effect of IGFBP-5 on cell growth involves IGF peptides.

Some recent clinical studies have found that the combination of high IGF-I and low
IGFBP-3 levels are associated with ductal carcinoma in situ (112), and with the early
stage of breast carcinoma (113). Moreover, premenopausal women with high IGFBP-3
plasma levels had a decreased risk for ductal carcinoma, addressing the importance of
alterations of IGFBPs, either in the progression or development of BC. These findings
provide a novel rationale for the use of TAM and other drugs (antagonists of growth
hormone-releasing hormine or growth hormone, somatostatin analogs) that can interfere
with the IGF system as chemopreventive agents in BC; however, further large clinical
trials are needed to address this point. Small-scale clinical studies have addressed the
effect of treatment with the antiestrogens, TAM and droloxifene, on the IGF system in
advanced BC (114,115). No significant effects on IGFBP-3 levels were found, but the
decreased levels of IGF-I, and the consequent decrease IGF:IGFBP-3 ratio, may explain,
at least in part, the antitumoral effects of antiestrogen treatment in BC. Treatment with
antiestrogens increases the concentration of IGFBP-1, which may contribute to the inhi-
bition of the suggested proliferative effect of IGF-I in BC.

A possible role in BC has been suggested for the new low-affinity members of the
IGFBP family. IGFBP-rP1 is produced by Hs578T cells, and its expression is upregulated
by TGF- (12,116). In addition, treatment with IGFBP-rP1 resulted in inhibition of DNA
synthesis and cell proliferation in a dose-dependent manner. It is clear that IGFBP-rP1
primarily functions as a modulator of cell growth in an IGF-independent manner, similar
to the action observed with IGFBP-3; however, to date, no information exists about
the specific mechanisms involved in IGFBP-rP1 inhibitory action. Burger et al. (117)
have recently explored the expression of IGFBP-rP1 in vivo in sections of normal breast
tissues, ductal carcinoma in situ, and infiltrating carcinoma. They found that the expression
of IGFBP-rP1 is abrogated during BC progression, with concomitant loss of heterozy-
gosity on chromosome 4q, indicating that this gene product may have a tumor-suppressor
function.

Similarly, in a recent experiment (Minniti and Oh, unpublished data), IGFBP-rP2 has
been demonstrated to be upregulated by TGF- (84) and RA at both the mRNA and
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protein levels in various BC cell lines. Preliminary results indicate that treatment of Hs578T
cells with IGFBP-rP2 results in inhibition of DNA synthesis, suggesting that IGFBP-rP2
could act as a downstream effector of TGF-  and RA in inhibiting cell proliferation in
BC, as was observed for IGFBP-3 and IGFBP-rP1 (Minniti and Oh, unpublished data).

PROSTATE CANCER

The prostate is comprised of four glandular zones that differ in their histology and
biology: the transitional zone, the periurethral zone, the peripheral zone, and the central
zone (118). The peripheral zone, which accounts for 70% of prostate mass, is the region
most susceptible for malignant transformation, with about 70% of all PCs arising here
(118). In addition to this anatomical organization, the prostate is composed of ECs, which
are the source of prostate carcinoma, and stromal cells, which are implicated in the
development of benign prostatic hyperplasia (118–120).

The IGF axis is involved in the control of prostate growth (121–123). Normal prostate
ECs express neither IGF-I nor IGF-II (121); the stromal cells produce detectable levels
of IGF-II, but not IGF-I (122). However, the IGF-IR has been identified in both ECs and
stromal cells, which respond to the mitogenic effect of IGFs (123). Both prostate ECs and
stromal cells are important sources of IGFBPs that modulate IGF action (121,122,124).
IGFBP-2 and IGFBP-4 are produced by ECs and stromal cells, and represent the majority
of IGFBPs in seminal fluid. IGFBP-3 is synthesized by stromal and possibly ECs, and
inhibits IGF-induced proliferation of normal prostate ECs in culture. IGFBP-5 and IGFBP-
6 are produced by cultured prostatic cells, and have been shown in human prostate biop-
sies. IGFBP-1 has not been detected in either prostate ECs or stromal cells. Among the
new low-affinity binding proteins, IGFBP-rP1 production has been demonstrated in nor-
mal ECs (125); there are no data yet available for the other members of this family of
proteins.

The importance of the IGF system, specially the role of plasma IGF-I and IGFBP-3
and the risk of developing PC, has been recently addressed. In a large prospective study
(126), IGF-I was significantly associated with PC risk, but IGF-II and IGFBP-3 were not.
However, IGFBP-3 was inversely correlated with risk of PC after controlling for IGF-I
levels. In addition, with further adjustment for IGFBP-3, men with high levels of IGF-I and
low levels of IGFBP-3 had a fourfold increase of risk of PC compared to the reference
control group.

Changes in the IGFBP profile have been shown in PC (127–129), especially in secre-
tion of IGFBP-2 and IGFBP-3. Tennant et al. (128), comparing normal prostate ECs, pros-
tate intraepithelial neoplasia, and prostatic carcinoma, found that both IGFBP-2 mRNA
and protein levels increased with progressive malignancy, suggesting that the increased
protein synthesis of IGFBP-2 is caused by increased gene expression. On the contrary,
IGFBP-3 protein was significantly decreased in adenocarcinoma (AC) cells; IGFBP-3
mRNA labeling intensity in cancerous areas was no different from benign epithelium
or prostate intraepithelial neoplasia. It therefore appears that IGFBP-3 protein may be
regulated by pre- or posttranslational events, such as proteolysis.

PSA is a Ser protease that is secreted by prostate ECs and cleaves IGFBP-3. It is active
in seminal fluid (36), and presumably also in the prostate (130). The development of PC
is correlated with elevation in serum PSA (131) and decreased intact IGFBP-3 levels
(132). The significant negative association between PSA and IGFBP-3 in PC biopsies,
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by immunohistochemical analysis, supports the hypothesis that PSA affects IGFBP-3
proteolysis in malignant prostate tissue. Cathepsin D, another acid protease, has also
been recognized in prostate carcinoma cells (133). The impact of proteolysis on IGFBP-
3 action in PC has been extensively studied in vitro, to investigate its relationship to cell
proliferation and the IGF axis (133,134). Angelloz-Nicoud and Binoux (134), using PC-3
ECs derived from a human prostate AC, showed that the addition of a Ser protease inhibi-
tor was able to block both cation-dependent and cation-independent proteases, and inhib-
ited cell proliferation up to 80%. At the same time, immunoblotting and ligand blotting
showed a reduction of proteolytic fragments and an increase of intact IGFBP-3. In addi-
tion, the stimulatory action of IGF-II was potentiated in the presence of larger propor-
tions of proteolyzed IGFBP-3, and suppressed in the presence of intact IGFBP-3. Similarly,
Nunn et al. (133) demonstrated that proteolysis by cathepsin D of IGFBP-3 and other
IGFBPs, except IGFBP-6, resulted in proteolytic fragments with decreased affinity for
IGFs. These results support the hypothesis that, in the prostate, the decreased levels of
IGFBP-3 in cancer cells may allow for greater IGF action because of the loss of IGFBP-
3 inhibition, resulting in abnormally high cell proliferation rates.

As in BC, the IGF-independent inhibitory action of IGFBP-3 in PC has been exten-
sively studied. TGF- and RA, both known to inhibit growth of prostate cells, positively
regulate IGFBP-3 in a dose-dependent manner (135,136). Using PC-3 cells, Hwa et al.
(135) demonstrated an increase in IGFBP-3 protein levels in conditioned media of TGF-

- and RA-treated cells, which was correlated with enhanced steady-state levels of IGFBP-
3 mRNA, suggesting that the increased protein synthesis of IGFBP-3 results from increased
gene expression. In the prostate, the mechanism of TGF- and RA effects on prostate cell
growth are not known; however, the observation that these two factors upregulate IGFBP-
3 expression suggests that IGFBP-3 may play an important role in the control of cell pro-
liferation as a downstream effector of these growth-inhibitory factors.

Rajah et al. (136) recently demonstrated that addition of recombinant IGFBP-3 to PC-
3 cells resulted in a dose-dependent induction of apoptosis, and that this action was
mediated through an IGF–IGFR-independent pathway. In fact, in PC-3 cells, IGF-I only
partially blocked IGFBP-3-induced apoptosis, even at fivefold higher molar concen-
tration, supporting the notion that the pathway of IGFBP-3-induced apoptosis may be
independent from IGF–IGFR interactions. In addition, the IGF analog, Long-R3-IGF-I,
which binds to the IGFR and not to IGFBP-3, was unable to block IGFBP-3-induced apop-
tosis. These observations suggest, not only an IGF-independent role for IGFBP-3, but
also that activation of the IGF-IR does not reverse IGFBP-3-induced apoptosis. More-
over, the authors demonstrated that IGFBP-3 mediates the growth-inhibitory effect of
TGF- by inducing apoptosis. In fact, the treatment of PC-3 cells with TGF- caused a
dramatic increase of IGFBP-3 protein within 12 h, and a significant effect of TGF- on
apoptosis was observed 18–24 h after treatment, suggesting that the TGF- -induced ele-
vation of IGFBP-3 is the signal of activation of apoptosis. Treatment with IGFBP-3 anti-
sense ODNs inhibited TGF- -induced apoptosis.

Changes in IGFBP-4 and -5 also occur in prostate carcinoma. Tennant et al. (129)
found a significant increase in IGFBP-4 mRNA and protein levels in AC cells in compar-
ison with benign ECs, but the observed changes were less than the changes observed for
IGFBP-2 and IGFBP-3. Damon et al. (137) demonstrated that overexpression of IGFBP-4
could delay tumorogenesis in the M-12 PC cell line. In addition, IGFBP-4 was able to inhibit
tumor development in athymic nude mice. Apoptosis was increased in cells overexpressing
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IGFBP-4, explaining, at least in part, the slower rate of proliferation and tumor growth
in these cells. Because des-(1-3)-IGF-I, an analog of IGF-I with high affinity for the IGF-
IR, but low affinity for IGFBPs, was able to reverse the inhibiting action of IGFBP-4, the
effect of IGFBP-4 overexpression is clearly caused by the inhibition of IGFs and not by
an IGF-independent effect. IGFBP-5 protein levels were slightly increased in AC, but
IGFBP-5 mRNA levels were no different when compared to normal epithelium. No changes
were observed in IGFBP-6 protein and mRNA levels between normal and malignant
epithelium.

The same pattern of IGFBPs changes seen in PC cell lines and primary culture occurs
in the serum of patients with PC. The most dramatic alteration is the increase of IGFBP-2
(132,138,139); however, IGFBP-2 does not have the sensitivity and the specificity of
PSA as a screening tool in PC . The second most prominent alteration in serum IGFBPs
in patients with PC is a decrease in IGFBP-3 levels (132). Activation of a specific IGFBP-
3 protease could be possible mechanism for this reduction.

Figuroa et al. (140), using an RNase protection assay, examined the expression of
IGFBPs in 23 paired benign and neoplastic prostate tissue samples obtained from prosta-
ectomy. They found a significant difference in expression of IGFBP-2, IGFBP-3, and
IGFBP-5 between tumors with high Gleason score, those with low score, and benign tiss-
ues. Expression of IGFBP-2 and IGFBP-5 was higher in high vs low Gleason score cancers;
expression of IGFBP-3 was lower in high vs low Gleason score cancer specimens.

These results demonstrate that IGFBPs are significantly altered in the progression from
benign to malignant tissue, and suggest that differential expression of these binding pro-
teins in PC could be explored as a potential prognostic indicator in this disease. To date,
no data are available on the role of the new low-affinity binding proteins in PC. Future
studies will clarify whether these new low-affinity IGFBP-rPs could be responsible in
part for transformation processes that occur in the development of PC.

ENDOMETRIAL CANCER AND OC

In uterine tissue, estrogen regulates various components of the IGF system. Induction
of uterine IGFR expression by estrogen has been demonstrated in vivo in several species,
including human endometrium (141–143). The increased IGF-I and IGF-IR mRNA
levels in the endometrium during the proliferative phase of the menstrual cycle suggests
a role for IGF-I in estrogen-dependent endometrial proliferation (142,143). IGFBPs are
regulated by estrogens, and their expression changes during the menstrual cycle (144).
IGFBP-1 has been shown to be present in secretory, but not proliferative, endometrium.
Endometrial cells synthesize and secrete IGFBP-2 and IGFBP-3, and their expression is
upregulated by E2 and progesterone. In addition, their expression is differentially regu-
lated in secretory compared to proliferative-phase endometrium.

IGF-I is a potent stimulator of endometrial cancer cell growth (145–147), and its
action is modulated by IGFBP-3. In Ishikawa human endometrial cancer cells, Karas et
al. (148) demonstrated that membrane-associated IGFBP-3 inhibits several components
of the IGF-IR signal transduction pathway, such as receptor autophosphorylation, IR
substrate-I tyrosine phosphorylation, c-Fos induction, and activating protein 1 activation.

In these cells, naturally expressing a high number of cell-surface-associated IGFBP-3,
the IGF-I analog, des-(1-3)-IGF-I, is more potent than IGF-I in activating the IGF-IR
response. This difference can be attributed to the attenuation of IGF-I-mediated IGF-IR
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signaling by membrane-associated IGFBP-3 in an IGF-dependent manner. In addition,
an IGF-IR binding assay in Ishikawa cell membranes shows that [125I]-IGF-I bound to
cells could be completely displaced by IGF-I and IGF-II, but not by des-(1-3)-IGF-I,
indicating that the majority of the binding sites for IGF-I on cell membranes are IGFBPs.

As in BC, estrogens are considered one of the most important factors in endometrial
carcinoma (144,149). In endometrial cancer cell lines, E2 upregulates IGFR levels and
downregulates soluble IGFBP-3 levels, which results in more availability of IGFs for
IGF-IR (149). The reduction of IGFBP-3 occurs at protein and mRNA levels, indicating
an inhibition of IGFBP-3 gene expression by E2. These results suggest that E2-stimulated
endometrial cancer cell growth could be mediated by the IGF system, upregulating IGF-
IR levels and decreasing IGFBP-3 levels. In contrast to BC, in which TAM prevents
estrogen-stimulated tumor growth, endometrial tumor growth is enhanced by TAM (150,
151), and the association between TAM treatment and development of endometrial carci-
noma has been reported (152–154). Kleinman et al. (155) demonstrated that, in Ishikawa
endometrial cancer cells, TAM and E2, increased IGF-IR tyrosine phosphorylation,
without affecting the number or affinity of IGF-IR, and reduced the levels of both soluble
and membrane-associated IGFBPs. The decrease of IGFBP-3 levels makes IGF-I more
available to its receptor, thus enhancing IGF activity. Huynh and Pollak (156) also found
that, in the rat, the uterotropic action of TAM is associated with an inhibition of endome-
trial IGFBP-3 gene expression. These results indicate that the growth effects of TAM in
endometrial cancer cells could be, at least partially, mediated by changes in IGF-I and
IGFBP-3 levels.

Despite the volume of data, no convincing results address the role of the IGF system
in endometrial cancer in vivo, and future studies will be fundamental to clarify the role
IGFs and IGFBPs as risk factors in the development and progression of endometrial cancer.

Less data are available on the role of the IGF system in OC. IGF-I expression by
normal human ovaries is well documented (157,158), and the mRNAs for both IGF-I
and its receptor have been found in primary and metastatic epithelial OC and in several
OC cell lines (159). OC cells express IGFBPs, predominantly IGFBP-2 and –3, which can
modulate the mitogenic effect of IGF-I (160,161). Karasik et. al. (160) investigated the
IGF system in patients with an ovarian epithelial cystic neoplasm, and found that, as in
PC, the major alteration in IGFBPs is the dramatic rise of IGFBP-2 in cyst fluid and serum,
in comparison to the control benign ovarian cysts. The analysis of OC specimens in
malignant ovarian cyst fluid shows a significant increase in IGFBP-2 mRNA and protein
levels, compared to benign neoplasia, suggesting that local production by the tumor is
responsible for the increased IGFBP-2 in malignant cyst fluid (161). IGFBP-2 mRNA
levels correlated with the aggressiveness of the tumor. In contrast, the level of IGFBP-3
was low in ovarian cyst fluid, as well as in sera from patients with OC, probably because
of proteolytic degradation. Further studies in OC could clarify the significance of these
changes in IGFBPs, as well as the potential clinical use of cyst fluid IGF-I/IGFBP mea-
surements in the preoperative diagnosis and staging of OC.

CONCLUSION

In the past few years, the important role of IGFBPs in breast, prostate, endometrial,
and ovarian neoplasia has been extensively investigated. IGFBP-3 in various experimen-
tal tumor models appears to be one of the most important factors in the regulation of
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cancer cell growth by both IGF-dependent and IGF-independent mechanisms. IGFBP-3,
mediates the effects of the growth-inhibitory factors, TGF- and RA, as well as the anti-
proliferative effects of vitamin D analogs and the antiestrogen, TAM. If these results are
confirmed, pharmacological and nutritional approaches to decreasing IGF-I and enhanc-
ing IGFBP-3 bioactivity could represent an important risk-reduction strategy in the
development of cancer treatments. In addition, the discovery of the new low-affinity IGF
binders (IGFBP-rPs) indicates a very complex system capable of modulating cancer
growth, presumably in an IGF-independent manner.

A fuller understanding of the IGF-independent action of IGFBPs and IGFBP-rPs will
allow understanding of how the growth of neoplastic cells can be modulated by an IGF/
IGFBP system, and how other growth factors or pharmacological agents can interface
with this system. Potentially, this will allow development of IGFBP agonists/antagonists
as a new strategy for the endocrine therapy of endocrine-dependent neoplasia.
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INTRODUCTION

Fibroblast Growth Factors
The fibroblast growth factor (FGF) family has emerged as perhaps the largest group

of polypeptide growth factors to be involved in cellular growth and differentiation. It
presently comprises more than 20 published members that share a varying degree of
homology, and, with the exception of FGF7 and FGF10, which specifically act on epi-
thelial cells (ECs), have a similar broad mitogenic spectrum, i.e., they promote the
proliferation of a variety of cells, including those of mesodermal origin, and are angio-
genic. With the exception of FGF8, their genes have similar organization and, in some
cases, map to comparable regions on human and mouse chromosomes. Their pattern of
expression is very different, ranging from restricted expression in some stages of devel-
opment, e.g., FGF3, FGF4, and FGF5, to rather ubiquitous expression in a variety of
tissues and organs, in the cases of FGF1 and FGF2. They all appear to bind heparin and
heparan sulphate proteoglycans (HSPG) in the extracellular matrix, which originally
led to their alternative grouping, as the heparin-binding growth factors (1).

Three other members of the family (K-FGF/HST, FGF5, INT2) were originally iden-
tified as oncogenes (2–4); FGF6 and KGF/FGF7 were isolated by sequence homology
or factor purification and cloning (5,6). FGF8 was discovered as an androgen-induced
factor in a hormone-sensitive mouse mammary tumor cell line. FGF9 was identified as
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a glial-activating factor (7), and FGF-10 was identified from rat embryos, using homol-
ogy-based polymerase chain reaction (PCR) (8). Further complexity arises because some
of the members of the family exist in multiple forms arising from the initiation of transla-
tion at alternative codons. Although it is clear that some of the FGFs can act as potent
oncogenes in model systems, their involvement in human development and physiology,
pathology and malignant disease, remains to be clarified.

FGF1, -2, and -9 lack a classical signal sequence; although FGF9 does have an N
terminal sequence that may be involved with secretion, it is not a signal peptide. Both
FGF1 and FGF2 can, however, still be detected in conditioned media in culture, showing
that they can be secreted by viable cells, and are able to gain access to the cell surface
receptors by a novel secretory mechanism (9). For example, cultured cells that have been
transfected to express FGF1 or FGF2 demonstrate an autocrine growth loop (10,11).
Other FGFs (e.g., FGF3, -4, -5, -6, and -8, all of which have oncogenic potential, along
with FGF7) have a secretory signal sequence, and can follow the classical secretory path-
way of packaging into Golgi-associated secretory granules, fusion with the plasma mem-
brane, and release to the extracellular environment, on receipt of the specific signal. The
FGFs can then act locally, either on the producing cell in an autocrine fashion, or on
adjacent cells in a juxacrine fashion, or on neighboring cells via a paracrine mechanism.
In all cases, the FGF must bind to its cognate receptor to produce a physiological effect.

FGF Receptors
The FGFs act through two distinct types of receptors. First, there is a family of high-

affinity tyrosine kinase (TK) receptors (the FGFRs), and second, the low-affinity HSPGs.
Although the latter were originally thought to serve only a storage and release function
and the former to act as the true signaling receptor, it is probable that both are required
to produce a balanced cellular response in vivo (12), although the situation remains to
be clarified.

The intracellular signaling of the FGFs is mediated by a group of high-affinity TK
receptors. Four distinct genes have been discovered, each coding for a different receptor,
designated FGFR1–4. The first FGFR to be identified was cloned by its homology to the
fms proto-oncogene, and termed the flg receptor (13). When the amino acid sequence of
an affinity-purified receptor for FGF-1 was obtained, it became apparent that flg was a
transmembrane receptor for FGF1, and became known as FGFR1 (14). All four FGFRs
share a similar structure. The extracellular portion consists of a signal sequence and three
immunoglobulin (Ig)-like domains. There is a group of acidic amino acids between the
first and second Ig domains, which is unique to the FGFRs. There follows a transmem-
brane region leading to the cytoplasmic section, consisting of a TK domain that is split
in two by a 14-amino-acid kinase insert, and ends in a C-terminal tail. The intracytoplas-
mic regions of the FGFRs share 55–70% sequence homology, being most highly con-
served in the kinase domain. A characteristic of the FGFRs is that the exon structure of
the genes allows several different forms of the receptors to be generated by alternative
RNA splicing. Multiple variants of FGFR1, in addition to the full-length form, have been
described. They are classified according to whether the variations are extracellular or
intracellular, or whether the receptor variants exist as secreted forms (15–17).

Other than the full-length form, the most common variant is that with the first Ig-like
loop deleted. Of those isoforms with intracellular alterations, many still contain suffi-
cient structural information for ligand binding, but are not able to initiate signal transduc-
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tion, because of a nonfunctional TK domain. By undergoing dimerization with fully func-
tional receptors, these variants can act to decrease the signaling potential of a particular
ligand. Secreted forms include one form that consists of only the first Ig-like loop and
a short amino acid tail, and another possesses all three loops with a slightly longer tail.
In common with FGFR2 and FGFR3, the exon structure allows for two alternative forms
for the third Ig-like loop, designated IIIb and IIIc (15,17). FGFR1-IIIc is the most com-
mon form, and is found in many tissues, but not in the liver. FGFR1-IIIb is found mostly
in the skin. As well as the IIIb/IIIc variants, FGFR2 exhibits a similar complexity to
FGFR1 regarding other isoforms that exist. The variation in the third Ig-like loop, seen
in FGFR1, -2, and –3, is not seen in FGFR4, in which, so far, no splice variants have been
detected (18). Only parts of the second and third Ig-like loops are required for ligand
binding (19,20), but, despite the fact that the first loop has no independent ligand-binding
activity, it does interact with loops 2 and 3 to lower the affinity for the same FGF (21).
Association of the ligand with heparin results in ligand binding, which, in turn, leads to
receptor dimerization (22); autophosphorylation of the receptor at specific tyrosine resi-
dues follows, leading to activation of the kinase domain and phosphorylation of intra-
cellular signaling molecules (23).

The FGFs display differential affinity for the different FGFRs. The genes for FGFR1,
-2, and -3 possess two variable exons in the region coding for the C-terminal half of the
third Ig loop, and the exon that is expressed is chiefly responsible for the ligand-binding
specificity (20). Exon IIIb appears to specify preference for FGF1, and, in FGFR2, for
FGF7. The IIIb form of FGFR2 has been designated the FGF7 (KGF) receptor (15,19);
FGFR1, -2, and -3 containing the IIIc loop, will bind FGF1 and FGF2. These studies of
the different isoforms of the FGFRs, along with evidence from mutagenesis and peptide
antagonists, suggests that the ligand-binding site must be formed by the second and third
Ig loops (24). It is likely that these differences in isoform expression coupled with the
different ligand binding affinities lead to the varying cellular responses that can occur
with the different receptors. It is possible that the different isoforms act to modulate the
activity of the receptors.

FGF AND THEIR RECEPTORS IN BREAST CANCER

FGF1 In Breast Cancer
FGF1 is found in both normal development of the mammary gland and in tumorigen-

esis. In the normal virgin mouse mammary gland, high levels of FGF1 mRNA were found
in ECs, with little expression found in the stroma (25). In humans, a similar situation is
found, with FGF1 mRNA and protein detected in normal ECs, but not in stromal cells
(26,27). On malignant transformation, there appears to be a decrease in the expression
of FGF1, although, using sensitive methods, FGF1 can be detected in most breast cancer
(BC) tissues analyzed (28,29). Significantly lower levels of mRNA were detected in BC
tissues, compared to normal breast tissue (P = 0.001) (26–30). FGF1 protein levels were
also lower in BC tissues, as shown by Western blot and immunohistochemistry (IHC)
(26). A more extensive IHC study of FGF1 expression in breast tissues showed that FGF1
was present in the ECs of normal breast tissue, and was present at much lower levels, or not
detectable in the ECs of malignant breast samples (31). However, incubation of sections
at 37°C in the presence of protease inhibitors revealed FGF1 in the stroma of all BC tis-
sues analyzed, particularly around malignant cells, but not in the stroma of nonmalignant
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breast tissues (31). The authors postulated that a protease specific to malignant breast
tissue may be releasing FGF1 from sites where it is sequestered within the stroma. The
presence of FGF1 in the stroma of cancer tissues explains the source of released FGF1
detected in the conditioned medium of BC tissues (32).

The receptors to which FGF1 binds are present on BC cells, implying that the presence
of stromally released FGF1 may effect the behavior of BC cells (31,33,34). FGF1 has
been shown to have a stimulatory effect on the growth of mouse mammary ECs cultured
in collagen gels (35) and on the growth of human mammary ECs (33,36,37). Transfection
experiments have demonstrated an increased malignant phenotype of MCF-7 cells
overexpressing FGF1, suggesting that this growth factor may have a role in BC pro-
gression. Empty-vector-transfected MCF-7 cells remain estrogen-dependent in vivo,
forming only small tumors in ovariectomised mice; FGF1-transfected MCF-7 cells form
large, progressively growing tumors in ovariectomized mice (36). Overexpression of
FGF1 also increases growth in soft agar, in media deleted of estrogens and resistance to
the antiestregen ICI 182,780 and aromatase inhibitors (39). The effects of FGF1 over-
expression on MCF-7 growth in ovariectomized mice are likely to result from a para-
crine, as well as an autocrine component, since the expression of a dominant-negative
FGFR in the MCF-7 cells failed to inhibit tumor growth (38). One possible paracrine role
for FGF1 is the promotion of angiogenesis, allowing more rapid tumor proliferation (40).

Tumor invasion and metastasis are important in the outcome of BC, and it is possible
that FGF1 may have a role in this. FGF1 is able to promote a membrane-ruffling response
in BC cell lines, and such behavior has been linked to increased cell motility (33). Micro-
metastases have been detected at high frequency in the lungs and lymph nodes of mice
bearing tumors containing FGF1 transfected cells, at least partially because of increased
neoangiogenesis (38).

FGF2 in Normal and Neoplastic Breast Cells
Studies by Li and Shipley (41) showed that HBL100 cells and SV40 transformed cell

line derived from normal breast cells possessing FGF2 mRNA. The authors were uncer-
tain as to the origin of HBL100, because they display some myoepithelial characteristics,
and subsequently FGF2 expression was studied in purified breast epithelial, myoepithe-
lial and fibroblasts. These studies showed that mRNA for FGF2 was only present in the
myo-ECs, despite the presence of immunocytochemical staining for FGF2 in both cell
types. FGF2 had no effect on proliferation of myo-ECs, but it maintained the survival of
separated ECs in low serum, and stimulated their growth in 5 and 10% fetal calf serum.
Low-affinity binding sites for FGF2 were synthesized by ECs and myo-ECs, but myo-
ECs possess a greater proportion of higher-affinity HSPGs. These results suggested that
myo-EC-derived FGF2 may be an important paracrine factor controling ECs survival
and growth in the normal human breast (42).

A further role for FGF2 in differentiation is in branching morphogenesis. Although
FGF2 has not been shown to play a role in branching in mammary cells, the authors’ studies
have shown that the presence of myo-ECs is a requisite for luminal epithelial branching
morphogenesis (42), suggesting that a combination of integrin ligation (specific to myo-
epithelial contact) and paracrine FGF2 from myo-ECs could play an important role in
luminal epithelial morphogenesis. FGF2 could also modulate integrin function (43). The
net effect of FGF2 on these pleitrophic responses will determine the ultimate phenotype
observed in BC cells.
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Studies (29,30) in human breast tissue have shown high levels of FGF2 mRNA in
nonmalignant breast tissue, with reduced FGF2 mRNA levels in neoplastic breast tissue.
However, both studies indicated that a small proportion of breast carcinomas expressed
FGF2 mRNA at levels similar to those found in benign tissue. In contrast to the normal
breast, in which myo-ECs are the principal source of FGF2, myo-ECs are generally
absent from BCs containing FGF2 mRNA. The authors’ previous IHC studies, using
paraffin sections, showed that FGF2 is predominantly in myo-ECs and basement mem-
brane of the benign breast (44). Subsequent studies of the prognostic impact of FGF2 in
BC found that tumors displaying a higher level of FGF2 mRNA were associated with
improved overall disease-free survival (42). Univariant log-rank analysis showed that
this difference was significant, even taking into account all other prognostic parameters,
particularly regarding to disease-free survival. The reduction in mRNA is mirrored by
a reduction in the protein level, using Western blotting. IHC of BC sections showed some
FGF2 staining of the nucleus and cytoplasm of a proportion of BC cells. FGF2 causes
proliferation of some breast carcinoma cells lines (41.37), but inhibits proliferation of other
cell lines, e.g., MCF-7 (46). The reported effects of FGF2 on MCF-7 cells are conflict-
ing, however, with some reports indicating a stimulation of proliferation (47). Stewart et al.
(48) reported that estradiol was required for FGF2 growth stimulation of MCF-7 cells.

The mechanisms by which FGF2 cells modulate BC cell proliferation remain uncertain.
In MCF 7 cells, FGF2 treatment, although resulting in an upregulation of growth-inhibi-
tory proteins responsible for mitogenic events, such as cyclin D1 and cyclin-dependent
kinase 4, also decreases cyclin A and increases p21, which results in an inactivation of
cyclin-dependent kinase 2 and dephosphorylation of Rb. This leads to a net decrease in
cell proliferation (46). Concomitantly, FGF2 leads to an increase in ERK1 and -2 activa-
tion in a dose-and-time-dependent manner (49).

The role of FGF2 in other breast carcinoma cells is unclear, but some studies have
been done (50) in which MCF-7 breast carcinoma cells were retrovirally transduced with
18-kDa or 18-kDa, together with the 22- and 24-kDa, basic FGF, showed that these con-
structs grew more slowly than control cells. Cells transduced with 18-kDa FGF2 showed
upregulation of p21, WAF1/CIP1, and cells transduced all forms of FGF2 failed to reveal
either an upregulation of p21 or FGF1 autophosphorylation or MAP kinase (MAPK) acti-
vation. In contrast, cells transduced with the 18-kDa form showed an increase in FGFR1
and MAPK phosphorylation.

The authors’ results (Coombes, R. C. et al, submitted), in which it is shown that MCF-7
cells transduced with the FGF2 gene also grow more slowly, also disclose that FGF2
overexpression results in branching morphogenesis and suppression of tumorigenicity
in nude mice.

The inhibitory effect of FGF2 predominated over the growth stimulatory effect of
17- estradiol, insulin, or epidermal growth factor. The authors found an activation in
P42 MAPK and P44 MAPK. Their observations also suggest that FGF2 is a pleiotrophic
biological activator capable of inducing mutually exclusive cellular functions (i.e., pro-
liferation and antiproliferative effect) under different conditions, because some MCF-7
cell lines can be inhibited by FGF2 when cultured in standard media, but proliferate when
stimulated by basic FGF, and by FGF2 under serum and hormone deprivation. A clearer
picture of the role of FGF2 has emerged in other tumor types, in which the growth factor
appears to result in enhanced tumorigenicity, by either enhancing angiogenesis or meta-
static potential examples are in melanoma, in which cells, infected with an Epstein-Barr
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virus-based mammalian expression vector, containing antisense FGF2, showed com-
plete growth arrest (51). Tumors regress as a result of inhibition of endothelial cell pro-
liferation. This also seems to be the mechanism by which endometrial cells, transfected
with an FGF2 expression vector, showed an upregulation of urokinase-type plasminogen
activator. In renal cell carcinoma, introduction of FGF2 results in enhanced metastatic
potential (52).

Other roles of FGF2 in breast carcinoma cells are, as yet, ill defined. FGF2 has inhibi-
tory properties on some carcinoma cells (see above), but is also capable of rac activation,
which results in membrane ruffling (33). FGF2 can also activate plasminogen activator
synthesis, which can play a role in invasion and metastases (53).

FGF7 and Its Receptor, FGFR2-IIIb, in Breast Cells
FGF7 and FGF10 are unusual, in that they have a stromal origin and appear to act spe-

cifically on ECs, and are therefore exclusively paracine growth factors (54,55). FGF7
activates a splice variant of the FGFR2 (56). Alternative splicing of the carboxy terminal
half of the third Ig-like domain changes the ligand-binding properties for FGFR2, leading
to FGFR2-IIIb binding to FGF1 and FGF7, and FGFR2-IIIc binding to FGF1 and FGF2
(57). Whereas ECs express FGFR2-IIIb, cells of mesenchymal origin express FGFR2-IIIc
(58,59), and this is found to be the case in most epithelial organs, including the breast (60).

Previously published reports have indicated the importance of FGF7 in controling the
growth of mammary epithelium, including the report of Imagawa (35), who showed, in
murine mammary epithelium, that FGF7 induced the growth of mammary ECs in a col-
lagen gel matrix, in a heparin-independent manner, and the studies of Ulich (61), which
demonstrated that parenteral administration of FGF7 resulted in hyperplastic mammary
ductal epithelium and excess new duct formation in rats. Histologically, these changes
in female rats arose from the growth of new ducts lined by a mitotically active epithelium,
and resulted in hyperplasia, which was so excessive that the lumina were often occluded.
Transgenic mice, in which FGF7 has been targeted to the breast, under the control of the
mouse mammary tumor virus (MMTV) long terminal repeat, were generated by Kitsberg
and Leder (62). These mice showed high levels of FGF7 transgene expression during
pregnancy and lactation, and developed hyperproliferation of the end buds and adeno-
carcinomas, with high frequency. FGF7 stimulates the proliferation of both luminal ECs
and myo-ECs and the growth of whole breast organoids within a Matrigel matrix.

Using IHC, the authors have demonstrated FGF7 to be located predominantly in a stro-
mal location, both inter- and intralobular stroma (Roberts-Clarke, D.  et al., submitted).
The source of FGF7 in the normal breast appears to be a subset of fibroblasts, which are
responsible for FGF7 synthesis and secretion. The proportion of fibroblasts positive for
FGF7 increases with FGF1 and FGF2 treatment. Occurrence of the KGF/FGF7 receptor,
FGFR2, was also demonstrated, homogeneously distributed in the membrane and cyto-
plasm of normal and neoplastic ECs. It was shown that breast fibroblast conditioned
medium contains FGF7, and that the conditioned medium-induced growth-promoting
effect on ECs is abolished by an FGF7 neutralizing antibody (Ab).

Variations in FGFR2-IIIb Structure and Expression in Cancers
The authors’ group has studied the expression of mRNA encoding both the FGFR2-

IIIc and KGFR forms of FGFR2. In BC, the level of either variant was not related to prog-
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nosis or clinical status in patients with BC, except that patients with larger tumors appeared
to have a higher FGFR-2IIIc:-IIIb ratio (P = 0.01). Ten BC cell lines were also studied
and eight expressed predominantly FGF2-IIIb (KGFR); two had both FGFR2-IIIc and
FGFR2-IIIb (60). Others (63) have described two forms of KGFR: one form, with a short
C-terminus lacking the putative (PLC) association site (tyrosine 769), and the other
with a full-length carboxy terminus, with this site intact. They found that the form of the
receptor with the short C-terminus displayed a greater transforming activity than did the
full-length receptor. The shortened receptor was less autophosphorylated in NIH 3T3
cells, but, the cells transfected with the shortened version showed a stronger mitogenic
response to KGF than the full-length transfectants.

In addition, these cells showed no response when cultured in a differentiation-induc-
ing medium; the cells transfected with the full-length differentiated appropriately. These
results suggest that the receptor may be similar to the c-ErbB-2 protein, which is regu-
lated negatively by its major autophosphorylation site, tyrosine 1248, at the C-terminus
domain. These observations were corroborated by another group (64), who also demon-
strated the importance of the C-terminal domain in regulating receptor activity, and
suggested that the isoforms of FGFR with C-terminal alterations had enhanced growth-
promoting activity. The group also examined the different receptor subtypes in a variety
of human BC cell lines. Their studies also showed that overexpression of FGFR2 isoforms
for truncated C-terminal domains could, in part, enhance growth properties without an
overall increase in receptor content. They therefore carried out Northern blots, as well
as in vitro kinase studies to examine the activity of FGFR2-IIIb. MDA-MB415 BC cell
lines expressed the receptor at high levels as both protein and mRNA. MCF-7 cells, how-
ever, showed exaggerated phosphorylation, despite possessing very low levels of full-
length FGFR2-IIIb protein, suggesting that receptor is highly phosphorylated.

FGF8 in Normal and Neoplastic Breast Cells
FGF8 was originally isolated from the conditioned medium of an androgen-dependent

mouse mammary carcinoma line (SC-3) as an androgen-induced growth factor, and was
later assigned as a member of the FGF family, on the basis of structural similarity (65).
FGF8 appears to have an important role in embryogenesis. It is expressed in several areas
of the developing mouse, and may play a critical role in the development of the face, limb,
and central nervous system (66–69). Little expression of FGF8 is found in adult mouse
tissues, with comparatively low amounts detected only in the ovaries and testes (70,71).
FGF8 was identified as an oncogene on the basis of overexpression of FGF8 in NIH3T3
cells, leading to focus formation, growth in soft agar, and tumor formation in nude mice
(72). FGF8 was subsequently found to act as a proto-oncogene co-operating with Wnt-1
in mouse mammary tumorigenesis (70).

The structure of the FGF8 gene is more complex than the other members of this family.
Most FGFs are encoded by three exons, but, in the case of FGF8, there are at least four
exons corresponding to the usual first exon of the other genes. Alternative splicing potenti-
ally gives rise to eight different protein isoforms in the mouse, differing at the amino ter-
minus, but remaining identical at the carboxyl end (66,67). In humans, only four of these
forms will be possible, because of a stop codon in exon 1B (73). The biological signifi-
cance of these forms is, as yet, unknown, but there is already evidence that they possess
different transforming potentials with FGF8b having the highest transforming activity
and widest receptor-binding properties (67,74,75).
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The interaction of several splice variants of FGF8 with high-affinity receptors has been
investigated (67): FGF8c activates FGFR3-IIIc and FGFR4; FGF8b activates FGFR2-
IIIc, as well as FGFR3-IIIc and FGFR4. There is some debate as to whether FGFR1 may be
a receptor for FGF8, since a splice variant of FGFR1 has been shown to bind FGF8 (72).

Several experiments have linked FGF8 expression to BC. Insertion of MMTV adja-
cent to FGF8 has been shown to induce BC in transgenic mice expressing wnt-1 (70).
Northern analysis showed that 50% of tumors from these mice showed increased FGF8
transcription, making it the preferred activation in mice with a wnt-1 background (76).
Further experiments showed that MMTV-FGF8 transgenic mice developed mammary
and salivary gland neoplasia, as well as ovarian stromal hyperplasia (77). FGF8 is the first
member of the FGF family whose expression is increased in BC, leading to the possibility
that it plays a role in the initiation or maintenance of aspects of the malignant phenotype.
FGF8 mRNA expression has been studied in human breast, and is found to be present in
more malignant human breast tissues, compared to nonmalignant breast tissues  (P = 0.019)
and at higher levels (P = 0.031) (78). Analysis of BC cell lines and purified populations
of normal breast cell populations showed that the highest levels of FGF8 mRNA expres-
sion were found in malignant ECs, and this has been confirmed using in situ hybridization
(78). IHC staining of breast tissues for FGF8 also found that FGF8 was present in both
normal and malignant human breast tissues (79). Of the receptors to which FGF8 binds,
FGFR2-IIIc is expressed in cells of mesenchymal origin, and is not present in breast ECs,
although it is present in breast fibroblasts (80). Similarly, FGFR3-IIIc is not found in breast
ECs (the authors’ observations). However, FGFR-4 and FGFR-1 have been detected in
BC cells, opening the possibility of an autocrine loop in breast ECs. If there are a propor-
tion of BCs that are driven by such a loop, then interrupting this cycle could lead to the
development of novel therapies.

FGFR in Normal Breast and Breast Disease
The majority of surveys (e.g., see refs. 81 and 82) showed that FGFRs are present in

nearly all tissues, particularly in early embryonic development. Initial studies from this
group (29), in which mRNA for FGFR1 and FGFR2 was examined in breast tissue and
BC cell lines, showed that both FGFR1 and -2 were present in the majority of normal
breast tissues, and also in BC samples. The authors’ early observations also suggested
that there was considerable variation, particularly in the expression of FGFR2, in BC cell
lines. Some of this variation could result from amplification or deletion of FGFR genes,
especially because FGF3, FGF4, and KGF are co-localized in band 11q13, and FGFR1
and FGFR2 are localized in band 8p12 and 10q26, respectively (83–85). A large pro-
portion of tumors possessing amplification of 11q13 also show amplification of FGFR1.
The FGFR1 gene is amplified in BC and ovarian cancer (14.5 and 7.8%, respectively)
(86), and, in many cases, FGFR1 gene amplification was associated with overexpression.
The same group studied the expression of FGFR1 in human breast carcinoma cells (87),
and found increased copy number for FGFR1 in 9% of carcinomas. Amplification and
overexpression were approximately correlated, but did not strictly overlap. This group,
as did the authors’ group (88), showed that FGFR1 mRNA originated from the breast
ECs. FGFRs have been found to be expressed in the mammary gland (84), using binding
studies, and they are expressed immunohistochemically (90). FGFR1, FGFR2, and FGFR4
are expressed at high levels in 22, 4, and 32%, respectively, of breast carcinomas in another
study (28).
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The exon-deleted forms of FGFR1 have also been studied in the human breast (88).
Carcinomas were found to express FGFR1 at the protein level (135 kDa and 115 kDa),
compared to FGFR1 and FGFR1 (lacking external Ig domain). The predominant FGFR
isoform appeared to be FGFR1 , which was demonstrated, by microdisection, to be in
carcinoma cells. In this study, the authors found that the predominant form of cancer-
associated FGFR1 was FGFR1 ; FGFR1 predominated in normal breast ECs.

In order to determine the localization of FGFRs, the authors have raised specific
antibodies to FGFR1-4 (33), and have also studied their involvement in membrane
ruffling. Essentially, the findings indicate that different FGFRs gave different staining
patterns, indicating that they occupied different sites within the cell. Abs against FGFR1
showed localization in cytoplasmic areas, but Abs against FGFR2 and -4 showed staining
consistent with plasma membrane localization, with vesicular staining in the cytoplasm.
For each of FGFR2 and -4, higher levels of staining were seen in BC cells, compared with
normal breast ECs studied. Unexpectedly, the Ab against FGFR3 showed a nuclear
staining pattern, and it was found that nuclear staining resulted from spliced variant of
FGFR3, which lacks exons 7 and 8. This resulted in a translation of FGFR3 lacking the
transmembrane domain, with an intact kinase domain, which could be a soluble intra-
cellular receptor (33).

Although all four receptors appear to be present in BC cells, the authors’ studies indi-
cated that the different receptors had different roles. A ruffling response, for example,
was only seen when cells were transiently transfected with FGFR4, but not with FGFR1,
-2, or -3 (33). The authors’ studies also showed that membrane ruffling was more pro-
nounced in carcinoma cells, since normal breast cells showed very little ruffling in response
to FGF1 and FGF2. Subsequently, the localization of FGFRs in normal breast ECs, myo-
ECs, and stromal cells was examined, using a system in which these cell types can be
separated and purified. These studies show that luminal ECs, myo-ECs, and stromal cells
all possess FGFR1 transcripts; the FGFR2-IIIc isoform is absent from these three cell
types. In contrast, FGFR2-IIIb is expressed in both ECs and myo-ECs, but absent from
stromal cells. FGFR3 was only found in ECs, and FGFR4 was expressed in all three cells
types (36).

Although the high-affinity FGFR phenotype (in terms of FGFR1 and -4) did not appear
to differ among ECs, myo-ECs, and stromal cells, low-affinity receptors for FGF2 differed
significantly among the cell types. The HSPG synthesized by the myo-ECs has a far greater
proportion of high-affinity FGF2-binding molecules than those from either epithelial cul-
tures or breast cell lines, both in the conditioned medium and in the cell layer fraction (36).

Subsequently, the authors have studied distribution of FGFR1 in BCs, using immuno-
staining, as have others (91). The authors’ studies (31) disclosed that all BCs stained
showed extensive localization of FGFR1 to principally the ECs in all breast carcinomas
examined. However, normal breast also expresses this receptor. More recent results (45)
have shown that the 115-kDa -form of FGFR1 was the predominant isoform expressed
in breast tissues. Probing with an Ab against the ligand binding domain of FGFR1, a 106-
kDa band was visualized in benign cells, and, in particular, in myo-ECs. The 106-kDa
form, unlike the 135- and 115-kDa forms, was difficult to detect in malignant tissues
where there is loss of myo-ECs. Table 1 summarizes the published studies concerning
FGFR expression in BC cell lines.

Four elements of FGFR function have recently been reported, which are relevant to
FGFR function in breast cells. These are the intracellular localization of FGFR1 and its
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function in nuclear trafficking, effects of FGFR1 in the acquisition of mesenchymal
phenotype, the effect of FGFR1 in chemotaxis, and the interaction between FGFRs and
estrogen responsiveness. The nuclear trafficking function has also been studied (92).
Those workers studied the trafficking of FGFR1 to the perinuclear locale. The under-
standing of nuclear traffic is important, because FGF1, -2, and -3 are frequently located
in the nucleus. They showed that FGFR1 (the form lacking the external third Ig domain)
induces morphological changes, upon stimulation of L6 myoblast cells with FGF1. In
contrast, FGFR1 transfection failed to induce any change in morphology in the trans-
fected cells. However, FGFR1 was the only form that was able to mediate the nuclear
localization of FGF1. Those workers also showed that it was exclusively the FGFR1
that was in a nuclear localization, suggesting that the first Ig loop contains the structural
information requisite for perinuclear trafficking. Glycosylation may well be important
for nuclear trafficking, since tunicamycin reduces the level of the high-mol wt forms of
FGFR in the nucleus.

In Madin-Darby canine kidney ECs, overexpression of FGFR1 resulted in the acqui-
sition of a fibroblast-like morphology as a result of FGF1 stimulation. This transforma-
tion was also accompanied by changes in actin cellular distribution (93).

Studies using site-directed mutagenesis have disclosed that a mutant FGFR1, lacking
the 63 C-terminal amino acid residues, failed to mediate chemotaxis (94). Because this
mutant was truncated from amino acid 759, and Y766 is the site for the PLC -1 docking
site, they also studied whether the defect in PLC -1 docking was responsible for that.
However, cells expressing the mutant Y766F FGFR1 migrated as efficiently as the wild-
type receptor. The PI-3-kinase inhibitor, wortmannin, suppressed wild-type FGFR1 medi-
ated migration. The exact molecules mediating migration through the C-terminus of FGFR1
have not yet been defined.

The role of FGF signaling in estrogen responsiveness and proliferation of MCF-7 cells
has also been studied (95): Johnston et al. (1998) group studied the crosstalk between
FGF signaling and estrogen-response pathways in breast ECs , and confirmed that FGF

Table 1
Summary of FGFR Expression in Breast Cell Lines

No. (%) positive

Breast Nonneoplastic
carcinoma breast cells

FGFR 1
Both/either variant 17/23 (74) 0/2 (0)
IIIb variant 0/5 (0) 3/3 (100)
IIIc variant 3/5 (60) 1/2 (50)

FGFR2
Both/either variant 10/22 (45) 1/4 (25)
IIIb variant 6/10 (60) 0/2 (0)
IIIc variant 8/10 (80) 2/4 (50)

FGFR3
Both/either variant 5/17 (29) 0/2 (0)
IIIb variant 1/5 (20) 2/2 (100)
IIIc variant 2/5 (40) 2/2 (100)

FGFR4 20/22 (91) 4/4 (100)
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signaling is growth-inhibitory for MCF-7 cells, and that it can downregulate estrogen
response, despite activating the MAPK pathway. In MCF-7 cells treatment with FGF4
reduced estrogen receptor (ER) transcriptional activity around 2.5-fold, compared with
estrogen alone. These results were mirrored in NIH3T3 cells transfected with an ER expres-
sion plasmid and an ERE-CAT reporter construct, which suggested that FGF could have
a repressive effect on estrogen-stimulated ERE-CAT, particularly, since FGF treatment
also inhibited progesterone receptor induction. The inhibitory effect of FGF was indepen-
dent of MAPK phosphorylation of Serine 118, because it occurred in a mutant, (S118A)ER.
Since STAT activation in response to EGF has been shown to be associated with growth
inhibition, Johnston et al. (1998) determined whether FGF treatment activated the STAT
pathway, and found that FGF treatment induced a STAT1 phosphorylation. Recent find-
ings also suggest that the signaling by mutant FGFR3 can induce STAT1 activation,
leading to p21 induction (96). It may be, therefore, that STAT1-induced gene expression
is responsible for the FGF induction of inhibition of proliferation in MCF-7 cells.

Table 1 summarizes the current situation regarding receptor expression in normal (non-
neoplastic) breast cell lines. There is general agreement that FGFR4 is expressed in the
vast majority (24/26) of cell lines tested. Next in frequency is FGFR1 (20/26). Most cell
lines lack FGFR1-IIIb expression, and only a minority appear to express FGFR2-IIIb and
FGFR3-IIIb.

The comparison with normal cell lines is difficult, because these comprise HBL100
(an SV40-transformed probable myo-EC line), H578TBst, and normal cell lines pre-
pared from a reduction mammoplasty. Arguably, the latter is most representative of the
normal luminal epithelial phenotype, since these cells are purified from contaminating
myoepithelial, stromal, and other cell types (36). These cells express the FGFR2-IIIb recep-
tor: the authors have never found the FGFR2-IIIc receptor in any sample tested so far.

These results suggest that a characteristic of some BCs may be to use exons generally
used in mesenchymal cells, particularly since some breast carcinomas express both iso-
forms (60). This exon-switching has also been observed in prostatic ECs (97), and corre-
lates with androgen insensitivity (98).

FGFs AND THEIR RECEPTORS IN PROSTATE CANCER

Several characterized members of the FGF family have been shown to be expressed
in human prostate cells. These include FGF1, FGF2 (99), FGF7 (54), and FGF8 (65). In
general, the roles of FGF2 and FGF7 have been studied in most depth. Other groups have
shown that prostatic fibroblast and ECs are both stimulated by FGF2, and that trans-
fection of prostate ECs with FGF2 causes an increase in proliferation rate and also a
conversion to anchorage-independent growth (100). Proliferation was inhibited by FGF2-
neutralizing Abs. In contrast to BC, therefore, FGF2 appears to have an active role in
proliferation of these cells.

There is less known about the expression of FGFRs in prostate cancer (PC) cells,
compared with BC cells. Variable expression of FGFR1observed in PC3DU145 and
LnCaP cells by Northern blotting and in rat prostate both FGFR1 and FGF2 are expressed
in the nor-mal organ. FGFR1 is expressed by cultured prostate stromal cells, but not by
ECs; FGFR2 is expressed by both stromal and ECs (101).

The expression of a variety of ligands and receptors has been studied in the prostate,
and only FGF7 was expressed in amounts detectable by Northern blotting (102). FGF2
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was also expressed, but no FGF1 or FGF8 was found to be expressed unless PCR was
used, in which case the authors found a small level of FGF1 mRNA.

Those authors (102) also carried out Northern hybridization to quantitate FGFRs in
human prostatic tissue. They failed to find FGFR4, but FGFR1, -2, and -3 were present.
In terms of the isoforms expressed, FGFR1-IIIc, expressed in prostate, epithelial, and
stromal cells, as was FGFR2-IIIc and FGFR2-IIIb. FGFR2-IIIb was found in total pros-
tate cells and cultured ECs, but not in stromal cells, as is the case in breast cells. FGFR3
was found in the IIIc form, and was found in both stromal cells and ECs. No FGFR3-IIIb
form was found.

Various groups have studied the effects of FGF1 and -2 on growth of prostate ECs. A
mitogenic response to FGF2 and FGF1 has been reported (103,104). However, FGF1 and
-2 are not actively secreted, and it is uncertain as to the role of these two factors.

Both FGF8 and FGF7 have secretory peptides, and it is the occurrence of these ligands,
with their respective receptors, that this review now focuses on.

FGF8 in Prostatic Tissue
FGF8 is expressed by PC cell lines (79,105). Three forms of FGF8 mRNA encoding

FGF8a, FGF8b, and FGF8e, were found to be expressed in a prostatic carcinoma cell line.
Although northern analysis failed to detect FGF8 mRNA in adult human tissues, includ-
ing prostate, reverse transcription (RT)-PCR could detect FGF8b mRNA in adult prostate
tissue (74). Nested RT-PCR was also able to detect FGF8 mRNA in normal adult rat pros-
tate, and also in the human prostate tumor cell lines, LNCaP and DU145 (105). An involve-
ment in malignant prostate disease has been demonstrated, since FGF8 is detected in PCs,
but not in benign prostatic hypertrophy (106). IHC staining of human benign and malig-
nant prostate tissues revealed that FGF8 was frequently expressed in human PCs (93%);
normal and prostatic hyperplasia specimens showed no staining for FGF8 (107).

FGF7 and its Receptor in Normal Prostate and PC
FGF7 (KGF) is expressed in the prostate, and mediates androgen action in androgen-

dependant epithelial organs, such as prostate and seminal vesicles (91,100). Other stud-
ies carried out on in vitro organ culture systems of the prostate have shown that KGF is
a potent growth factor in the system, as well.(109). In addition, testosterone can induce
KGF release in this system (102). Targeted overexpression results in mice developing
hyperplasia of the male genital tract, including the seminal vesicle vas deferens and the
prostate. Hyperplasia of the ventral and dorsolateral prostate were seen (62).

The expression and cellular localization of KGF and its receptor have been carried out
by immunocytochemistry and in situ hybridization (110). Those studies show that, in
benign prostatic hypertrophic tissues, KGF mRNA was abundant, and appeared to be
predominantly expressed in the stromal cells; the receptor was mostly localized in the
prostatic epithelium. KGF was determined by immunocytochemistry, and was also found
to be present by histochemistry (111). This mitogen was present in the stroma throughout
the prostate, regardless of the functional region. To determine the effects of androgen
removal on the pattern of KGF expression, those authors obtained prostatic biopsies at
0, 4, 7, and 21 d postcastration. By d 4, immunoreactivity for KGF was greatly reduced
in the stroma. After involution, KGF immunoreactivity returned. However, after andro-
gen replacement, no change in stromal KGF staining was seen, but KGF staining was
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observed in the epithelium after this time. These results suggest that a regulation of KGF
expression is highly complex. An androgen-inducible element in the KGF promoter has
been described, but KGF synthesis is also affected by glucocorticoids (112,113). This
report was unusual, in that KGF staining in ECs was seen, but further work needs to be
done to elucidate this possible redistribution of expression.

The alternative splicing of FGFR2 in human PC has been studied (98). The LnCaP cell
line and two xenografts (DUKAP 1 and DUKAP 2) were characterized as androgen-
sensitive; two other cell lines (DU145 and PC-3 and the xenograft, DU9479) were shown
to be androgen-independent. Those authors examined FGFR2-IIIb expression, and showed
that the loss of FGFR2 IIIb correlated with androgen insensitivity; indeed, DU9479 con-
sisted almost entirely of FGFR2 transcript containing exon IIIc (97%). PC3 contained no
detectable FGFR2. Because FGFR2 is located on chromosome 10q26, and this chromo-
some is disrupted in these cells, it may be that translocational deletion of the gene for
FGFR2 has occurred.

This work is substantiated by other groups (114,115). Those authors have studied the
Dunning R3327 PAP rat prostate cell line, which originally was androgen sensitive, but,
after castration, an aggressive-androgen insensitive line, R338T3, was generated. These
cells consist of a heterogenous group of cells, all of which possessed FGFR1, but a sub-
population possessed FGFR2, with both IIIb and IIIc isoforms, and others possessed the
FGFR2-IIIc isoform only. This subline showed no influence on proliferation with the
addition of FGF1, -2, or -7. In contrast, the cell line, AT3R1 (expressing FGFR1), showed
stimulation of proliferation by FGF1 and FGF2, but no effect of FGF7, since FGFR2-IIIb
was absent. Initial studies by that group (115) showed that expression of the FGFR1
kinase in premalignant type 1 tumor ECs by transfection rapidly accelerated progression
to a malignant phenotype. Indeed, after 6 mo, the cells transfected with FGFR1- 1 were
10 the weight of control cells. In contrast, transfection of FGFR2-IIIb resulted in a dra-
matically reduced growth rate of derived tumors, and co-inoculation of transfected AT3
cells with stromal cells derived from the differentiated tumor dramatically depressed the
growth rate of the resultant tumors. In addition, AT3 cells, transfected with FGFR2-IIIb,
gave rise to tumors that were less aggressive and exhibited more cell–cell contacts. There
was some appearance of gland-like structures, and, in addition, the reappearance of cyto-
keratins was observed in these tumors (116).

The same group (114) transfected cells with either the wild-type FGFR2 IIIb kinase
or an artificial chimeric construct (FGFR2-IIIb/R1) composed of the FGFR2-IIIb ecto-
domain and the FGFR1 kinase domain. Both of these bind only FGF7, in contrast to
untransfected tumor cells, and FGF7 was found to result in a dose-dependent net inhibi-
tion of population growth rates of cells expressing the full-length FGFR2-IIIb construct.

Thus, in contrast to the nonmalignant parent cells, in which 100% of ECs express
exclusively the FGFR2-IIIb spliced variant, but no FGFR1, these cell lines express an
FGFR1 that these authors observe as normally restricted to stromal cells (114). When the
FGFR2-IIIb ectodomain was fused to the FGFR1 kinase, no effect was seen, suggesting
that the FGFR1 and -2 kinases are different, and do not elicit identical signals. The
FGFR2-IIIb kinase may be acting as a dominant-negative inhibitor of dimerization and
activation of the FGFR1 kinase. These studies (114) confirmed that the FGFR2 kinase
has a net growth-controling role in ECs, in addition to a role in stimulating cell prolifer-
ation, which is distinct from the FGFR1 kinase in the context of prostate ECs.
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INTRODUCTION

The steroid receptor superfamily plays an important role in the development and main-
tenance of differentiated function in the prostate. Notably, androgens are required for the
development of the prostate, the normal function of the prostate in the adult, and may play
a role in the development of prostate cancer (PC) and progression of the disease. Never-
theless, other steroid receptors have also been implicated in the development and pro-
gression of PC.

There is considerable homology between members of the steroid receptor superfamily
(reviewed in ref. 1). There are three major regions of conserved amino acids. The most
highly conserved region is in the DNA-binding domain. In this region, there are nine con-
served cysteine residues with -helices that recognize the steroid-responsive elements
required for DNA specific binding (2–4). Conserved regions II and III, consisting of
approx 220–250 amino acids, are found within the C-terminal portion of the molecule,
and are found within the steroid-binding domain of the protein. The N-terminal domain
is more immunogenic, and contains the regions required for transactivation. In addition
to the classical receptors (such as androgen, estrogen [ER], progesterone [PR], glucocor-
ticoid [GR], mineralocorticoid), and receptors such as the thyroid hormone receptor,
vitamin D receptor, and retinoic acid (RA) receptors, there are a series of orphan recep-
tors with structural homology to the classical receptors. At least some of these gene-
regulatory transcription factors are known to be required for development, although the
ligand for most has not yet been identified. At least one of these orphan receptors, TR3,
is expressed in prostate. Because a number of these receptors are expressed in normal
prostate, and play a role in the normal development and maintenance of differentiated
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function in the adult, it is perhaps not surprising to learn that they also play an important
role in PC. The following review focuses on the role of several members of the steroid
receptor superfamily in the regulation of PC development and progression.

PC: Lack of Cure for Advanced Disease
PC remains the second leading cause of cancer deaths in American men. The number

of new cases of PC predicted in the United States for 1999 was 179,300. There may be
37,000 PC-related deaths in 1999, accounting for 13% of all cancer deaths among Ameri-
can men (10). Radical prostatectomy is the chief curative treatment for men with organ-
confined disease. Most men with nonorgan-confined disease will undergo palliation
with radiation or androgen ablation (11). Androgen ablation successfully shrinks pri-
mary and metastatic lesions by inducing apoptosis of androgen-dependent PC cells (12).
Unfortunately, nonorgan-confined PC is a heterogeneous lesion, and at the time of diagno-
sis contains foci of both androgen-dependent and -independent cells (13). Androgen-
independent cells escape apoptosis induced by androgen ablation (14), and by many
cytotoxic drugs. They continue to proliferate and metastasize, despite profound changes
of the surrounding hormonal milieu, and represent the most direct threat to patient survi-
val. To develop new successful forms of treatment for nonorgan-confined PC, it is impor-
tant that there is understanding of the molecular basis of hormone-refractory disease.

Androgens play an essential role in regulating the development, growth, and differ-
entiation of the normal prostate. The intracellular mediator of androgen action is the
androgen receptor (AR), a member of a superfamily of ligand-activated nuclear transcrip-
tion factors (1). Abnormal androgen production or loss of function of the AR are asso-
ciated with various phenotypic abnormalities of the prostate. The ensuing clinical picture
depends on whether the defect developed in utero, before puberty, or after puberty.
Typically, the prostate is absent or rudimentary in 46,XY patients, with prenatal abnor-
malities of androgen biosynthesis or in the AR. Although prepubertal dysfunction of
androgen biosynthesis is associated with a small, not fully matured gland, postpubertal
abnormalities are usually associated with involutional changes. A hormonal etiology
involving androgen action has been hypothesized for PC (5,6). There is anecdotal evi-
dence suggesting that the risk of developing PC and benign prostatic hyperplasia is
decreased in men with anomalies of androgen biosynthesis or the AR, and is increased
in hypogonadal men treated with androgens (7–9). Therefore, normal androgen biosyn-
thesis and/or AR signaling pathway play at least a permissive role in the development of
these two diseases.

MOLECULAR BASIS OF HORMONAL INSENSITIVITY IN PC

Androgen Receptor
There is evidence that AR is expressed in all stages of PC evolution, including prosta-

tic intraepithelial neoplasia (15), primary (16,17), and metastatic (18,19) disease, before
and after androgen ablation therapy. Only a minority of cancers are AR-negative (20),
and thus, even hormone-refractory tumors are AR-positive. In view of this, investigators
have proposed the following AR-related mechanisms to explain progression to andro-
gen-independent growth:

1. Amplification of the AR gene, which would facilitate tumor growth at very low concen-
trations of the ligand.
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2. Point mutations of the AR gene.
3. Changes in the number of glutamines in the aminoterminal polyglutamine repeats, which

may increase the response of AR to stimulation with androgens.
4. Androgen-independent activation of AR.
5. Activation of growth-stimulating signaling pathways with the ability to bypass AR-regu-

lated growth and differentiation.
6. Increased local bioavailability of androgens to activate AR.
7. Alternative co-activator-mediated mechanisms activating androgen signaling.

AMPLIFICATION OF THE AR GENE

Using comparative genomic hybridization for genome-wide screening of genetic aber-
rations, Visakorpi et al. (21) identified a common DNA-amplification site in recurrent,
hormone-refractory PCs in Xq11-q13, the site of the AR gene. High-level amplification
of the AR gene was subsequently identified in 30% of these specimens by fluorescence
in situ hybridization, using an AR-specific probe (22,23). Amplification of AR was not
observed before implementation of androgen-ablative treatment, suggesting that this
phenomenon is not involved in the genesis of PC, and occurred as a result of selection
during androgen-deprivation therapy. Additionally, molecular analysis of the AR in 13
cases showed only one point mutation (G-A) at codon 674. Because this mutation did not
change the transactivational properties of the receptor, those authors concluded that AR
amplification promotes a hormone-refractory phenotype, independent of point muta-
tions, by sustaining cell growth, even in the presence of substantially reduced concen-
trations of androgens.

POINT MUTATIONS OF AR
The possibility that point mutations in the AR may account for progression from

androgen-dependent to androgen-independent growth has been a popular theory ever
since the AR cDNA was cloned (23–28). Numerous investigators have used polymerase
chain reaction (PCR) single-stranded conformational polymorphism of DNA extracted
from foci of PC to search for AR variants. A review of data published in the literature
shows that there is still considerable controversy in the field. As shown in Table 1, 581
cases of PC have been analyzed at the molecular level for the presence of AR mutations.
A total of 47 mutations (frequency 8%) causing amino acid changes or additions have
been detected. Twenty-two of these mutations (46% of total) were reported by three
groups, from a total of 59 patients (frequency of mutations in these 59 patients, 37%) (29–
31). The remaining 25 mutations were detected in 522 patients (frequency, 4.7%). To
understand the reason for these discrepancies in the relative frequency of AR mutations
among different groups, the authors have correlated the prevalence of AR mutations to
differences in patient sampling or to methodological variables. There is uniform agree-
ment that early PC (i.e., stage A or B disease) is rarely associated with mutations of AR
(five mutations in 231 cases [2.1%]) (32–42). Primary lesions from patients with more
advanced PC (stage C and D) are more likely to contain mutations of AR; however,
the overall incidence is not high (29/238 cases [12%]) (21,22,29,31–34,36–39,41–44).
Finally, the data available show that the prevalence of AR mutations is more substantial
in metastatic PC (7/26 cases [22%] (30,33,42,45,46). This indicates that mutations of AR
are not early events leading to neoplastic degeneration of prostatic tissue, but late devel-
opments that may affect biologic behavior and/or response to conventional treatments.
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Methodological variables correlating positively with increased prevalence of AR
mutations are the analysis of tumor-enriched DNA after microdissection of the sample,
and the analysis of exon 1. This was shown by Tilley et al. (29), who performed careful
microdissection of the tissue, and detected 11 mutations in 25 patients tested. Five of 11
mutations were localized to the first exon, which constitutes about 50% of the coding
region. Another potential methodological variable is the quality of DNA extracted from
paraffin embedded tissue, which, according to some reports, is not optimal, and may
account for an increased frequency of PCR infidelity (47).

FUNCTIONAL CONSEQUENCES OF AR MUTATIONS

Functional analysis of AR mutants detected in PC have identified a number of differ-
ent phenotypes. In some cases, the mutation is of the gain-of-function type, and the
resulting AR molecule is stimulated by ligands that cannot ordinarily activate the normal
AR (43,48–50). Other mutations are associated with the creation of a superactive AR, in
which a supraphysiologic activation of the molecule is observed in response to physi-
ologic concentrations of ligand (51). In other cases, the mutation results in the loss of
function. In this case, the resulting AR is transcriptionally impaired and cannot be acti-
vated. Finally, polymorphisms in the number of the poly-Q or poly-G repeats of the AR
have been described in the general population and in rare cases of PC, and are asso-ciated
with differences in the transcriptional activity of the resulting receptor, and in the epi-
demiological risk of developing PC (35,52–57).

Mutations Causing Gain of Function. AR carrying gain-of-function mutations have
also been promiscuous receptors (58). Historically, the first mutation associated with
gain of function of the AR was described in the PC cell line, LNCaP (59), and resulted
in the replacement of T877 with A. Transfection studies with this receptor showed
increased binding affinities for progestens and estradiol (E2). In addition, these ligands
activated transcription at concentrations that were not sufficient for activation of the

Table 1
Summary of Mutations

Detected in Patients with Clinically Diagnosed PC

No. of No. of % of
cases a mutations b mutations

Total  581  47  8
(18, 19, 29, 46, 114)

Stage A-B   231  5  2.1
(32–41)

Stage C-D  238  29  12
(Primary lesion)
(18, 19, 29, 31–34,
36–39, 41, 42, 44, 115)

Metastatic tissue  59  13  22
(33, 41, 45, 46)
a The sum of cases with stage A-B, C-D, and metastatic tissue is lower than

the total number of patients, because it was not always possible to assign a
disease stage to each patient reported. In addition 11 cases were analyzed both
at the primary and metastatic site (19,30).

b Only mutations resulting in amino acid residue changes or additions have
been inserted in the list.
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wild-type (WT) receptor. The T877A AR mutant was also activated by antiandrogens
such as hydroxyflutamide, nilutamide, and cyproterone acetate, but not bicalutamide (60).
Subsequently, functional analysis of other AR mutations detected in PC identified a
subset of AR molecules with a phenotype similar to the T877A variant. These mutant AR
molecules were transcriptionally activated to a larger degree than WT AR by the antian-
drogens, hydroxyflutamide (48–50) and nilutamide (50) (but not bicalutamide), and by weak
agonists, such as the adrenal precursors, dehydroepiandrosterone (43,48,49) and andro-
stenedione (48), or the androgen metabolites, androsterone and androstanediol (48).

A final interesting group of superactive mutants was identified by Tilley et al. (51).
These receptors (I670T and S780N) produced a 2–3-fold increase in transcriptional
activity, compared to the WT AR, upon stimulation with dihydrotestosterone (DHT), and
may therefore be activated by low circulating level of androgens, and be responsible for
stimulation of growth in patients previously treated with conventional androgen abla-
tion. The functional characteristics of these mutations have several implications and the
potential to explain some of the molecular aspects of hormone refractoriness in patients
with PC. Since most patients undergo procedures that remove testicular, but not adrenal,
androgens, or receive potentially agonistic antiandrogens, PCs carrying mutations of
the gain-of-function type can continue to sustain growth of the tumor. A clinical correlate
to the observation that hydroxyflutamide can activate AR under certain conditions is the
so-called “flutamide withdrawal syndrome,” which was described in patients with advanced
disease experiencing an unexpected decrease of PSA following withdrawal of antiandro-
gen treatment (61).

An extension to this initial observation has recently been formulated by the group of
Balk et al. (46). These authors observed that a larger number of AR mutations (5/16)
occurred in micrometastases obtained from patients undergoing treatment with androgen
ablation and flutamide, compared to patients treated with androgen-ablation monotherapy
(1/17). The mutations of the first group were all localized to codon 877 (T877A or T877S),
and were strongly stimulated by hydroxyflutamide, but the mutation of the second group
(D890N) was not stimulated by hydroxyflutamide. When these patients were switched
to bicalutamide (which does not activate the T877A AR), a distinct decrease in PSA was
observed in each of them. Many gain-of-function mutations may be the result of selective
pressure from an AR antagonist. Thus, AR mutations may contribute to maintain AR
stimulation, and maybe tumor growth, in patients treated with flutamide. The molecular
significance of the more recently described Casodex (62), diethylstilbestrol (63) and
medroxyprogesterone acetate (MPA) (64) withdrawal syndromes is not clear, but could
similarly be associated with AR variants that are activated by these drugs.

These observations point to the fact that the use of antiandrogens is not associated with
an antiandrogenic effect in every circumstance. In addition, Miyamoto et al. (65) have
recently observed that the testicular precursor of testosterone 5 -androstenediol is an AR
agonist in its own right, and that its ability to transactivate AR is not blocked by the anti-
androgens, hydroxyflutamide and bicalutamide. In view of this, the effectiveness of
these chemicals in the treatment of PC should be re-evaluated.

Mutations Causing Loss of Function. Mutations causing a loss of AR function have
been described by the authors’ group in genomic DNA microdissected from metastatic
lymph nodes of patients affected by stage D PC. Functional analysis of these mutations is
significant for a complete loss of transcriptional activation in co-transfection experiments,
using the mutated AR and a reporter plasmid driven by an androgen-inducible promoter.
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One such mutant, C619Y, was fused to a green fluorescent protein and analyzed by high-
resolution light and electron microscopy. The WT receptor undergoes immediate nuclear
redistribution following addition of androgens, but the C619Y variant formed large,
hollow cytoplasmic aggregates immediately following hormone addition, and under-
went a gradual redistribution to the nucleus within minutes. These aggregates interacted
and appeared to sequester most of the transfected SRC-1 from the cell. These results
indicated that inactivating mutations of AR can have far-reaching effects on cell metabo-
lism and function, in part resulting from AR inactivation itself, and in part because of
sequestration/inactivation of molecules regulating other critical activities within the cell.

Inactivating AR mutations are associated with PC. Activation of AR has traditionally
been considered necessary to sustain growth of prostatic epithelium. However, evidence for
a pure growth stimulatory role of AR in prostatic epithelium is controversial, and loss of
AR function may be associated with progressive loss of differentiated functions and with
a faster replication rate of the cell. At least four observations illustrate these concepts:

1. The cell line, LNCaP, the most widely diffused PC cell line with a functioning AR, shows a
typical biphasic response to androgens. At subsaturating concentrations of DHT (10-10 M),
LNCaP cells growth is stimulated. However, concentrations of 10-9 M or higher inhibit
growth (66,67), and this effect is associated with induction of differentiated functions, i.e.,
induction of secretory proteins such as PSA (67).

2. The growth of PC-3 cells, stably transfected with a WT (68) or truncated (69) AR cDNA,
is also inhibited. Additionally, differentiated functions, such as PSA production, have
been detected in an AR-transfected PC-3 cell line (70).

3. Two LNCaP variants (LNCaP 104R1 and R2), grown for more than 100 passages in steroid-
depleted medium, were inhibited by androgens, both in vitro (71,72) and in vivo (71). These
variants were growth-stimulated by the 5 -reductase inhibitor, finasteride, in vivo (71).

4. Also, the AR-positive PC cell line, AR CaP, derived from the ascitic fluid of a patient who
failed castration therapy, and showed an androgen-repressed phenotype, both in vitro and
in vivo (73).

These findings, and the presence of inactivating mutations in some PC specimens,
raise the possibility that disrupted androgen-mediated regulation of prostate cell differ-
entiation may allow for unchecked tumor cell proliferation.

The presence of a loss-of-function mutation in patients who eventually succumbed to
the disease may represent a novel mechanism by which the AR plays an important role
in PC, by allowing for a less-differentiated and more-invasive phenotype. AR contains
two microsatellites, consisting of poly-Q and poly-G repeats in exon 1. The length of
these two repeats is highly polymorphic in the general population (74). Transcriptional
activity of AR is affected by the size of the poly-Q tract. Investigators agree that an
expanded poly-Q tract is associated with reduced transcriptional activity (75–79). For
instance, the AR of patients with Kennedy’s disease (80) contains more than 41 glutamine
residues. This abnormality is associated with decreased transcriptional activity, but nor-
mal 3H-DHT-binding capacity (75). This initial observation generated studies in which
differences in the size of the poly-Q repeat were correlated to the transcriptional activity
of AR. Some (76,77,79), but not all (78), authors have concluded that there is an inverse
correlation between poly-Q size and transcriptional activity, and that the poly-Q tract
exerts an inhibitory effect on transcription, either directly (76,77), or indirectly, by affect-
ing AR mRNA stability (79). Somatic changes in the size of the poly-Q stretch have been
found in specimens of PC, but they are infrequent (35,55).
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Because of the relatively low frequency of AR mutations in PC (55), some authors
have postulated that the role of androgen in PC must be mediated by the normal, WT AR.
Thus, data have been generated in which the number of Q repeats were compared to
the incidence of PC in the general population. This analysis has generated interesting
conclusions, and has provided an association between an increased risk of developing
the disease and a shorter poly-Q tract (45,53,54,56). In addition, some studies have also
detected an association between a shorter poly-Q repeat and the presence of metastatic
disease (45,54), high histologic grade (54), and younger age of onset (52). A correlation
between the shorter median number of Qs (74) and the increased incidence, higher
mortality, and more aggressive nature of PC in the African-American population (81,82)
has been detected in two studies (55,83). On the contrary, ethnic groups with lower epi-
demiological risk of developing PC (Asian) have an increased median number of Q
repeats (83). A correlation between a shorter poly-G repeat and PC risk has also been iden-
tified in two studies (53,55). However, since AR with a reduced poly-G tract has reduced
transcriptional activity (78), it is not clear how such receptors may predispose to PC.

LIGAND-INDEPENDENT ACTIVATION OF AR
Phosphorylation of steroid receptors is an important posttranslational event that is

thought to affect transcriptional activity (84). Members of the steroid family of receptors
can be transcripitonally activated by molecules that directly or indirectly increase intra-
cellular kinase activity or decrease phosphatase activity (85–89). Examples of these
compounds include 8-bromo-cyclic adenosine monophosphate, forskolin, okadaic acid,
growth factors such as insulin-like growth factor I (IGF-I), epidermal growth factor
(EGF), and keratocyte growth factor (KGF), and the neurotransmitter, dopamine.

Ligand-independent activation of AR has far-reaching implications. Because the
current systemic treatment for metastatic PC removes circulating androgen, but leaves
AR in place, it is conceivable that circulating molecules other than androgen can activate
the AR signaling pathway, and stimulate growth of the residual AR-positive tumor. That
the AR signaling pathway can be stimulated by molecules other than androgen has been
demonstrated in vitro using IGF-1, EGF, KGF (90–92), forskolin (91), and interleukin-
6 (92). Stimulation of the AR signaling pathway by these nonandrogenic compounds was
counteracted by the AR antagonists, bicalutamide (90–92) and, in the case of forskolin,
flutamide (91). The clinical implications of these observations are still uncertain. There
is evidence that some of these molecules (i.e., IGF-I) promote growth of prostatic epi-
thelial cells (EC) in vitro (93,94). In addition, plasma level of IGF-I is elevated in patients
with PC (95), an observation suggesting an independent role of the IGF axis in promoting
PC. Nevertheless, it is conceivable that IGF-I may also contribute to transactivation of
AR, and to inducing growth of residual PC cells in the androgen-depleted environment
of men who underwent androgen ablation.

The concept of a growth-supporting role for some of the other molecules that activate
AR in a ligand-independent fashion is still controversial. For instance, available data
demonstrate clearly that interleukin-6 transactivates AR (92), but there is no uniform
consensus on the role of this cytokine in regulating growth of PC cell lines.

DEVELOPMENT OF PATHWAYS BYPASSING AR REGULATION

Clones of PC cells survive in the androgen-deprived endocrine milieu of patients who
underwent androgen ablation, presumably because they have developed growth mecha-
nisms that are independent from AR signaling. An experimental model describing such
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a possibility was described by Voeller et al. in 1991 (96). Those authors stably transfected
the cell line, LNCaP, with cadmium-inducible plasmid containing the cDNA of the pro-
to-oncogene v-rasH. Clones of LNCaP cells overexpressing v-rasH were obtained
after addition of Cd2+ to the medium. Their growth rate was comparable to that induced
by addition of DHT to native LNCaP cells. Although mutated ras genes have not been
detected at high frequency in Caucasian men (97–99), this molecular abnormality is
detected with higher frequency in Japanese men (100-103), and could facilitate the devel-
opment of hormone-independent disease in this ethnic group, by sustaining growth of
prostatic epithelium in an androgen-independent way. The experiment of Voeller et al.
was pivotal in creating a theory (96). Based on this theory, progression to hormone-
independence could occur following overexpression or activating mutations of mole-
cules that can sustain growth of prostatic epithelium in an androgen-independent way.
No molecule with these characteristics was identified until the description of the role
played by caveolin-1 in PC (104,105).

Caveolin-1 was found to be overexpressed in metastatic PC cell lines (and metastatic
specimens obtained from patients) relative to their primary tumor counterparts (104). Fur-
ther experiments with this model have produced information that could help in understand-
ing the molecular basis of androgen-independence in PC (105). Those authors found that
suppression of caveolin expression with an antisense vector converted androgen-insensi-
tive PC cell lines to an androgen-sensitive phenotype (105). The mechanism by which cave-
olin (over) expression prevents androgen sensitivity is not known at this time. However,
this observation has the potential to represent a groundbreaking development, and links
the development of androgen resistance to the development of the metastatic phenotype.

INCREASED LOCAL BIOAVAILABILITY OF ANDROGENS TO ACTIVATE AR
The prostate contains high concentrations of the enzyme steroid 5 -reductase type II

(SRD5A2), that catalyzes the conversion of testosterone into its more bioactive metabo-
lite 5 -DHT, the prevalent androgen binding to the AR in the prostate (106). Population-
based analysis for mutations of the SRD5A2 was performed to explore the hypothesis
that differences in the efficiency of the reaction catalyzed by SRD5A2 could be associ-
ated with differences in the risk of developing PC. This investigation has identified two
variants with broad potential implications in patients with PC (107). The first variant
(V89L) was relatively common among Asians, the ethnic group with the lowest inci-
dence of PC, and accounted for the genotype of 22% of Chinese and Japanese men (108).
On the contrary, this variant was found only in a minority of the ethnic groups with a
higher prevalence of PC (4% of whites and 3% of African-Americans). V89L correlated
with lower circulating levels of androstanediol glycuronide, an index of in vivo 5 -
reductase activity that was predicted to have ~33% lower activity than the WT enzyme
(108). Thus, this variant was believed to have a protective effect for the development of PC.

Another significant SRD5A2 variant was A49T (107). Although very uncommon
in healthy men, this mutation was associated with nearly 10% of all advanced PCs in
African-American and Latino men. In vitro functional analysis of the A49T variants
indicated a fivefold higher Vmax for testosterone conversion than the normal enzyme
(107), suggesting that a more efficient intraprostatic production of DHT may increase the
risk of developing PC. Although the clinical significance of these observations is still
uncertain, one can argue that differences in the way testosterone is converted to DHT in
the prostate may account for differences in the local bioavailability of androgens to
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activate AR. This, in turn, could translate into an increased/decreased risk to develop PC,
or in an increased resistance to androgen ablation in the different ethnic groups.

ALTERNATIVE MECHANISMS ACTIVATING ANDROGEN SIGNALING

AR interacts with a large number of accessory proteins when binding to DNA and acti-
vating transcription. Co-activators, such as ARA-70 (109), SRC-1 (107), and RAC3 (111),
have the ability to amplify the transcriptional activity of AR (112). One such co-activator,
ARA-70, thought to be relatively specific for AR, stimulates AR activity in vitro, not only
in the response to androgens, but also in response to E2 (112) and to antiandrogens, such
as bicalutamide, hydroxyflutamide, and cyproterone acetate (113). These results argue
that local expression of co-activators, such as ARA-70 or others, may play a role in deter-
mining the response of AR to molecules that, under normal circumstances, have an
inhibitory effect (such as the antiandrogens), or no effect at all (E2).

Progesterone Receptors
There are conflicting reports in the literature regarding the presence and significance

of PRs in PC. PRs are present both in normal prostatic tissue and some prostatic adeno-
carcinomas. Early-binding assays using radiolabeled [3H]-R5020 demonstrated the pres-
ence of an 8S form of the PR in prostate adenocarcinoma, which could be specifically
competed with excess unlabeled R5020 (116,117). Although the steroid receptor profile
of primary prostatic carcinoma (early-stage disease) resembled that of normal prostate,
cytosol PR levels and ER levels were reduced in metastases, compared to the primary
tumor (118,119). Some authors found a total absence of immunoreactivity in advanced
metastatic lesions (120). Others, using immunohistochemical techniques, found that the
PR was present only in the nuclei of the stromal cells, but sparse in the ECs of the prostate
(121,122). In another study, PR immunoreactivity in stromal cells was higher than in
the carcinoma cells. Again, as the disease advanced, fewer cells stained positively for
PR (123).

In contrast, prostatic stromal sarcomas, a much less commonly found histologic type
of PC, showed only an occasional sample with ER present (1/7 samples), but 6/7 samples
were positive for PR (124). Similarly, Sak et al. (125) found diffuse and strong staining
of a carcinosarcoma specimen, but the adenocarcinoma specimen was negative for PR.

The role of the PR in the regulation of prostate function and tumor growth is not clearly
understood. Lin et al. (126) observed growth inhibition of PC-3 cell tumors in a xenograft
model using the nude mouse. They reported a 20% inhibition of tumor cell growth with
progesterone treatment, and mifepristone (RU486) elicited more than a 60% inhibition
over a 16-d exposure period. Whether this steroid antagonist was acting through the PR
or GR is not known. In vitro studies using the PC-3 cell line have demonstrated that high-
dose (10 µM) progestogen administration (MPA) to PC-3 cells results in a cytotoxic
action (127). Uptake studies suggested that the action of this progestin might have been
directly on the cell membrane to influence ion transport and membrane permeability. In
some cell types, such as sperm, a nonnuclear PR has been identified.

Estrogen Receptors
The ER is found in normal prostate and some PC specimens (119,128–131). ER-posi-

tive nuclei have been detected only in stromal cell nuclei in carcinomatous prostates (121),
and occasionally in some normal ECs of normal prostate tissue and benign prostate
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hypertrophy (BPH) specimens (121). Again, similar to the studies of the PR, ER content
in the metastatic tissue was significantly lower than that observed in primary prostatic
carcinoma obtained in the early stages of the disease (118,119).

Hiramatsu et al. (123) reported that immunoreactive ER was expressed exclusively in
the stromal cells of 23% of 26 patients with PC, but none of those with BPH. Lack of ER
expression in BPH has been noted by others (131) as well, and yet others (117) found ER
present in 85% of BPH cases studied. When ER expression was studied after androgen
ablation therapy or estrogen therapy, despite the atrophic changes to the prostate, intense
ER expression (immunoreactivity) was noted in stromal cells surrounding the prostatic
glands, and some ECs also stained positive for ER expression. This was in contrast to
untreated patients, who were predominantly ER-negative (131). In at least one study
(116), the ER could not be detected in the prostate gland, perhaps because the patient was
treated with high doses of diethylstilbestrol diphosphate prior to surgery.

ER status has also been correlated with tumor grade. Nativ et al. (132) suggested that
there was an inverse correlation between ER values and histologic or pathologic stage.

Recently, a new ER, named ER , was found to be present in prostate tissue. In the rat,
Couse et al. (133) and Prins et al. (134) have shown that ER is found in the prostatic ECs
(in contrast to the stromal localization of ER ), and its expression is developmentally
regulated. The gene structure is similar to the ER, with a high degree of conservation in
the DNA-binding domain and significant homology in the ligand binding domain (135).
The gene is composed of a 1590-bp open reading frame, and GST pull-down assays and
immunoprecipitation assays suggest that the ER  and ER  may interact in vivo (136).
In support of this hypothesis, ER knockout mice had slightly reduced levels of ER
mRNA in the prostate, suggesting again that some functions of ER may require the
presence of ER (133). At least five isoforms of the gene exist in the human (137).

The function of E2 in human PC is unclear. In a study of 89 men who underwent pros-
tatic biopsy because of suspicion of neoplastic change, the presence of cytoplasmic ERs
correlated positively with time to progression on hormone therapy. Receptor status (andro-
gen and estrogen, nuclear or cytoplasmic) did not influence disease survival (129). E2
administration to PC-3 human PC cells in vitro resulted in significant growth inhibition
(138). The absolute level of ER expressed in PC3 cells is lower than in LNCaP cells, but,
in the LNCaP cells, estrogen administration stimulates cell proliferation. This biological
response can be blocked by administration of the antiestrogen, ICI 182, 780-128. Never-
theless, because there is a mutation in the ligand-binding domain of the AR, causing estro-
gen to be an agonist for the AR, it is possible that some of this growth stimulation may
occur through the action of this steroid on the AR. In fact, Hobisch et al. (139) examined
both ER and PR expression in LNCaP, PC-3, and DU-145 cells, using reverse transcrip-
tase-PCR, ligand-binding assays, and immunohistochemistry, and found no ER or PR. In
addition, PCs metastatic to lymph nodes from 21 patients were negative for ERs or PRs.

Markaverich and Alejandro (140) showed that naturally occurring bioflavonoids and
related compounds (known to interact with the type II ER, which is not a steroid receptor),
decreased mouse prostate weight, and had a direct effect on LNCaP and PC-3 cell pro-
liferation. This resulted in a cytostatic inhibition of cell proliferation and an accumu-
lation in cells in G2/M- and S-phase, through a block in mitosis. Although this type II
receptor has not yet been cloned, it may offer an additional pathway for pharmacologic
inhibition of PC growth in vivo.
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GLUCOCORTICOID RECEPTORS

Glucocorticoids (GC) have been used in the treatment of advanced PC after androgen
ablation therapy has failed (141–150). Hydrocortisone, prednisone, medroxyprogeste-
rone, and cortisone have been administered to patients after flutamide withdrawal or
failure of androgen ablation. The positive effect of these steroids may in part result from
the suppression of adrenal steroid production (151–153), because agents such as keto-
conazole, which inhibit adrenal and testicular steroidogenesis, may also prove effective
(154–157). Scher et al. (158) observed that analysis of the clinical studies in the literature
of GC action in refractory PC is complicated by the variety of treatment regimens pre-
ceding the GC trials and by variations in patient classification.

GRs are present in several cell lines derived from rat prostate tumors, and steroid
treatment inhibited cell proliferation in some of these studies (159–163). This inhibitory
action of GCs may be through the protein kinase C pathway (164). Additional basic
research studies are required to clarify the effect of GCs and their mechanism of action
on PC cell proliferation.

Vitamin D and PC
Low levels of vitamin D have been implicated as a potential risk factor for PC, and

there is evidence that the active metabolite of vitamin D, 1,25-dihydroxyvitamin D3 (cal-
citriol), or a less calcemic analog, may be of benefit in treating PC. Calcitriol acts through
binding to the vitamin D receptor (VDR) (167), a member of the superfamily of ligand-
activated nuclear receptors, and this results in induction or repression of target genes. In
contrast to the classical steroid receptors, which act as homodimers, the VDR forms heter-
odimers with retinoid X receptors (RXR) (168), so that the activity of the VDR can also
be modulated by 9-cis RA, the RXR ligand. Although the actions of VDR in bone and
mineral metabolism have been the focus of VDR studies (167,169), more recent studies
have shown that VDR is expressed in a wide variety of tissues, and may play a role in dif-
ferentiation (170–173). VDR is expressed in virtually all PC lines examined (174–176),
and Peehl et al. (187) have shown that normal prostate stromal and ECs, as well as pri-
mary cultures of human prostate tumors, express VDR.

Although Americans obtain some vitamin D through dietary sources, much vitamin D
is synthesized in the skin by a ultraviolet catalyzed reaction (177). Vitamin D is hydroxy-
lated in the liver, then in the kidney, to produce the active metabolite, calcitriol (177).
Studies of the relationship between vitamin D metabolite levels and PC risk have yielded
mixed results. One study (179) showed that men who subsequently developed PC had
lower serum levels of calcitriol than did a matched control population; other studies
(180,181) have failed to find any relationship between vitamin D levels and PC inci-
dence. However, several of the risk factors (age, race, and geographic location) associ-
ated with PC may also be correlated with lower levels of vitamin D. For example, older
men convert dehydrocholesterol to vitamin D less efficiently than younger men, and
typically are exposed to less sunlight than are younger men (182,183). African-American
men have a higher incidence of PC than Caucasian men: Melanin pigment in the skin
reduces the efficiency of conversion of dehydrocholesterol (184). Finally, men from
geographical areas that receive higher levels of sunlight, or where fish oil (a dietary
source of vitamin D) is a major component of the diet, are less likely to die from PC than
men from regions that receive lower levels of sunlight (185,186).
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Additional studies indicate that VDR agonists may be useful in reducing tumor growth.
A number of investigators (176,187,188) have shown that calcitriol inhibits the growth
of PC cell lines and primary PC cell cultures in vitro. That this is a VDR-mediated response
has been shown by Hedlund et al. (189), who have demonstrated that JCA-1 cells, which
are unresponsive to calcitriol and do not express receptor, are growth-inhibited when sta-
bly transfected with an expression plasmid for VDR. Similarly, Alva 31 cells lose respon-
siveness to calcitriol when treated with antisense VDR to reduce VDR expression (190).
To date, studies of responses in animal models have been limited. One study (191) demon-
strated tumor growth inhibition in a Dunning rat model of PC, but the levels of calcitriol
required to achieve these results cause hypercalcemia. However, Schwartz et al. (192)
were able to reduce PC3 cell tumor cell growth in a nude mouse model, with-out elevation
of calcium levels, by using an analog, 1,25-dihydroxy-16-ene-23-yne vitamin D3.

Several polymorphisms have been identified in the gene that encodes  the VDR (193,
194), and some of these have been associated with altered levels of vitamin D and altered
bone mineral density. A number of studies have been performed to determine whether
these alleles alter PC risk. The alleles can be identified by the presence or absence of
characteristic restriction enzyme sites, or by the length of the poly-A microsatellite in the
3'-flanking region (L 18 As or S 17 As) (194). The restriction sites examined include
a polymorphism in intron 8, which forms a BsmI site (B = no site; b = BsmI site), and an
alteration in exon 9, which generates a TaqI site (T = no site; t = Taq site). These poly-
morphisms do not alter the coding sequence of VDR. Ingles et al. (194) found that PC
risk was increased in nonhispanic whites with the presence of at least one L allele. In
contrast, Ingles et al. (195) reported that the BL haplotype was associated with increased
risk in African-Americans and the bL haplotype with decreased risk. Finally, Kibel et al.
(196) failed to find a correlation with the length of the poly-A microsatellite repeat and
the risk of lethal PC. Collectively, these studies suggest that there may be another, as yet
unidentified, alteration in or near the VDR gene that may contribute to PC risk.

Orphan Receptors
Investigations of orphan receptor members of the steroid receptor superfamily and PC

are still at an early stage. Chang et al. (165) first cloned TR3 from a human prostate
library. The gene was later shown to be an immediate early gene expressed rapidly after
androgen administration, and is also known as nur77 and NGF1B. Expression of this
gene is also induced in the regressing prostate after androgen ablation. Recent studies
(166) suggest that TR3 may modulate the cellular response to agents that induce apoptosis.
It is clear that studies of TR3, as well as other orphan receptors expressed in the prostate,
will be of great importance to understanding the role of these genes in regulating prostate
growth, development, and cancer progression.

SUMMARY

Understanding the molecular mechanisms responsible for the transition of PC to andro-
gen independence is the initial step toward the development of new and effective way to
treat hormone-independent disease. Although the evidence supports a permissive role of
androgen and of AR in the development of this disease, it is not yet clear what the mech-
anism is for development of androgen independence. The available evidence is contro-
versial. Point mutations causing the development of promiscuous receptors have been
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described in a minority of cases. Although the concept of a receptor that is activated by
molecules other than androgen is fascinating, there is no evidence that such mutations
play a role in the development of PC. However, they provide a theoretical explanation
for the maintenance of tumor growth in patients who underwent androgen ablation.

Inactivating point mutations of AR have also been described. PCs carrying these
mutations have probably developed androgen-independent mechanisms to sustain their
growth. Nevertheless, because the overall incidence of AR mutations is low, other mecha-
nisms should be considered. Some authors have postulated that progression of PC occurs
through activation of the WT AR through alternative pathways. These could involve
amplification of the AR gene, changes in the size of the poly-Q repeat, or differences in
the local bioavailability of androgens, nonandrogenic ligands, or co-activators.

Many interesting observations have increased understanding of the molecular mecha-
nisms leading to androgen independence in PC. Although none of these has offered a com-
prehensive explanation of this phenomenon, continuing research in the field may generate
useful information to guide the development of new effective therapeutic approaches.
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INTRODUCTION

Cancer cells characteristically grow in an apparently unregulated manner, and it is
reasonable to hypothesize that this is a consequence of some derangement in their natural
growth regulatory systems. Many experiments have been carried out to test this hypoth-
esis, and there is much evidence to support the concept. The family of receptors and
ligands most manifestly implicated, and in some cases proven, to be involved in cell
transformation is the type I family, which consists of four receptors, epidermal growth
factor receptor (EGFR), c-erbB-2, c-erbB-3, and c-erbB-4 (also known as HER1–4). A
plethora of ligands has been identified, currently totaling nine separate genes, but several
of these are produced as very complex sets of splice variants. Indeed, c-erbB-4 has recently
also been shown to be subject to splicing to produce four alternative full-length tran-
scripts, and EGFR, c-erbB-2, and c-erbB-3 are all produced as alternatively spliced extra-
cellular domain truncated proteins.

Despite the complexity of this family and their multiple interactions, some practi-
cal knowledge has emerged on their role in human cancers. EGFR is commonly over-
expressed in squamous cancers, and is mutated in gliomas, and c-erbB-2 is overexpressed
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in many types of adenocarcinoma. c-erbB-3 and c-erbB-4 have been less well studied,
but there is a suggestion that, although they may be important co-receptors, they are not
themselves involved in cell transformation, and may indeed be more influential in cell
differentiation.

In some cancer types, the structure and pattern of expression of these receptors and
ligands has been studied in detail. Indeed, in breast cancer, there is even a consensus as
to the prevalence and mechanism of their activation, which has identified them as targets
for new drug development. This is not yet the case in an equally important disease,
prostate cancer (PC). The purpose of this review is to draw together what information
there is on this family, and, as will become apparent, to criticize it, with the intention of
identifying deficiencies in knowledge and priorities for new experiments.

PC is the second leading cause of cancer death in men in the Western world. The
incidence of the disease increases with age, and, by 80 yr up to 80% of men have evidence
of malignant cells at autopsy (1). However, it is currently difficult to predict the behavior
of individual PCs, because localized tumors may remain latent or progress to clinical
significance, but other, apparently localized tumors, may already have developed unde-
tectable metastatic disease. There is currently a pressing need to develop markers that can
be used to predict the behavior of individual tumors, which would be greatly aided by an
improvement in the knowledge of the molecular changes that occur during initiation and
development of the disease. In addition, more understanding of the molecular biology of
the disease may identify targets for new drug development.

The glandular composition of the prostate comprises two layers of epithelial cells
(ECs): secretory (luminal) and basal (thought to be stem cells for secretory epithelia),
interspersed with neuroendocrine cells, and separated by the basement membrane from
the stroma (a mixture of smooth muscle cells, fibroblasts, blood vessels, neuromuscular
tissue, and extracellular matrix). Benign prostate hyperplasia (BPH), which is usually
already present when prostate carcinoma occurs, is a condition that increases in prev-
alence with age, but is thought not to be a precursor of malignancy. BPH frequently
accompanies prostatic intraepithelial neoplasia (PIN), which is characterized by prolifer-
ation of secretory ECs and eventual loss of the basal cell layer. PIN, classified as grade
I, II, or III, is found in greater than 85% of prostatic adenocarcinoma (PCA) specimens,
and is thought to be the most likely precursor of this malignancy. However, the molecular
mechanisms underlying the initiation and progression of PC are currently unclear. Andro-
gens, acting through the androgen receptor (AR), are important in hormonal control in
the normal prostate, and may be involved in the development of malignancy. Treatment
for PC often includes androgen ablation (deprivation) therapy, but, although tumors are
usually initially responsive, many eventually progress to androgen independence. The
mechanisms by which this occurs are not well characterized, but may include amplifica-
tion of the AR gene during acquired resistance to treatment, expression of mutated forms
of the protein, and eventual decrease and loss of AR expression in metastatic disease (1).

The establishment of PC cells in culture has proved difficult and there are currently
only three principal human PCA cell lines (2,3). LNCaP cells, derived from the lymph
node of a patient with hormone-refractory PCA, express a mutated form of the AR, are
hormone-responsive, but not metastatic in animals. The hormonally unresponsive PC3 cell
line was derived from a bone marrow metastasis, is metastatic, and does not appear to
express the AR. DU145 cells, derived from a central nervous system metastasis, are also
hormone-unresponsive, and the majority of reports suggest that they are AR-negative.
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Knowledge of the involvement of type I growth factor (GF) receptors and their ligands
in prostate malignancy is currently incomplete. Many studies have looked for changes
in levels and/or patterns of expression of these receptors that could result in alterations in
cellular signaling pathways. Normal and hyperplastic prostate tissues, PCAs, PCA cell
lines, and xenografts have all been examined. These studies have used a number of dif-
ferent methods, including protein expression by immunohistochemistry (IHC), Western
blot, and ligand-binding assays; mRNA expression by Northern/dot blot, reverse tran-
scriptase-polymerase chain reaction (RT-PCR) and RNase protection assays; and geno-
mic DNA analysis by PCR and Southern blot.

Experimental studies have also been carried out to ascertain the effects of altering
expression levels of GFs and receptors in prostate-derived cell lines in vitro and prostate
tissues in vivo. However, contrary to the frequently observed dramatic overexpression
of EGFR in squamous cell carcinomas and c-erbB-2 in adenocarcinomas, similar changes
have not been identified in prostate malignancy. In fact, the levels of these molecules in
normal and malignant prostate tissues are not high, compared to many other normal or
tumor tissues. Thus, most studies face the technical challenge of attempting to quantify
small changes in expression levels. Another potentially confounding factor is that PCAs
are heterogeneous in cellular composition. Indeed IHC studies have shown that tumor
cells may infiltrate surrounding benign prostate, and the ratio of stroma to PCA to benign
epithelium may vary considerably between specimens, making interpretation of quan-
titative assays difficult. Thus, in some assays, reports of increased or overexpression of
a particular molecule may actually result from an increase in the proportion of tumor cells
in the tissue being analyzed, rather than specific increases in expression levels in the
cancer cells. It is, nonetheless, possible that signal transduction mediated by these GF
receptors and their ligands, rather than gross changes in expression levels, may be impor-
tant in their role in prostate malignancy.

EGFR, EGF, AND TRANSFORMING GROWTH FACTOR 

Many studies have investigated, in parallel, the expression of the EGFR and two of its
ligands, EGF and transforming growth factor (TGF- ), in PC, and, thus, these mole-
cules are reviewed together. Other ligands, about which there is generally less informa-
tion, are discussed later.

Quantitative Analyses of Protein Expression
Attempts to determine differences in EGFR levels in benign and malignant prostate

tissues, using quantitative methods of analysis on whole tissues, have yielded conflicting
results, probably because tissue samples being analyzed are generally very heteroge-
neous, and also because there are no major changes in protein expression levels. 125I-EGF
ligand-binding studies (4,5) showed a statistically significant increase in EGF-binding
by extracts of PCA tissues and cell lines, compared with benign prostate tissue, levels
increased with increasing tumor grade. Another study, using fluorescence-activated cell
sorting analysis, determined that the DU-145 and PC-3 cell lines express relatively high
levels of EGFR (approx 105 receptors/cell); the androgen-responsive LNCaP cell line
expresses lower levels (approx 104/cell ) of surface receptor (6). These levels do not,
however, approach those found in the squamoucarcinoma cell lines, A431 and MDA-
MB468 (2 106 receptors/cell) or HN5 (1.5 107 receptors/cell), which result from
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amplification of the EGFR gene. One study (7) found that BPH tissues bound approx 2.5
as much EGF as PCA tissues, and that there was a propensity for poorly differentiated
tumors to express less EGFR than well-differentiated tumors. Interpretation of competi-
tive ligand-binding assays is, however, complicated by the presence of endogenous,
unlabeled ligands in the tissue being analyzed, which may reduce the apparent number
of binding sites, and also by the presence of more than one receptor type within a cell/
tissue to which each ligand may bind with varying affinity. At the time most of these
experiments were performed, few of the new ligands for EGFR had been identified.
Clearly, the presence of these factors could confound such measurements, and should
be taken into account when assessing ligand-binding data. Western blot analyses, which
would be unaffected by these factors, have shown that EGFR is expressed in an immor-
talized, nontransformed prostate EC line, MLC-SV40, a PCA xenograft, CWR22 (8),
and also the PCA cells lines, LNCaP, DU145, and PC-3 (8,9). Levels of EGFR expression
and activation are higher in PC3 and DU145 than in normal prostate epithelium or LNCaP
(which is in agreement with ligand-binding studies), and are not altered in LNCaP by
androgen stimulation, implying that this receptor does not appear to have a functional
role in androgen-stimulated growth of LNCaP in vitro (9). Other prostate-derived tumori-
genic sublines have been shown by Western blot analysis to have decreased EGFR expres-
sion, although TGF- levels are increased, suggesting the presence of an EGFR/TGF-
autocrine network in these cells (10).

Western blot analyses have also demonstrated the presence of EGF and TGF- in
hyperplastic human prostate tissue (11). Levels of these ligands, as determined by radio-
immunoassay, are reportedly unchanged between benign (hyperplastic) and malignant
(PCA) prostate tissues, with a TGF- -EGF ratio of approx 2:1, although an increase in
TGF- and EGF levels, with increasing tumor grade, was observed (12).

Immunohistochemistry
IHC methods are more appropriate for the assessment of heterogeneous tissue samples,

because the analysis provides information about specific cellular localization, as well as
levels of expression. In recent years, a number of studies, by IHC analysis, of frozen or
fixed tissue specimens, and of PCA cell lines and xenografts, have attempted to assess
possible changes in expression levels and/or localization of EGFR, and some of its
ligands during the development and progression of prostate malignancy. It is, however,
difficult to correlate the results of different analyses, because the methods employed and
the conditions chosen for the measurement vary considerably: For example, the use of
different antibodies (Abs), incubation conditions, differences in the number of samples
analyzed, different methods of tissue preparation and preservation, and individual varia-
tions in assessment of tumor grade all can affect results. Bearing this in mind, the obser-
vations published to date tend to suggest that there are no gross changes in expression
levels of EGFR and/or its ligands. However, it is possible that the receptor may still be
involved in the development of PC by more subtle changes. For instance, there may be
a shift toward autocrine rather than paracrine regulation in tumor cells, and perhaps also
increased activation and/or decreased downregulation of receptors.

A number of studies have used IHC to assess the expression of EGFR, EGF, and TGF-
in normal and hyperplastic prostate tissues. The majority of reports suggest that staining
for EGFR is strong in basal ECs of normal and hyperplastic prostate, but low or absent
in secretory ECs, and absent in the stroma (13–20). An investigation of EGFR expression
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during development of the human prostate (21) revealed that, in fetal/neonatal and pre-
pubertal human prostate tissue, EGFR expression was detected in basal ECs, but, in adult
and hyperplastic tissues, expression was also noted in the lateral membranes of secretory
cells, with staining more intense in hyperplastic than in normal tissue. Reports of TGF-
expression in normal and hyperplastic prostate are more inconsistent. Some investigators
(18,20,22,23) have claimed that there is very little or no TGF- in normal or hyperplastic
cells, although this is contradicted by others (24), who have observed weak staining of
adult human prostatic glandular cells, using a TGF- monoclonal antibody (mAb) on
frozen tissue sections, or stromal staining in frozen BPH tissues (19). Analysis of TGF-
expression during development of the human prostate (21) indicated expression at all
stages in stromal smooth muscle; staining in basal and secretory epithelia was only
detected in fetal tissues. Neonatal and prepubertal tissues showed a low level of staining
in secretory epithelia, but this was absent in normal and hyperplastic adult tissues. IHC
analysis of the developing rat prostate (25) revealed co-expression of TGF- and EGFR
in ECs, but not stromal cells, of the ventral, but not the dorsal, prostate, although another
group reported TGF- staining in the lateral and dorsal, but not ventral, rat prostate (26).
It has also been reported (27) that TGF- expression varies in different regions of the post-
pubertal rat prostate, with cells being either androgen-sensitive or –insensitive, and those
authors suggest that the contradictions contained in previous reports may be explained
in part as a consequence of the specific region of the prostate sampled. Information on
EGF expression in benign prostate tissue is also inconsistent. Some reports (23,28) have
suggested that there is no positive staining for EGF in normal or hyperplastic human and
normal rat prostate cells, but others (18) have observed staining for EGF in basal epithelia
of normal and hyperplastic glands, and in smooth muscle of hyperplastic cells, although
the authors themselves suggest that the staining may be nonspecific. In the normal rat
prostate, expression of EGF has been reported to occur mostly in secretory acini in the
dorsal lobe, with low expression in the lateral lobe, and virtually none in ventral lobe, and
once again, no stromal staining was detected (26,29).

Thus, in the light of these somewhat conflicting observations, it is difficult to draw
conclusions regarding obvious changes in expression of EGFR and ligands in premalig-
nant and malignant prostate. If anything, investigators have tended to report a general
decrease in the percentage of cells staining positive for EGFR from benign tissue, through
low-grade PIN (discontinuous staining in basal layer, with gaps corresponding to disrup-
tion of basal layer), high-grade PIN, and increasing grades of PCA, with staining becoming
more diffuse and less intense, although variable between and within different specimens
(15–19,23,30,31). One group reported that EGFR-positive tumors were generally of a
higher grade than those that were negative, and that these patients had a worse 10-yr
survival, although this was not significant in a multivariate analysis (17). Recent studies
(20,21) describe the localization of EGFR in PIN/PCA to the membranes of proliferating
(secretory) cells, and co-expression in these cells of TGF- , which suggests the presence
of an autocrine regulatory system. Furthermore, it has been suggested that regulation via
EGFR/TGF- in the normal and hyperplastic adult prostate is paracrine, and that the
situation in malignancy is similar to that during development of the prostate, in which
autocrine regulation occurs (18,21). High levels of TGF-  expression have been observed
in PCAs, with a tendency toward increasing expression with more poorly differentiated
tumors (18,20,22), although, contrary to this, it has also been reported that TGF- stain-
ing is absent in low- and high-grade PIN and most tumors. Staining for EGF has been
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observed in malignant epithelial tissues and in smooth muscle of malignant prostates (18,
32), although this could well be nonspecific, because others have reported weak or absent
staining for EGF in low- and high-grade PIN and most tumors (23).

Immunocytochemical analysis of cultured PC cell lines indicated positive staining for
EGFR in basolateral cell membranes of DU145 cells. More diffuse, cytoplasmic, stain-
ing was detected in PC-3 cells (33), and a highly metastatic, androgen-repressed human
PCA cell line, ARCaP, stained intensely for EGFR (34). PCA cell lines have also been
shown to secrete EGF and TGF- (35–38).

Analysis of mRNA Expression
As with protein analyses, different methods of mRNA detection may provide infor-

mation about the levels of expression and/or the site of mRNA synthesis. Whole-tissue
analyses, such as Northern blots, RNase protection, and RT-PCR, are complicated by
the heterogeneity of the specimen being analyzed; in situ hybridization (ISH) provides
more specific information about the location of mRNA expression within specific cells,
but is more difficult to quantify. In both types of analyses, tissue preparation methods
cause variations in observed expression levels, because RNA is particularly labile to deg-
radation during handling and storage of samples. Additionally, methods based on ampli-
cation from small quantities of target mRNA may be difficult to quantify, and may also
be sensitive to contamination.

As with studies of protein expression, reports of mRNA expression and localization
for EGFR and its ligands in benign and malignant prostate tissues vary. Using mRNA
ISH EGFR, EGF, and TGF- mRNA were all localized to the epithelial compartment of
hyperplastic human prostate tissues (11). In another study (23) using this method, normal
and hyperplastic prostate tissues and PIN showed weak or absent expression of EGFR
mRNA, but strong expression was seen in prostate tumors, although, in the same study, a
corresponding upregulation of EGFR protein was not observed. Others (20) have reported
strong EGFR mRNA expression by ISH in basal ECs of benign and malignant prostate
tissues; TGF- mRNA was detected in secretory cells, and expression appeared to cor-
relate more directly with the protein. High levels of EGFR mRNA expression have also
been detected by ISH in the PC-3 cell line, and in variants with different metastatic
potentials (39).

EGF mRNA has been detected in normal pig prostate, using RNase protection assay
(40). Northern blot analyses of total RNA from normal prostates of male human postmor-
tems were positive for EGFR in all cases (41). However, a study of hyperplastic human
prostate tissues detected no expression of EGFR, EGF, or TGF- by Northern blot anal-
ysis (11). In a study of benign and malignant prostate tissues, as well as the PCA cell lines,
DU145 and PC-3, all samples were positive for EGFR and TGF- mRNA by Northern
blot, with no significant differences in levels between benign and malignant samples, and
no detectable expression of EGF in any of the tissues or cell lines analyzed. However,
previous analyses by Northern blot, RNA dot blot, and RNase protection assay found that
PCA tissues express higher levels of EGFR (42), EGF, and TGF- (43) mRNA than
hyperplastic prostate tissues, with the highest levels detected in PCA cell lines (EGF
greatest in LNCaP; TGF-  and EGFR were higher in DU145 and PC-3).

RT-PCR analyses of mouse and rat tissues, and tissue recombination systems have
indicated that EGFR, EGF, and TGF- are all expressed in both epithelial and, to a lesser
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extent, mesenchymal tissues, with EGFR levels varying during development and adult-
hood; TGF- expression is reported to remain more constant (44–47). EGFR mRNA has
also been detected in the normal human prostate by RT-PCR, with apparently increased
levels in hyperplastic tissues (48). Another study detected expression of EGFR, EGF, and
TGF- mRNA in hyperplastic human prostate tissues by RT-PCR, although the same
samples were negative by Northern blot analysis (11). In studies to establish tyrosine
kinase (TK) expression profiles for benign and malignant prostate tissues and cell lines,
EGFR expression was observed by RT-PCR analysis in all samples tested (49,50). The
results of an RT-PCR analysis of three transformed (LNCaP, DU145, PC-3) and one
immortalized, nontransformed (MLC-SV40) human prostate cell lines, for EGF and
TGF- mRNA expression (8), indicated that all the cell lines expressed TGF- mRNA,
but only the transformed cell lines were positive for EGF mRNA.

Gene Analysis
In contrast to the frequently observed amplification of EGFR and c-erbB-2 observed

in other cancers, there have been no reports of such changes in prostate malignancy. The
few studies that appear to have addressed this question report an absence of amplification
or gene rearrangements in hyperplastic prostate or PC cell lines, compared with normal
human prostate (43,48), and it is probable that the small number of reports reflects the lack
of positive findings by investigators. Only one study (51) has reported EGFR gene ampli-
fication (approx 10 normal) in an immortalized, nontransformed, prostate-derived cell
line, PNT1B, with a concomitant increase in EGFR mRNA expression and EGF-binding
sites, but no structural alterations of the gene were detected. Amplification and mutation
of the AR gene, however, is frequently reported during the development of prostate carci-
noma, suggesting that such changes can take place, and indicating that any alterations
that may occur in the EGFR gene are not selected for in this malignancy.

Models of EGFR Function in PC
Experimental observations in tumors have, despite not identifying gross alterations in

expression levels, suggested an involvement of EGFR and its ligands in normal and malig-
nant prostate, and laboratory experiments support these findings. Androgens, acting
through the AR, a member of the nuclear receptor superfamily of transcription factors,
play a significant role in controling the growth and differentiation of prostatic cells, and
many prostatic cancers show an initial androgen dependence. The actions of androgen
have been shown to influence the expression of locally produced GFs and studies have
been carried out to assess the role that the AR may play in the expression of EGFR and
its ligands. A number of studies (44,47,52–54) have reported that androgen negatively
regulates EGFR expression, but does not directly regulate TGF- expression in the mouse
and rat, although stimulation of mRNA synthesis, for either EGFR/TGF- or EGFR
alone, has been reported upon treatment of androgen-sensitive human prostate tumor cell
lines, ALVA101 (55) and PC3-hAR (56), respectively, with androgen in vitro. Exoge-
nous ligands have been used to assess the response of various models to receptor activa-
tion. A number of studies (8,35–37,57) have shown that TGF- and/or EGF are mitogenic
in DU145 and LNCaP cells. An equally valid experimental approach, to determine the
role of these molecules, is to assess the contribution of endogenous ligand expression.
One way to assess this is to use Abs that prevent ligand binding. An anti-EGFR mAb,



284 Leverton and Gullick

C225, has been shown to inhibit the growth of PC3 and DU145 xenografts in nude mice,
as well as the ability of EGF to induce EGFR phosphorylation in PC3, DU145, and
LNCaP cells (6), and it has been suggested that DU145 and PC-3 require EGFR activation
for continued progression in a tumor environment. It is likely that the activity of the
EGFR is also moderated by other molecules within the cell, for instance, it has been
reported that human prostatic acid phosphatase (PAcP) selectively dephosphorlylates
EGFR, and is associated with a reduction in TK activity of the receptor (58).

c-erbB-2

Whereas the combined evidence for expression of the EGFR suggests that loss of
expression is associated with increasing malignancy in PCs, overexpression of c-erbB-2
has been reported. Because gene amplification has not been found, the range of expres-
sion is apparently much less than in breast cancer. Again, therefore, the method of mea-
surement and the care taken in its analysis have tended to lead to some variation in the
conclusions of studies on the expression of this receptor.

Immunohistochemistry
Some studies have reported a failure to detect expression of c-erbB-2 by IHC analysis

of fixed tissues (17,59,60), although others (61) have reported that the polyclonal Ab
used (Ab-1) is not reactive in fixed tissues, calling into question the validity of these
results. Lack of expression in benign prostate tissues has also been reported, using dif-
ferent Abs and/or frozen tissue sections (60,62); however, other researchers (15,31,61,
63–65) have reported IHC detection of c-erbB-2 in normal and hyperplastic benign
prostate tissues localized to basal ECs, with low/absent expression in luminal cells, and
none in the stroma (64,65).

The majority of studies (31,59–62,64) using IHC have reported increased expression
of c-erbB-2 in PIN and PCA. One group (64) observed that, in PIN, staining for c-erbB-2
is moderate to strong in basal and luminal ECs in both the membrane and cytoplasm.
Similar patterns were seen in the majority of cells in localized PCA, in high-grade PCAs
and matching metastatic lesions. The authors, therefore, suggest that the change in expres-
sion pattern is an early event in PCA, which remains stable throughout progression to
high-grade PCA and metastasis. Another study (31) has shown a significant association
between c-erbB-2 expression and poor survival in PCA, but there was no association
between EGFR and survival. Others (15,65) have reported no difference in c-erbB-2
expression between benign and malignant prostate tissue, or even no detectable expres-
sion of c-erbB-2 in prostate carcinomas (66). IHC analyses of PCA cell lines (LNCaP,
DU145, PC-3, ARCaP) have indicated that all express c-erbB-2 (34,62,65).

Quantitative Protein Analysis
Using Western blotting to analyze c-erbB-2 expression in prostate tissues and cell

lines, investigators (8,62) have reported no detectable c-erbB-2 in normal/hyperplastic
tissue; 60–80% of PCAs were positive, as were the PCA cell lines LNCaP, DU145 and
PC-3, and the immortalized, nontransformed, prostate-derived cell line, MLC-SV40.
Others (67) have shown that the level of c-erbB-2 phosphorylation in LNCaP cells is
inversely correlated with the expression of PAcP, and note that c-erbB-2 is highly phos-
phorylated in PC-3 and DU145 cell lines, which do not express PAcP.
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Analysis of mRNA Expression
There have been few descriptions of c-erbB-2 mRNA expression levels in normal and

malignant prostate tissues. It has been reported (48), using RT-PCR analysis, that the
receptor is overexpressed in some cases of BPH, compared to normal prostate, although
RT-PCR relies on amplification from small amounts of template, and the results were not
confirmed by other methods. A similar study, also by RT-PCR, of hyperplastic and malig-
nant prostate tissues, a PCA xenograft (CWR22), and PCA cell lines (LNCaP, DU145,
PC-3), showed that all except one tumor sample were positive for c-erbB-2.

Gene Analysis
To date, there are no reports of amplification or abnormalities of the c-erbB-2 gene

in PC. Analyses by PCR and Southern blot of benign and malignant prostate tissues
and PCA cell lines have shown no amplification of c-erbB-2 in prostate hyperplasia or
malignancy (48,59,62,68,69).

Models of c-erbB-2 Function in PC
Experimental studies have shown that an activated form of the rat c-erbB-2 receptor,

Neu, is transforming when transfected into rat prostatic ECs in culture (70), and when
expressed in rat prostate ECs injected into nude mice (71). It has also been reported that
c-erbB-2 is necessary for interleukin-6 signaling in LNCaP cells, where treatment with
interleukin-6-induced phosphorylation of c-erbB-2 and c-erbB-3, but not EGFR (72). As
yet, however, other reports have not confirmed these findings. Since no ligand is known
to bind directly to c-erbB-2, it cannot be selectively activated. However, c-erbB-2 acts
as a powerful co-receptor with all the other receptors in the family, and thus its presence
appreciably affects the response of cells to ligand addition. Reduction of c-erbB-2 signal-
ing and its effect on malignant cells, has not been reported, but, with the development
of Abs and selective TK inhibitors, such experiments are becoming feasible. At present,
therefore, there is no compelling evidence that c-erbB-2 is a transforming influence in
this disease, nor that it is a target for treatment. Further experiments may, however, put
its role more clearly in context.

c-erbB-3

The c-erbB-3 receptor, unusual among the erbB family because it has a greatly reduced
TK activity, has been identified as a receptor for the neuregulins NDFs, or heregulins,
and appears to be involved in the development of the peripheral nervous system, in
particular, in the growth and development of Schwann cells (73). Preliminary studies
have identified variable levels of c-erbB-3 expression in a range of human tumors (74),
although gene amplification has not been observed. There have been few reports regard-
ing c-erbB-3 expression in prostate tissues, but the studies published to date suggest that
patterns of expression may be similar to those of c-erbB-2, with increased expression
detected in malignant, compared with benign, prostate.

Analysis of Protein Expression
Just as for c-erbB-2, some authors (75,76) have reported a failure to detect expression

of c-erbB-3 in benign prostate glandular tissue, using IHC, although others (64,65) have
reported positive staining in basal ECs of normal and hyperplastic prostate, and possible
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low levels of staining in luminal ECs. IHC studies of c-erbB-3 expression in prostate
tumors have shown increased expression, compared with benign prostate tissues (64,75,
76), although a statistical analysis showed no correlation with tumor grade (76). Local-
ization of the receptor is described within the membrane and cytoplasm of basal ECs in
PIN, with a similar moderate-to-strong pattern of expression in the majority of PCA cells
(64). IHC analyses have also demonstrated c-erbB-3 expression in LNCaP, DU145, and
PC-3 cells (65), and an androgen-repressed cell line, ARCaP (34). Expression of c-erbB-3
in human PCA cell lines (LNCaP, DU145, PC-3), as well as an immortalized, nontrans-
formed cell line (MLC-SV40) and a xenograft (CWR22), has also been demonstrated
by Western blot analyses, with the highest levels detected in the AR-positive cell line,
LNCaP, and the xenograft, CWR22 (8).

mRNA Expression and Gene Analysis
An analysis of the expression of mRNAs encoding a range of TKs, by RT-PCR, in

benign and malignant human prostate tissues and cell lines, indicated expression of
c-erbB-3 mRNA in hyperplastic prostate tissues, as well as 7/8 PCAs, a PCA xenograft
(CWR22), and PCA cell lines (LNCaP, DU145, and PC-3) (50). There have been no
reports of mutations in, or amplification of, the c-erbB-3 gene in prostate malignancy.

c-erbB-4

Studies of the c-erbB-4 receptor are in their infancy. The protein shows greatest
homology to c-erbB-3, is also a receptor for the NDFs, and appears to be important in
cardiac muscle and neural development (77). Analysis of c-erbB-4 mRNA and protein
expression in human tumors has shown loss of expression in most tumors (65,78), with
a few tumors showing overexpression (78,79), although the occurrence of gene ampli-
fication and/or rearrangement have not been examined. Analysis of prostate tissues for
c-erbB-4, by IHC, has shown strong expression of the protein in basal and luminal ECs,
but not the stroma, of benign tissues, with expression significantly less in PIN and PCA
(65). In the same study, PCA cell lines (LNCaP, DU145, and PC-3) were all negative for
c-erbB-4. Another IHC study (78) showed moderate and weak immunoreactivity with adult
human prostatic epithelium and smooth muscle cells, respectively, again with reduced
expression in the majority (7/10) of PCAs analyzed, and overexpression in a small num-
ber (2/10). Analyses of c-erbB-4 mRNA expression, by RT-PCR, have failed to detect
expression in PCA specimens, xenografts, or tumor cell lines (8).

HB-EGF, BETACELLULIN, AND EPIREGULIN

Heparin-binding EGF-like growth factor (HB-EGF), a ligand for EGFR and c-erbB-4, is
a potent smooth muscle cell GF. HB-EGF mRNA has been detected in adult pig prostate
by RT-PCR, although Northern blot analysis was negative, suggesting that expression
levels were low (80). Expression was, however, detected by Northern blot analysis of
adult human prostate tissues (81). IHC of hyperplastic and malignant human prostate
specimens showed staining for HB-EGF mostly in interstitial and vascular smooth muscle
cells of the fibromuscular stroma, but no staining in normal glandular epithelium or car-
cinoma cells, and with no evidence of increased expression in malignant, compared with
hyperplastic, specimens (81). Analysis of LNCaP cells revealed low levels of HB-EGF
mRNA (positive by RT-PCR, negative by Northern blot analysis); however, the ligand
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is mitogenic for these cells in culture, inducing phosphorylation of EGFR and c-erbB-3, and
it has been suggested that HB-EGF may have a specific role in PCA as a stromal mediator
of tumor cell growth (81).

Betacellulin, a ligand for EGFR and c-erbB-4, is expressed predominantly in the pan-
creas and small intestine. Weak expression has been detected in the normal human pros-
tate by Northern blot analysis (82), but analysis of expression in malignant prostate
tissues has not been reported.

Epiregulin is apparently a relatively low-affinity ligand for several of the type I GF recep-
tors (83). Expression of the mRNA for this ligand in human tissues has been described,
predominantly in the placenta and peripheral blood leukocytes (by Northern blot analy-
sis) (84). High levels of expression have also been described in some carcinomas, but
there have been no reports of analysis of prostate tumors.

NEUREGULINS

The neuregulins (NRGs, also known as NDFs or heregulins) are now known to be a
family of three separate genes, NRG1, -2, and -3, which encode a number of alternatively
spliced transcripts, most of which encode integral membrane proteins containing an
extracellular EGF-like domain. A limited number of studies to date (85,86) suggest that
neuregulins are both growth and differentiation factors, which are expressed in normal
epithelia and in some cancers.

IHC analysis of human prostate specimens with mAbs against NRG1  and NRG1
isoforms (65) revealed strong expression in the stroma and in basal ECs, and moderate
expression in luminal ECs of normal and hyperplastic tissues, with very low levels in PIN
and PCA, and no detectable expression in PCA cell lines. Conversely, another IHC study
(76), using a polyclonal Ab against NRG1 , showed no detectable expression in hyper-
plastic prostate, but expression in the epithelium, but not stroma of approx 70% of PCAs.
Western blot analysis of prostatic cell lines (LNCaP, DU145, PC-3, MLC-SV40) and a
PCA xenograft (CWR22), revealed that only the nontransformed cell line, MLC-SV40,
expressed NRG1 (8) and others (72) have also reported that NRG1 is not detected in
LNCaP cells. Northern blot analyses have shown that NRG3 is highly expressed in
normal brain, but undetectable in other tissues (87). mRNA ISH on whole, paraffin-
embedded mouse embryos and tissues showed a similar pattern, but prostate tissues were
not specifically investigated (87). NRG1 mRNA has been detected in PCA cell lines
(LNCaP, DU145, and PC-3) by RT-PCR, but NRG1 protein was not detected in these
cells by IHC (65). Models of NRG function in prostate tumor cells have shown that addi-
tion of NRG1 to LNCaP cells in culture inhibits growth (8,65), and induces epithelial
differentiation (8), although growth inhibitory effects were not seen in DU145 or PC-3
cells (65).

SUMMARY

Gene amplification and concomitant gross overexpression of EGFR and c-erbB-2
are now well established, both in clinical studies and in laboratory experiments, to be
one of the events causing the development of several types of cancer. These do not occur
in PC. However, a subset of the receptors and ligands of this highly interactive family
are expressed both in normal prostate and in intermediate stages, up to and including
metastatic cancers. The relatively modest levels of expression require rigorous, careful,
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measurement to assess if meaningful changes occur in expression. Such studies will
generate hypotheses that can be tested experimentally. In addition, it may be worth
exploring the relative production of GFs by cancer cells and surrounding stromal cells,
and any changes that occur in this balance during transformation. Such studies may
possibly identify pathways that could be targeted by the new generation of signal trans-
duction inhibitors currently being evaluated as treatments for other tumor types.
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INTRODUCTION

Prostate cancer (PC) is a hormonally responsive disease. Testosterone (T) is required
for the development of early PC and the disease retains this dependence through most of
its natural history. The reliance of most PC cells on T offers an opportunity for clinical
intervention in patients with this disease. That is, if the level of T can be diminished, the
prostate cancer should respond with a reduction in size, which should bring about an
improvement in clinical symptoms. Hormonal manipulations of PC all share one ulti-
mate goal: Decrease the physiologic effect of T.

The majority of a male’s T production is from the Leydig cells of the testis, in response
to leutinizing hormone (LH) released from the anterior pituitary (pit). This mechanism
of production is regulated by a negative feedback mechanism. That is, increased levels
of T suppress gonadotropin-releasing hormone (GnRH) release from the hypothalamus,
with subsequent decreases in LH levels. However, approx 5–10% of T is produced from
the conversion of adrenal androgens to T. Regardless of the site of production, T enters
the PC cell and is converted to dihydrotestosterone (DHT), a more potent physiologic
form. This conversion is mediated by the enzyme, 5 -reductase. DHT then binds the
androgen receptor (AR), and this complex enters the nucleus, binds to androgen-respon-
sive elements, and DNA transcription is effected.

The suppression of T can be accomplished through a variety of mechanisms (Fig. 1).
T production can be curtailed through surgical orchiectomy or with the use on GnRH ana-
logs. Likewise, a decrease in adrenal androgen synthesis (ketoconazole, aminoglutethimide
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[AG]) will lead to a diminished overall T activity. Also, the conversion of T to DHT can
be inhibited through clinical suppression (finasteride). The interaction of DHT with the
AR can also be inhibited (nonsteroidal antiandrogens). Also, suppression of native GnRH
levels can be accomplished by capitalizing on the inherent negative feedback mechanism
between certain hormones and the hypothalamus (estrogen therapy, diethylstilbestrol
[DES]).

All of the previously mentioned mechanisms have been used to treat PC. Traditionally,
hormonal therapy had been reserved for patients with advanced disease. However, hor-
monal therapy has recently been investigated for patients with earlier stages of disease.

HORMONAL THERAPY OF ADVANCED DISEASE

Primary Therapy
ORCHIECTOMY

Huggins et al., in the early 1940s, demonstrated the responsiveness of PC to hormonal
manipulation (1–3). They examined the effect orchiectomy and estrogen therapy had on
patients with advanced, symptomatic prostate cancer. They presented a case series of 21
patients treated with bilateral orchiectomy (2). They described a clinical effect that was
manifested by shrinkage of the primary prostate lesion, declines in serum phosphatases
(an indication of the level of bone damage), improvement in performance status with
weight gain, improved anemia, pain relief, decreased sexual desire with loss of erectile

Fig. 1. Regulation of T and adrenal androgen synthesis. Sites of activity for clinically useful agents
are represented by thick hash marks.
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function, and hot flashes. These studies established orchiectomy as one the first effective
and simple means of relieving the symptoms of advanced PC. These conclusions have
not changed over the intervening 50 yr, and orchiectomy remains an effective and defi-
nitive treatment option. Serum T levels are reduced quickly and reliably. However, many
patients are bothered by the stigma associated with surgical castration, and therefore
orchiectomy remains an underutilized treatment option.

ESTROGEN THERAPIES

In one of his seminal papers on the treatment of PC, Huggins (3) proposed several
possible explanations for the mechanism of action of estrogen: “a direct action on pro-
static epithelium, inactivation of the androgens, depression of the gonadotropic agents
of the anterior pituitary, and depression of interstitial cells of the testis.” His suppositions
were correct; the primary mode of action is feedback on the pit with suppression of
gonadatropin secretion, with a subsequent decrease of Leydig cell T production (4). DES,
the estrogen with the largest clinical experience, decreases serum LH levels and sup-
presses serum T. A dose of 5 mg/d DES has been shown to reliably suppress serum T into
the castrate range; some patients on a dose of 1 mg/d broke through (5,6). Also, when
given for longer than 3 yr, DES may be withdrawn with no increase in T levels, indicating
irreversible damage to the Leydig cells (7).

In 1967, the Veterans Administration Cooperative Urological Cooperative Research
Group (VACURG) published the results of their first study of PC in 2316 patients (8).
Patients were divided into two clinical groups, those with disease confined to the prostate
(stages 1 and 2) and those with more advanced disease (stages 3 and 4). Patients with
stage 1 or 2 disease were randomized to receive prostatectomy with either adjuvant DES
(5 mg/d) or placebo. Patients with stage 3 or 4 disease were randomized to one of four
treatment groups: estrogen therapy alone (DES 5 mg/d), orchiectomy alone, orchiectomy
plus estrogen therapy or placebo. If a patient progressed on a particular therapy, he was
given further treatment, but was still considered in the analysis of results to belong to his
original treatment groups (i.e., “intention to treat” analysis). The study demonstrated that
not only was there no survival advantage for stage 1 and 2 patients who received DES,
but that these patients actually had a poorer survival. For patients with stage 3 disease,
the results were similar: Patients treated with DES had significantly lower survivals than
those not receiving this therapy. For stage 4 patients, those receiving placebo had lower
survival than estrogen-treated patients (although this did not reach statistical signifi-
cance). When the cause of death was analyzed, it was found that patients receiving DES
had a lower death rate from PC, but had a larger noncancer mortality that was mostly
cardiovascular in etiology. The recommendations arising from this study were: delaying
hormonal therapy does not compromise outcome; DES at 5 mg/d is associated with exces-
sive cardiovascular mortality; and combination therapy with DES and orchiectomy offers
no advantage over orchiectomy alone.

The second VACURG study enrolled 508 patients, and divided them into the same
clinical categories as the earlier trial (9,10). Patients with stage 1 or 2 disease were ran-
domized to either placebo or prostatectomy plus placebo. Results from this study did not
find a benefit to prostatectomy, although the authors believed a limited interpretation was
required because of small sample size and lack of thorough preoperative staging (11).
Patients with stage 3 or 4 disease were randomized to one of the following treatment arms:
placebo, 0.2 mg DES, 1.0 mg DES, or 5.0 mg DES. This study was stopped early because
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of excessive cardiac mortality of the 5 mg DES patients. The conclusions from VACURG
II were that 1.0 mg DES is as effective as 5.0 mg at preventing progression of disease;
treatment with 1.0 mg of DES, beginning at diagnosis, increased overall survival (OS)
in stage 3 and 4 patients, compared to placebo; and immediate estrogen therapy for young
patients and those with high-grade tumors is preferred (12).

The third VACURG trial enrolled 1112 patients from 1969 to 1975. Patients with stage
3 or 4 disease were randomized to one of the following treatments: 2.5 mg Premarin, 30 mg
Provera, 30 mg Provera plus 1.0 mg DES, or 1.0 mg DES alone. The DES-alone arm
was more effective than the other treatments, leading the investigators to conclude that
the other endocrine treatments were no better than 1.0 mg DES (12). Subgroup analysis
revealed that there was higher morbidity associated with the DES treatments in patients
older than 75 yr.

The VACURG investigators published a summary of their findings of the three trials
(12). They drew six main conclusions from the studies (Table 1).

The VACURG studies established estrogen therapy as the chief treatment modality of
advanced PC. The indications and toxicities were established in several large trials. This
therapy was used for many years, until supplanted by the development of GnRH agonists.

GNRH ANALOGS

The toxicity of estrogen-based therapy and the psychological impact of castration led
investigators to continue to look for alternative forms of hormonal therapy for PC. Out
of this work came the GnRH analogs. When administered at a constant and sustained
level, rather than the normal pulsatile manner of release of GnRH from the hypothala-
mus, these compounds initially stimulate LH and T release to about 1.5  basal levels
within several days. This is followed by downregulation of the GnRH receptors in the
pit, and castrate levels of T by 1 mo (13). This initial increase in T can serve as a growth
stimulus to the tumor, and produce a flare reaction, with an increase in disease-related
symptoms. In one trial, 5–10% of patients treated with an GnRH analog alone exhibited
worsening urinary symptoms (14). This tumor flare can be prevented by pretreatment
with an antiandrogen.

Several trials have compared GnRH analogs to the previous standard therapies of DES
(14–16) or orchiectomy (15,17–19), and found similar response rates and duration. The
trials with DES all used 3.0 mg/d, in order to guarantee testicular suppression. Therapy
with DES was associated with more adverse effects, such as gynecomastia, nausea, edema,
and thromboembolism. Also, the time to respond was shorter in the GnRH analog patients.
In the largest trial comparing treatment to DES, the GnRH analog, leuprolide, produced
a response rate of 86%, and DES had a similar response rate of 85%; time to progression,
as well as survival at 1 yr, were equivalent (14). One trial of the GnRH analog, goserelin,

Table 1
Results of VACURG Studies

1. 5.0 mg DES is associated with prohibitive cardiac morbidity.
2. The combination of DES and orchiectomy is no more effective than either treatment alone.
3. 1.0 mg DES is as effective at controling PC as higher doses.
4. 1.0 mg DES is associated with less toxicity than higher doses.
5. Other forms of estrogen therapy are no more effective than DES.
6. Young patients and those with high-grade disease are candidates for early hormonal therapy.

DES, diethylstilbestrol.
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vs orchiectomy found similar rates of objective response (82 vs 77%), median times to
disease progression (52 vs 53 wk), and survival (119 vs 136 wks) (17). Adverse effects
were similar in both treatment arms, with the main toxicities being pain, hot flashes, and
lower urinary tract symptoms.

The results of these and other trials established treatment with an GnRH as the favored
treatment of advanced PC. Currently, the two most widely used agents are leuprolide and
goserelin. Both come in 1-mo and multiple-month depot preparations.

ANTIANDROGEN MONOTHERAPY

Flutamide (FLU) and bicalutamide are the two most widely used nonsteroid anti-
androgens in PC. They compete with androgens for binding to the AR, and, when bound,
have an antagonistic action (13). In peripheral tissues, they block cellular binding of
androgens, and, centrally, they oppose the negative feedback of T on the pit. Both of these
agents have been compared to standard hormonal therapy in randomized trials of patients
with metastatic PC.

The Eastern Cooperative Oncology Groups conducted a trial comparing 3 mg/d DES
and 750 mg/d FLU (20). The overall response rates were similar between the two groups:
62% for DES and 50% for FLU (P = 0.36). However, DES produced both a significantly
longer time to treatment failure (26 vs 10 mo) and longer OS than Flu (43 vs 29 mo). This
improvement in survival was significant, despite increased cardiovascular and throm-
botic toxicity in the DES-treated patients. The authors concluded that monotherapy with
FLU was not as effective as traditional treatment with DES.

Bicalutamide has been studied in randomized trials in comparison to castration as
initial treatment for either locally advanced or metastatic PC. In the first trial, 50 mg/d
bicalutamide was compared to castration (surgical or medical) in a three-group, open,
randomized design with over 1000 patients, conducted in the United States and Europe
(21). This study found that monotherapy with bicalutamide produces a shorter time to
treatment failure, time to progression, and OS, compared with castration. Quality of life
analysis revealed higher sexual function and interest in the bicalutamide arm. Also, over-
all health and well being was higher in the bicalutamide group at the first month; how-
ever, by 3–6 mo, this advantage reversed, with the castration patients scoring higher
on quality of life scales. A second multinational study compared 150 mg/d bicalutamide
with castration (medical or surgical) (22). This study also demonstrated an advantage for
castration, compared to bicalutamide, in patients with metastatic disease at time of entry
into the study; the hazard ratio for time to death was 1.3 for bicalutamide to castration.
The data for patients with locally advanced disease was immature, and further analysis
was planned. Quality of life analysis once again demonstrated an advantage for bicaluta-
mide monotherapy relative to castration.

It appears that monotherapy with either FLU or bicalutamide is associated with regres-
sion of disease in patients with advanced PC. However, this response is associated with
a shortened time to disease progression and OS, compared to castration. Sexual interest
and function are better-preserved with this treatment modality. Antiandrogen mono-
therapy could be considered as a second-best option for the treatment of advanced PC in
patients for whom castration is unacceptable.

COMBINED ANDROGEN BLOCKADE

Combined androgen blockade, the combined suppression of both testicular and adre-
nal androgens, as a modality to treat advanced PC, reemerged as a therapeutic strategy
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secondary to the realization of two clinical observations and the development of readily
available nonsteroidal antiandrogens. The first observation was that certain patients escaped
the effects of testicular androgen suppression alone, as a result of T produced from the
conversion of adrenal precursors. Second, elevated intracellular levels of DHT were
demonstrated in a subset of patients, despite a castrate level of serum T while on therapy
(23). Combined androgen blockade had been attempted in the past, in a different manner:
Patients who had failed bilateral orchiectomy underwent adrenalectomy (24). Early
experiences with this procedure were associated with substantial mortality (25); how-
ever, modern postoperative endocrine management with cortisone allowed the proce-
dure to be less dangerous, and a number of trials were performed, which demonstrated
occasional responses. However, the development that initiated the modern use of com-
bined androgen blockade was the discovery of oral nonsteroidal antiandrogens. These
compounds are better tolerated than steroidal agents, because of decreased progesta-
tional adverse effects.

In an early phase II trial, the combination of a GnRH analog and an antiandrogen pro-
duced a response rate of 97% in a series of previously untreated patients (26). This trial
and other similar trials suffered from being nonrandomized studies of a small number of
patients with varying definitions of response. A large, randomized, and blinded multi-
center trial was performed to see if the initial encouraging results of combined androgen
blockade could be verified (27; Table 2). This study enrolled 603 patients with previously
untreated metastatic PC (stage D2), and randomly assigned them to treatment with the
GnRH analog, leuprolide, and either the antiandrogen, FLU, or placebo. Patients treated
with combined androgen blockade demonstrated both significantly longer time to pro-
gression (16.5 vs 13.9 mo; P = 0.039) and median survival time (35.6 vs 28.3 mo;
P = 0.035). Subgroup analysis revealed this difference to be more evident for patients
with minimal disease and good performance status. Also, symptomatic improvement
for combined androgen blockade was greatest in the first 12 wk; however, this is when
leuprolide monotherapy is known to produce a flare response (i.e., the exacerbation of
symptoms secondary to the initial surge in LH seen with GnRH monotherapy). Other
large studies have found an advantage to combined androgen blockade, compared to
testicular suppression. A European trial of combined androgen blockade with goserelin
and FLU vs orchiectomy in 320 patients found increased time to progression and a sur-
vival advantage for the combined androgen blockade arm (28). Another trial of 457
patients found a prolonged time to disease progression in patients treated with orchiec-
tomy and nilutamide, compared to those who received orchiectomy and placebo (29).
However, not all the trials of combined androgen blockade have found an advantage for
the combined modality (30). Most trials have enrolled small numbers of patients. A num-
ber of meta-analyses have been performed in an attempt to overcome this shortcoming.
Unfortunately, some of these studies used only published patient results, instead of obtain-
ing actual data from the original investigators. These studies have shown an advantage
for combined androgen blockade (31). A meta-analysis using original data from 22/25
published trials of combined androgen blockade did not find a survival advantage for
combined therapy (32).

A large trial, comparing treatment with orchiectomy and either placebo or flutamide
in 1387 patients with advanced PC, failed to demonstrate any difference in progression-
free survival (18.6 vs 20.4 mo; P = 0.26) or improvement in survival (29.9 vs 33.5;
P = 0.16) between placebo and FLU-treated patients (33). This trial was conducted by
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Table 2
Select Trials of Combined Androgen Blockage

Progression-free survival (mo)          Median survival (mo)

Signal-agent Combined Single-agent Combined Benefit
androgen androgen androgen androgen for

          Year N Treatment blockade blockade blockade blockade CAB

Crawford (27) 1989 603 Leuprolide vs leuprolide/flutamide 13.9 16.5 28.3 35.6 Yes
Denis (28)         1993 320 Orchiectomy vs goserelin/flutamide 11.5 17.75 27.1 34.4 Yes
Janknegt (29)    1993 457 Orchiectomy vs orchiectomy/nilutamide 14.9 20.8 29.8 37.1 Yes
Crawford (30)   1998 1387 Orchiectomy vs orchiectomy/flutamide 18.6 20.4 29.9 33.5 No

    5-yr survival (%)

Single-agent Combined
androgen androgen
blockade blockade

PCTCP     1995 5710 Single-agent vs combined androgen blockade 22.8 26.2 No
   meta-analysis

PCTCP, Prostate Cancer Trialists’ Collaborative Group.

299
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the same investigators who had originally demonstrated an advantage with combined
androgen blockade (27). An explanation for these differences may be the flare reaction
that occurs with GnRH analog therapy, which can be blocked by treatment with an anti-
androgen (34). In the original study, the improved time to progression may be a result of
the flare suppression by the antiandrogen. The more recent trial removes the confounding
effect of flare, by using orchiectomy instead of medical castration. The authors conclude
that the benefit of combined androgen blockade in advanced PC is negligible.

Currently, the authors’ practice is to initially pretreat patients with an antiandrogen,
when initiating therapy with a GnRH analog. The antiandrogen is then discontinued after
1–3 mo and the patient is maintained only on the GnRH agonist. Patients who choose
orchiectomy for hormonal therapy do not require antiandrogen therapy.

INTERMITTENT ANDROGEN DEPRIVATION

Intermittent androgen deprivation entails the withdrawal of androgenic stimuli from
a tumor until a maximum level of response is achieved, followed by the reintroduction of
androgen. The early preclinical work was performed on the androgen-dependent Shionogi
mouse mammary carcinoma (35,36). Implanted tumors were allowed to progress to a
predetermined size, at which time the host animals were castrated. Predictably, the
tumors would regress by approx 90%, then progress in an androgen-independent fashion
after approx 50 d. The strategy of cyclic androgen deprivation entailed taking tumor after
regression and before secondary proliferation, and implanting into an intact mouse. The
tumor cells would proliferate in the new host, and, when the predetermined size was achieved,
the host would be castrated. The tumor would again regress, demonstrating androgen
responsiveness. This cycle was repeated until the tumor failed to demonstrate androgen
responsiveness, which occurred after the fifth transplantation. The mean time to progres-
sion to an androgen-independent phenotype was 150 d in the intermittent deprivation
group and 50 d in the continuous androgen deprivation group. One possible theoretical
explanation for this phenomena would be activation of previously androgen-repressed
genes (37). That is, the androgen-sensitive cells, through some undetermined mecha-
nism, suppress the growth of the androgen independent clone.

A number of studies investigating intermittent androgen deprivation in a variety of
clinical situations have been reported. Two trials (38,39) treated patients both with
localized disease and with a biochemical failure (i.e., rising prostate specific antigen
[PSA] values in asymptomatic patients), following initial radical therapy. These patients
were initially treated with combined androgen blockade for 6–9 mo. Treatment was then
withheld until the PSA value reached a predetermined value, at which point, treatment was
reinitiated. It took between 3.5 and 5 mo to reach the initial PSA nadir. The average
amount of time that patients were able to be off therapy was 38–45% of the observation
period. While off treatment, patients reported less symptomatology associated with
androgen blockade. It took about 8 wk for T to return to baseline levels following ces-
sation of therapy. In a subset of 14 patients with metastatic PC, seven progressed during
the study period; the median time to progression was 128 wk (38). In a study of 16 patients
with metastatic disease, 10 patients demonstrated a stable hormone response following
the first cycle of androgen suppression, and were given a treatment holiday (40). The dur-
ation of response ranged from 2 to 8 mo, and all patients demonstrated a response follow-
ing reinitiation of therapy. Another trial examined the utility of intermittent androgen
deprivation in patients with clinically localized PC (41). This trial also found the mean
nadir time to be 4 mo. Patients were able to spend 47% of time off study.
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Intermittent androgen deprivation appears to be a viable, although still experimental,
option for certain patients with PC. The optimal patient population for treatment with this
modality has yet to be determined. Also, the durability and advantages of intermittent
androgen deprivation, compared to traditional continuous therapy, are unknown. The
Southwest Oncology Group is conducting a randomized trial of intermittent androgen depri-
vation vs continuous therapy. The results from this trial should answer some of these
unresolved questions.

SEQUENTIAL ANDROGEN BLOCKADE

Combined androgen blockade with a GnRH agonist and an antiandrogen is accompa-
nied by the physiological effects of a decreased level of T. These adverse effects include
hot flashes, gynecomastia, impotence, breast tenderness, weight gain, and possible oste-
oporosis. The ideal treatment for PC would have the anticancer properties of combined
androgen blockade, but not the adverse events. The combination of finasteride and an
antiandrogen has been investigated as a mechanism to treat PC without suppressing T.
Finasteride works by inhibiting 5 -reductase, the enzyme responsible for the intracel-
lular conversion of T to DHT. Both finasteride and FLU have been examined as single
agents in treatment of PC, and have been shown to be not as effective as castration
(20,42). Studies of the drug combination have included patients with locally advanced
PC (disease that had spread outside of the prostate capsule or to regional lymph nodes
without evidence of distant metastasis) or patients with an asymptomatic rise in PSA
following either prostatectomy or radiation therapy (RT) (43–48). An early study of 22
patients with locally advanced PC, treated with finasteride and FLU, revealed a PSA
decrease from a pretreatment average of 43 ng/mL to a nadir of 2.8 ng/mL at 9 mo (45).
This was accompanied by an increase in T by 46% from baseline. The majority of men
(86%) maintained sexual potency. A trial of 20 patients examined the sequential admin-
istration of FLU until a PSA nadir was achieved, followed by finasteride (43). PSA
declined 87% from baseline following single-agent FLU therapy and 94% from baseline
with the combination of FLU and finasteride. The significance of this additional decrease
in PSA is uncertain. A third trial examined initial treatment with finasteride until a PSA
nadir, followed by FLU (44). Treatment with single-agent finasteride did not lower PSA
or suppress T; however, DHT decreased by 74%. The addition of FLU produced a 91%
decrease in PSA, as well as a 56% increase in T, with no further change in DHT.

The combination of finasteride and FLU appears to have achieved the goal of anti-
cancer activity, while maintaining circulating T and minimizing adverse effects. How-
ever, the PSA declines seen with this combined approach are not as complete as those of
patients on combined androgen blockade. The significance of this is not known. Cur-
rently, trials comparing the combination of finasteride and FLU to combined androgen
blockade are maturing. The appropriate patient population to receive this therapy is not
yet determined. Most patients in the trials had locally advanced disease or asymptomatic
rises in PSA following initial radical treatment. Other potential patient groups would
include older patients who did not desire radical treatments for early disease and those
with advanced disease who wished to remain potent. Further study will be required to
resolve these unanswered issues.

EARLY VS DELAYED THERAPY

Because the initial demonstration by Huggins and Hodges (1,2) that PC is a hormon-
ally responsive disease, investigators have been attempting to determine the optimal
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timing of this therapeutic intervention. Early retrospective studies in the 1940s and
1950s, comparing the survival rate between patients treated with androgen deprivation
and historic controls, found a survival advantage to hormonal therapy (49,50). These
studies provided the scientific basis for early initiation of hormonal therapy in patients
with advanced PC through the 1960s.

Several studies produced results that questioned the concept of early therapy for
advanced PC. For example, the findings of the first VACURG study called into question
the early initiation of hormonal therapy. Although the death rate from PC was less in
those treated with early therapy, the increased cardiovascular mortality in the treatment
group caused the overall death rates to be similar. The authors wrote, “What estrogen
treatment wins from the cancer, it more than loses to other causes of death” (8). The study
also demonstrated that patients who had treatment deferred received relief of symptoms
when treatment was initiated later. The investigators concluded that therapy should be
withheld until symptoms warrant treatment.

Published in 1973, the second VACURG study, using lower doses of DES, confirmed
these findings (9). Finally, a proportional hazards model was used to compare the out-
comes of 100 historic nonhormonal-treated patients treated between 1937 and 1940 with
100 patients who received hormonal therapy beginning in 1942 (51). The most signifi-
cant variable was found to be date of diagnosis, rather than administration of hormonal
therapy. These findings combined to form the rationale for the decision to defer initiation
of hormonal therapy until patients exhibit symptoms requiring treatment (52).

Further analysis of the VACURG outcomes has produced the recommendation that
patients with higher-grade tumors and young patients most likely would benefit from
early initiation of hormonal therapy (12). The authors offer the caveat that these studies
were not designed to determine if early hormonal therapy is advantageous to a deferred
approach. Several studies have examined the question of early hormonal therapy in the
context of stage D1 PC (i.e., cancer that has spread to lymph nodes without evidence of
distant disease) (53–56). These small single-institution retrospective studies suggest an
advantage for early therapy in this clinical situation. For example, in one study, the time
to death from diagnosis was 90 mo in the delayed group and 150 mo in the immediate-
treatment group (53). These findings await validation in a more rigorous, controlled
prospective manner.

The Medical Research Council conducted a trial specifically designed to assess the
difference between early and delayed hormonal therapy (Table 3; 57). This study enrolled
938 patients with either locally advanced or asymptomatic metastatic PC. Hormonal
therapy was either orchiectomy or monotherapy with a GnRH agonist. Data was analyzed
on an intention-to-treat basis. Overall, 11% of patients in the deferred arm died of unre-
lated causes before treatment was required; however, only 3.8% of patients younger than
70 yr at randomization did not require therapy. In the deferred arm, 91% of patients with
metastatic, and 75% with locally advanced, disease required treatment. Notably, treat-
ment was started as frequently for symptoms related to local progression as for the
development of metastatic disease. Progression to metastatic disease or death from PC
in the patients with localized disease was 37.5% in the early treatment arm and 59%
in the deferred treatment arm (P < 0.001). Also, spinal cord compression, pathologic
fractures, and extraskeletal metastases occurred more commonly in deferred treatment
patients. Overall, 67% of the patient deaths during the study were attributed to PC. Con-
sidering all patients, more patients in the deferred treatment group died, relative to the



Chapter 15 / Hormonal Manipulation of PC 303

immediate therapy arm from all causes (77.6 vs 69.9%, P = 0.02) and from PC (71 vs
62%, P = 0.0001). Analyzing the stratification variable of disease stage, the survival
differences were not significant for patients with metastatic disease at randomization, but
were significant for those with locally advanced disease, both in terms of OS and survival
from PC.

Several key findings come out of this randomized trial. First, the majority of patients
younger than 70 yr old in the deferred-treatment arm eventually required therapy. Also,
the death rate from PC in this study was higher (67%) than that of the VACURG trial
(41%) (9), reflecting the improved life expectancy for men achieved since the two trials
were undertaken. For patients with localized disease, there is improved survival associ-
ated with early initiation of hormonal therapy. This finding validates the results of the
earlier trials in patients with stage D1 PC (53–56). Although this does not hold true for
patients with metastatic disease, there was a lower incidence of the catastrophic compli-
cations of cord compression and pathologic fracture.

The findings of this study provide support for the early initiation of hormonal therapy
in patients with locally advanced or asymptomatic metastatic disease. This finding, how-
ever, may not apply to all patients with PC. For example, many patients present with a
rising PSA following prostatectomy or RT. At this time, it is not known whether early
hormonal treatment is beneficial for this group.

Secondary Therapy

ANTIANDROGEN WITHDRAWAL

Antiandrogen withdrawal syndrome refers to a significant decline in PSA, occurring
in patients after withdrawal of antiandrogen therapy. The first patients demonstrating a
sustained decline in PSA following the discontinuation of the antiandrogen FLU, were
described in 1993 (58). Three studies, including an extension of the original series,
have looked at series of patients undergoing antiandrogen withdrawal (Table 4; 59–61).
These trials have evaluated 139 patients and demonstrated greater than 50% decline in
baseline PSA in 15–33% of cases. The duration of this response varied from 3.5 to 5 mo.
Besides declines in PSA, patients also experienced relief of symptoms. Five of eight

Table 3
Summary of Medical Research Council Study of Early vs Deferred Hormonal Therapy

        Localized disease (%)         Metastatic disease (%)

Early Delayed Early Delayed
therapy therapy therapy therapy

Progression to metastatic disease or
death from PC 38 a 59 NA NA

Intervention for local progression 25 a 58 NA NA
Development of cord compression 1 1 4 b 11
Overall survival 41 c 30 14 14
Percent of deaths from PC 54 a 70 76 80

NA, Not available.
a = p < 0.001.
b = p < 0.05.
c = p < 0.01 for immediate vs delayed treatment; otherwise, no significant difference.



304 Kamradt and Pienta

patients (62%) with symptoms in one trial experienced relief (61). In all three series, the
median duration of FLU therapy was longer in the responders (range, 18–28 mo) than in
the nonresponders (range, 12–18 mo).

The response to FLU withdrawal may be explained by the presence of functionally
altered ARs, which recognized FLU as an androgen agonist, or by the unmasking of the
agnostic property of FLU. An antiandrogen withdrawal response, with a decline in PSA,
has also been reported with bicalutamide (62), megesterol acetate (63), and DES (64).
It is recommended that, on disease progression during antiandrogen therapy, a trial of
observation occur for any evidence of antiandrogen withdrawal effect, before the evalu-
ation of any subsequent interventions are made.

ANTIADRENAL THERAPY

There are two distinct pathways of androgen production (13). The great majority of male
androgens are produced by the testes. The remaining 5–10% are produced by the adrenal
glands. Corticotrophin-releasing hormone from the hypothalamus signals the release of
adrenocorticotrophic hormone from the pit gland. This in turn stimulates the release of
adrenal androgens: androstenedione, dehydroepiandrosterone (DHEA) and DHEA sul-
fate. DHEA is then sequentially converted into T and DHT.

This adrenal source of androgen production is not suppressed by either orchiectomy
or treatment with a GnRH agonist. In the past, adrenalectomy was used to treat patients
with progressive disease, and produced occasional responses (24). Treatment with AG,
which inhibits 20–24 desmolase, and therefore decreases adrenal androgen production,
replaced the surgical approach. Besides suppressing adrenal androgen production, AG also
decreases the synthesis of glucocorticoids and mineralocorticoids. Therefore, patients
receiving therapy were also treated with hydrocortisone, to prevent clinical adrenal
insufficiency. This concurrent use of hydrocortisone, which has demonstrated activity
against hormone-refractory PC as a single agent, limits interpretation of the activity of
AG (65). Early trials of the combination of AG and hydrocortisone, performed before the
emergence of PSA monitoring of PC, demonstrated mild subjective therapeutic activity,
with occasional objective responses (66–68).

Recently, studies have examined treatment of patients with hormone-refractory PC
with AG, in relation to antiandrogen withdrawal. A trail of 29 patients, who progressed
after initial combined hormonal therapy and treatment with suramin, were treated with
simultaneous FLU withdrawal and initiation of AG, and demonstrated PSA declines of
greater than 80% in 48% of patients (69). This response rate is greater than would be
expected with antiandrogen withdrawal alone. Other investigators examined the role of
FLU withdrawal in patients who were already receiving therapy, some with AG and hydro-
cortisone, and found significant PSA declines in greater than 70% of patients (70). It

Table 4
Summary of Trials

Addressing Antiandrogen Withdrawal

No. of Duration
Study patients Response (mo)

Scher (59) 36 10/35 (29%) 5+
Figg (60) 21 7/21 (33%) 3.7+
Small (61) 82 12/82 (15%) 3.5
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appears that some patients with hormone refractory PC will benefit from suppression of
adrenal androgens. However, the exact relationship between treatment with AG and anti-
androgen withdrawal needs further investigation.

Ketoconazole is an antifungal agent and imidazole that interferes with gonadal and
adrenal androgen production, as well as the synthesis of cholesterol (13). These effects
are dose-dependent and reversible. Also, ketoconazole has demonstrated suppression of
the growth of human PC cell lines in an in vitro clonogenic tumor assay (71). This raises
the possibility of a cytotoxic antitumor effect independent of hormonal suppression. In
a trial conducted before both the routine use of PSA and antiandrogens, 14% of 36
patients with soft tissue disease experienced a partial response when treated with 1200
mg/d ketoconazole (72). A trial of ketoconazole in 50 patients with progressive disease
following antiandrogen withdrawal established a PSA response rate of 63% (73). There
was no difference in response rates between patients who exhibited a response to anti-
androgen withdrawal (40%) and those who did not (65%). Although certain responses were
more durable, the median response duration was 3.5 mo. A second trial examined simulta-
neous antiandrogen withdrawal and initiation of ketoconazole (74). A PSA response rate
of 55% was seen in 20 patients. However, the median duration of response was 8.5 mo.
Further investigation into the optimal timing of antiandrogen withdrawal and treatment
with ketoconazole is required.

HIGH-DOSE BICALUTAMIDE

Bicalutamide is a nonsteroidal antiandrogen used in combination therapy with medi-
cal castration for the treatment of advanced PC. The drug has been extensively investi-
gated in a variety of clinical settings for the treatment of PC (75). Bicalutamide differs
from FLU, the first antiandrogen with wide clinical experience, in a number of ways.
Bicalutamide’s affinity for the AR is 4 greater than the active metabolite of FLU (76).
Also, a longer half-life allows once-daily dosing, and the drug is better-tolerated clini-
cally with less-adverse events, leading to discontinuation of therapy. In the hormone-
sensitive PC cell line, LNCaP, bicalutamide functions as an antagonist and FLU functions
as an agonist (77,78). These differences raise the possibility that crossresistance to anti-
androgens may not be present in all patients with hormone-refractory PC.

Two trials have examined this question of crossresistance. Patients who had docu-
mented disease progression while on FLU were treated with bicalutamide. Investigators
at Memorial Sloan-Kettering treated 51 patients with hormone refractory PC with high-
dose single-agent bicalutamide (200 mg/d) (79). These androgen-independent patients
were divided into three categories: patients who had progressed after orchiectomy or
monotherapy with a GnRH agonist, patients who had progressed after combined andro-
gen blockade with FLU, and patients who had progressed after two or more hormonal
therapies. Overall, 12 patients experienced a 50% or greater decline in PSA from pre-
treatment values (this degree of PSA decline has been associated with increased survival
in patients treated with cytotoxic chemotherapy [80]). However, none of the 16 patients
with soft tissue disease demonstrated a response in this parameter. None of the 12 patients
who had received two or more prior hormonal therapies had a PSA decline. Fifteen
percent (2/13) of patients who had failed orchiectomy or GnRH monotherapy, and 38%
(10/26) of patients with prior exposure to FLU, had a PSA response. There was no dif-
ference in response rates in the FLU treatment group between patients who demonstrated
a FLU withdrawal response and those who did not.
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A second trial of high-dose bicalutamide found a difference in response rates between
patients with prior FLU exposure and those without (81). In this trial, 31 patients with
hormone-refractory PC, who had failed orchiectomy or androgen blockade, received
high-dose bicalutamide (150 mg/d). Seven patients (23%) demonstrated a PSA decline
of greater than 50% from pretreatment values; six of these patients had been treated pre-
viously with FLU. Examining the data from the perspective of prior FLU therapy demon-
strates this to be a significant variable in predicting response. Six/14 (43%) of patients
with prior exposure to FLU experienced a response to high-dose bicalutamide. However,
only 1/17 (6%) of patients with no prior FLU treatment demonstrated a response to high-
dose bicalutamide.

LOW-DOSE DES
DES has played a historic role as an initial treatment for advanced PC. However,

the use of GnRH agonists has eclipsed DES as the primary endocrine treatment for PC.
The tumor-inhibiting effects of DES have been attributed to the suppression of androgens
via an estrogen-mediated mechanism. However, some patients with metastatic disease
demonstrate disease regression without maximal suppression of plasma T (52). Recent
laboratory evidence demonstrates that DES has direct cytotoxic effects against PC cells,
independent of its estrogen effect (82). This effect was seen in both androgen-sensitive
(LNCaP) and androgen-independent cell lines (DU145 and PC-3). Cells were incubated
with DES at a concentration that is cytotoxic to one-half of the cells. Flow cytometry of
the remaining androgen-insensitive cells demonstrated increased hypodiploid cell num-
ber, a decrease in G1- and S-phase fractions, and an accumulation of cells at the G2/M-
phase. The microtubule apparatus of PC-3 cells appeared to remain intact when examined
by immunohistochemistry. Androgen-sensitive cells revealed a reverse pattern; a lower
percentage of hypodiploid cells and no accumulation of cells at the G2/M-phase of the
cell cycle. These effects were affected by the presence of the estrogen receptor. Estrogen-
receptor-positive and -negative cells responded similarly. These results demonstrate that
DES has cytotoxic effects in PC that are independent of the estrogen receptor, and involve
cell cycle arrest and apoptosis, but are independent of microtubule disruption.

DES has been investigated as a second-line hormonal therapy for patients with PC
who have failed initial androgen blockade (83). Twenty-one asymptomatic patients with
rising PSA were enrolled in a phase II study of DES at a dose of 1 mg/d. The treatment
was tolerated well, with the main side effect being nipple tenderness. Only one patient
experienced a thrombotic event (a deep venous thrombosis) while on study. Nine patients
(43%) experienced PSA decline of greater than 50% from pretreatment values. None of
the patients had soft tissue lesions that could be assessed for response. Similar to the trend
seen in metastatic breast cancer patients treated with hormonal therapy, the fewer the
number of prior hormonal therapies, the more likely the patient was to respond to DES.
Eight/13 patients (62%) who had failed only one prior hormonal manipulation demon-
strated a PSA response; only 1/8 (13%) who had received two or more prior manipula-
tions responded.

HORMONAL THERAPY OF EARLY DISEASE

Adjuvant GnRH Therapy with RT for Locally Advanced Disease
Patients with cancer that has spread outside of the prostate gland, but has not spread to a

distant site, are no longer candidates for surgical resection. These patients with locally
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advanced disease may be treated with external beam RT, which has about a 25% OS, at
15 yr rate (84). The subgroup of patients with local control, who do not demonstrate a
local relapse, have substantially longer survival than those with local recurrence (85).
Hormonal therapy has been investigated as a means of improving the local control rate,
and perhaps increasing survival in this group of patients.

A trial of 277 patients with locally advanced disease randomized patients to one
of three treatment arms: orchiectomy alone, radiotherapy alone, or the combination of
orchiectomy and RT (86). This study found no differences between the three arms in
terms of local recurrence. A Radiation Therapy Oncology Group (RTOG) study random-
izing 471 patients to either combined androgen blockade with goserelin and FLU, begin-
ning 2 mo prior to radiation and ending with RT, or observation, found an improvement
in disease progression rates at 5 yr for the hormonally treated patients (71 vs 46%;
P < 0.001) (87). This study failed to detect a survival advantage for this particular hor-
monal regimen.

Another RTOG study evaluated adjuvant goserelin treatment added to standard RT
(88). This trial randomized 977 patients to RT followed by either immediate goserelin
treatment (continued until disease progression) or observation with initiation of goserelin
at the time of disease progression. Patients treated with adjuvant hormonal therapy at
5 yr had better local control (84 vs 71%; P < 0.0001), freedom from distant metastasis
(83 vs 70%; P < 0.001), and disease-free survival (60 vs 44%; P < 0.0001). However, this
improved disease control did not translate into improved survival; the survival rates at
5 yr for the adjuvant and observation groups were 75 and 71%, respectively. Subgroup
analysis did demonstrate increased survival for those patients with a higher-grade tumor
(Gleason 8–10).

A third trial randomized 415 patients with locally advanced disease to either RT alone
or RT with immediate treatment with goserelin for 3 yr (89). This trial confirmed the
improved disease progression rate for patients treated with hormonal therapy in the RTOG
study (85 vs 48%; P < 0.001). Most noteworthy, however, was an increase in OS seen at
5 yr for the patients who received goserelin (79 vs 62%; P = 0.001).

Based on the results of these randomized trials, the use of an adjuvant GnRH analog
is becoming the standard of care for patients with locally advanced PC.

Neoadjuvant Hormonal Therapy Prior to Prostatectomy
With the growing awareness of the importance of PC screening, the number of patients

being diagnosed with early PC is increasing. A large number of these cases are potentially
curable with surgery. Involvement of the surgical margin at the time of resection is a risk
factor for local recurrence, metastatic disease, and death from PC (90). For example,
5-yr progression rates are about 50% for margin-positive disease and 20% for margin-
negative disease (90). Hormonal therapy (generally with GnRH agonist monotherapy)
prior to surgery (i.e., neoadjuvant) has been considered as a means of decreasing both
tumor size and the incidence of involvement of the margins.

Several nonrandomized phase II trials have shown a decrease in prostate volume, PSA
values, and the rate of positive margins in patients treated with neoadjuvant hormonal
therapy. To follow-up these promising results, several randomized phase III trials of
neoadjuvant hormonal therapy have been performed (91–93). These trials have consis-
tently demonstrated a decreased rate of positive-margin disease. However, involvement
of both the seminal vesicles and regional lymph nodes have not been decreased with
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neoadjuvant therapy. Most importantly, longer follow-up from these and other trials has
failed to demonstrate a difference in disease progression rates (94). Also, neoadjuvant
therapy can induce a fibrous reaction and increase the complexity of the surgery.

Neoadjuvant therapy, although able to decrease the rate of surgical margin involve-
ment, has not demonstrated any benefit in terms of slowing disease progression.

CONCLUSION

The role for hormonal manipulation of PC is expanding. Treatment plans for localized
disease, which rely on some form of hormonal suppression, are emerging as options for
patients previously not considered candidates for hormonal therapy. Also, new strategies
in the hormonal treatment of advanced PC are being explored. These approaches may
increase the hormonally responsive time and minimize the toxicity of treatment for
patients with advanced PC.
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INTRODUCTION

Epithelial ovarian carcinoma occurs as a consequence of multiple genetic mutations
of the ovarian surface epithelial cell (EC). The vast majority of these cases (>90%) are
sporadic rather than familial. Although the pathogenesis of epithelial ovarian cancer
(OC) has not been fully defined, a growing body of evidence indicates that endocrino-
logic factors exert significant influences on both the development and the progression of
this disease.

OVARIAN SURFACE EC

The ovarian surface epithelium (OSE) is a single, focally stratified layer of modified
peritoneal cells that is separated from the underlying ovarian stroma by a distinct base-
ment membrane (1). The ovarian surface EC layer is contiguous with the mesothelial cell
layer of the peritoneal cavity, but these cell populations can be differentiated on the basis
of biochemical and functional differences (2,3).

Histochemical studies have revealed the presence of glycogen and mucopolysaccha-
rides within the cells that cover the surface of the ovary (1,4). These cells weakly express
E-cadherin and CA-125 (5-7). In addition, cellular membrane receptors are present for
estrogen and gonadotropins (Gns) (8,9). Ovarian surface ECs also exhibit 17- -hydroxy-
steroid dehydrogenase activity (4).
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Unlike the peritoneal mesothelium, the EC layer of the ovary (e.g., the ovarian meso-
thelium) exhibits a much higher incidence of malignant transformation. Extraovarian
primary papillary peritoneal carcinoma accounts for only about 10% of cases presumed
to be of ovarian origin, based upon intraoperative findings (10). Although primary OC
and extraovarian papillary peritoneal cancer can be differentiated pathologically, there
are few, if any, differences in the epidemiology of these diseases (11). The proximity of
the ovarian mesothelium to the underlying stroma provides a unique microenvironment
for intercellular interactions (12). By virtue of this anatomic relationship, the OSE is
subject to the effects of steroid hormones and growth factors produced by the stroma and
germ cell compartment of the ovary (Fig. 1).

OVULATION

Epidemiologic studies have identified ovulation as a particularly important risk factor
for the development of epithelial OC. Factors associated with uninterrupted ovulation
(nulliparity) and a greater number of lifetime ovulatory cycles (early age at menarche and
late age at menopause) are associated with an increased risk of OC. Conversely, factors
that decrease the lifetime number of ovulatory events are associated with a decreased life-

Fig. 1. The ovarian surface epithelium (OSE) lines the surface of the ovary. The underlying ovarian
stroma and germ cell compartment, consisting of developing follicles and the corpus luteum, pro-
vide the OSE with exposure to a steroid hormones and GFs.
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time risk of developing this disease. Oral contraceptive use and a reduced risk of OC is
an established observation that is independent of study design and cohort selection (13,14).

Several hypotheses have been advanced to explain the association between ovulation
and OC risk. Ovulation may lead to the formation of inclusion cysts, which are located
within the stroma of the ovary. These cysts result from invaginations of the ovarian
surface and are lined by ovarian surface ECs (15). Inclusion cysts are potential histologic
precursor lesions of epithelial OC (16,17). The location of inclusion cysts within the
ovarian stroma places ovarian surface ECs in a unique microenvironment, in which they
are subject to the influence of growth factors (GF) and hormones.

A second hypothesis to explain the association between ovulation and OC risk focuses
on the disruption of the OSE as a consequence of ovulation (Fig. 2). Repair of the epi-
thelial defect requires proliferation of surrounding OSE cells, mimicking the process of
wound repair (18). Proliferation of OSE cells provides an opportunity for genetic damage
on the basis of chance alone. Because the fidelity of DNA replication is not 100%, there
is a small chance that a random error may occur during the duplication of one or more
critical genes, which may result in cellular transformation (19). The ovarian mesothelial
cell is unique, because it behaves as a stem cell, yielding two daughter cells that both
exhibit an equal potential for future proliferation, as opposed to terminal differentiation
(20). Theoretically, this increases the probability that a mutation is propogated in sub-
sequent generations of cells. The importance of proliferation to OSE cell transformation
has been elegantly demonstrated by a series of experiments in which prolonged exposure
of normal rat OSE cells to mitogens in vitro resulted in malignant transformation (21).
When ovulation is inhibited, as with oral contraceptives, pregnancy, or breast-feeding,
OSE cell proliferation is significantly reduced, and the likelihood of proliferation-related
DNA damage is concomitantly diminished.

Fig. 2. During ovulation, extrusion of the ovum through the overlying OSE results in a surface
epithelial defect. Repair of this defect or wound requires cellular proliferation, and introduces an
opportunity for random genetic mutations to occur.
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A third hypothesis to explain the protective effect of oral contraceptives is based on a
progesterone-mediated effect. Oral contraceptive use has been associated with an increased
rate of apoptosis of OSE cells, from a baseline of 5 to 25% (22). Apoptosis is a mechanism
to prevent the accumulation of single-cell genetic damage that contributes to transforma-
tion. Theoretically, an increase in apoptosis would be associated with a decreased risk
of accumulating critical mutations that would lead to malignant transformation.

A relationship between ovulation and OC risk is generally accepted. However, this
correlation is nonlinear, which suggests that factors distinct from ovulation influence
neoplastic transformation of the OSE.

STEROID HORMONES

The ovary is the site of synthesis and a target organ for several steroid hormones,
including estrogen, androgen, and progesterone. Estrogens induce proliferation of ovar-
ian surface ECs. Estrogens also exert a direct effect on the ovarian stroma, and influence
the synthesis of GFs as discussed below. However, the influence of estrogen therapy on
lifetime OC risk is unclear. In one large prospective study of 240,073 peri- and postmeno-
pausal women, with a 7-yr period of follow-up, every use of estrogen was associated with
a rate ratio for fatal OC of 1.15 (CI 0.94–1.42). The risk increased with the duration of
estrogen replacement therapy (ERT) (23). However, other studies have failed to demon-
strate an increased relative risk of OC with ERT. In one study, ERT was correlated with
a reduction in lifetime risk. Differences in study design and cohort selection preclude
meaningful comparisons of published data, and a significant relationship between ERT
and risk of epithelial OC remains unproven.

The effect, if any, of ERT on disease progression and risk of recurrent ovarian carci-
noma has also not been determined. Normal OSE cells are estrogen-receptor (ER)-posi-
tive. Epithelial OCs express the ER in 70% of cases and the progesterone receptor in 40%
of cases (24). In addition, a proportion of carcinomas exhibit aromatase activity, and can
convert stromal androgen to estrogen (25). In vitro, 17 -estradiol stimulates the prolif-
eration of some, but not all, ER-positive cell lines (26,27).

Because an estrogen effect cannot be predicated solely by the detection of the ER, it
would be inappropriate to conclude that ERT is contraindicated for all patients with ER-
positive neoplasms. ERT is often prescribed to women with advanced-stage epithelial
OC, in the absence of recognized contraindications, such as venous thrombosis or a his-
tory of breast cancer. There are no published data based on prospective clinical trials to
suggest that estrogen therapy adversely influences the biology of the disease or its clini-
cal course. Theoretically, estrogen therapy may be beneficial by reducing serum Gn levels,
which, in turn, may reduce tumor angiogenesis (28). Estrogen also decreases invasive
potential and cell motility in vitro (29).

Antiestrogens, such as tamoxifen (TAM), inhibit the growth of normal OSE cells (30).
TAM can also inhibit the growth in vitro of ER-positive OC cells (31). The antiprolifera-
tive effect of TAM is not restricted to cells that express the ER. Neoplastic OSE cells
exhibit TAM-binding sites that are distinct from the ER, and occur in greater numbers
than those found on normal OSE cells (32). These in vitro observations have been tested
in clinical trials. Disease stabilization or regression has been reported in approx 17–18%
of women with advanced-stage disease treated with TAM as salvage therapy (33,34). In
vitro, TAM, in conjunction with cisplatin, exerts a synergistic antiproliferative effect on
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primary OC cells (35). However, in one clinical study designed to address the efficacy
of combined chemohormonal therapy, a beneficial effect was not apparent (36).

Androgens may also play a role in the pathobiology of OC. The ovarian stroma is one
site of androgen production, with androstenedione as the primary product (37). Andro-
gen synthesis is most apparent in women in postmenopause, which is also the time period
when epithelial OC is typically diagnosed. Premenopausal women with polycystic ovar-
ian disease, characterized by a relative androgen excess, may also be at increased risk of
epithelial OC, based on the results of one preliminary study (38). Although these obser-
vations support the hypothesis that androgens influence the biology of epithelial OC, a
relationship between serum androgen levels and epithelial OC is controversial. One study
has reported elevated levels of androstenedione and dehydroepiandrosterone sulfate (39);
other studies reported the opposite finding in women with OC (40,41).

Laboratory evidence supporting a role for androgens in the etiology of OC is found in
a study by Silva et al. (42). The administration of testosterone to guinea pigs resulted in
the growth of papillary excrescences of the OSE, ovarian cysts within the stroma, adeno-
mas, and papillomas. Androgens also stimulate the growth of normal OSE cells in vitro (30).

In contradistinction to a positive role for androgens in OC development, Thompson
and Adelson (25) have hypothesized that the relatively high local concentration of andro-
gen in the stromal compartment of the postmenopausal ovary may actually suppress its
development. Using stable cell lines established from newly diagnosed cases of OC, an
inhibitory effect of both testosterone and androstenedione on cell proliferation was
demonstrated. This antiproliferative effect was steroid-receptor-independent.

Although limited data suggest that androgens may play a role in the pathogenesis
of epithelial OC, there is no information to suggest that it plays a therapeutic role. The
majority of epithelial ovarian carcinomas express the androgen receptor (24,43). How-
ever, clinical trials of androgen therapy and antiandrogen therapy have failed to demon-
strate a beneficial effect (44,45).

GONADOTROPINS

Because epithelial OC is predominantly a disease of postmenopausal women, it has
been suggested that elevated Gn levels may play a role in its pathogenesis (46). Following
menopause, serum levels of both follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) are markedly increased. A stimulatory effect of Gns upon the OSE is sug-
gested by the more common occurrence of benign papillary excrescences of the OSE in
postmenopausal, compared to premenopausal, women (47).

Most of the tumor induction data based on animal models describes an association
between chronically elevated Gn levels and granulosa cell tumors. A notable exception
is the work of Blaaker et al. (48). The Wx/Wv strain of mice exhibits a premature and
rapid rise of serum Gn levels in response to spontaneous oocyte depletion at birth. As
these animals age, they also exhibit an abnormally high incidence of bilateral complex
tubular adenomas. Of particular interest, these OSE-derived lesions do not develop when
Wx/Wv mice are treated with gonadotropin-releasing hormone (GnRH) agonist therapy
to suppress Gn levels. When ovarian carcinoma cells are heterotransplanted into female
nude athymic mice, castrate animals exhibit more rapid tumor growth and GnRH-ago-
nist-treated mice exhibit less rapid tumor growth than control tumors in endocrinolog-
ically intact animals.



318 Baker

The mechanism of action of Gns in ovarian carcinogenesis has not been defined. Gn
receptors for both FSH and LH are present on normal and malignant OSE cells (9,49).
When FSH binds to its receptor on a normal OSE cell, proliferation is stimulated (50).
FSH also causes an increase in cell proliferation of some, but not all, ovarian carcinoma
cell lines (28,51,52). Schiffernbauer et al. (28) have demonstrated that Gn stimulation of
ovarian carcinoma spheroids implanted in nude mice is accompanied by neovasculari-
zation and elevated serum levels of vascular endothelial growth factor (VEGF). As dis-
cussed in the section below, VEGF is an important GF in OC.

Although GnRH agonist therapy should be of therapeutic benefit, based on the preced-
ing data, this treatment strategy has not been particularly successful when tested in the
clinical arena. Prospective, randomized clinical studies have failed to confirm the encour-
aging observations initially reported in small series and anecdotal case reports of patients
with advanced stage OC who exhibited disease regression following GnRH agonist
therapy (53,54).

The relationship between Gns and epithelial OC is complex, and appears to involve
multiple pathways. It is a puzzling paradox that elevated Gn levels are associated with
OC, yet serum FSH levels (but not LH) are actually lower in postmenopausal women with
OC, as compared to matched, postmenopausal controls (39,41,55,56). These data sug-
gest the presence of a tumor-specific inhibitor of FSH release, which results in lower
serum FSH values in women with OC. Inhibin, an ovarian peptide belonging to the trans-
forming growth factor (TGF- ) superfamily, is a potential candidate for this role.
Inhibin levels are elevated in some, but not all, women with advanced-stage OC (41,57).
Among epithelial ovarian carcinoma, mucinous cystadenocarcinoma is more likely to be
associated with an increased inhibin value than the other histologic subtypes (58).

OVARIAN STROMAL GFs

A contemporary discussion of the endocrinology of gynecologic cancer must extend
beyond the boundaries of classical steroid biology, following the identification and char-
acterization of peptide GFs. Through paracrine and autocrine mechanisms, GFs appear
to exert an influence on the pathobiology of epithelial OC.

The ovarian stroma, which is located beneath the epithelial layer of ovarian mesothe-
lial cells, and is separated from it by a basement membrane, is composed of spindle-
shaped fibroblastic cells. The fibroblastic cells of the stroma differentiate into a variety
of cell types, including follicular theca interna cells, enzymatically active stromal cells,
smooth muscle cells, decidual cells, endometrial stromal-type cells, fat cells, and stromal
Leydig cells (59). After menopause, the volume and cellularity of the ovarian stroma
decrease, although the stroma remains metabolically active.

Normal ovarian function, particularly ovulation, requires the participation of numer-
ous interrelated GFs produced by the ovarian stroma via paracrine and autocrine path-
ways (60). Alterations in the normal expression of GF receptors or growth-regulatory
molecules may increase OSE cell proliferation or reduce the number of OSE cells that
undergo programmed cell death. Abnormal expression of growth-regulatory molecules
and mutations of GF receptors undoubtedly contribute to the progression of OC.

The epidermal growth factor receptor (EGFR) family of tyrosine kinase GF receptors
plays a role in the growth regulation of normal OSE cells and epithelial ovarian carci-
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noma cells. OSE cells are weakly positive for the EGFR (61). Neoplastic ovarian carci-
noma cells overexpress the EGFR in approx 30% of cases.

The EGFR binds both EGF and TGF- . These polypeptides exhibit 35% amino acid
homology and similar structural conformations (62). Both EGF and TGF- are produced
by the ovarian stroma in response to elevated Gn levels, particularly FSH (63,64). Estra-
diol also increases TGF- levels (65). TGF- is localized to the OSE and in the ECs that
line inclusion cysts (66). Both EGF and TGF- stimulate OSE cells to proliferate (67,68).
Overexpression of either protein under the control of viral promoters in murine fibro-
blasts results in tumor formation in nude mice (69,70).

The proliferation of transformed OSE cells can be inhibited with TGF- antibodies
(71,72). Growth inhibition of OSE cells also occurs in response to TGF- , which is
expressed by normal and malignant ovarian ECs (73-75). Following malignant transfor-
mation, OC cells often lose the ability to respond to TGF- (73,76). It has been suggested
that alterations of the TGF- pathway that result in the loss of normal inhibition of OSE
cell proliferation may indirectly increase the likelihood of malignant transformation.
The TGF pathways may also influence cancer progression following transformation.
OC cells can acquire the ability to produce TGF- (77) and stimulate their own growth
through an autocrine pathway. Stromberg et al. (71) have provided evidence based on in
vitro studies of 17 cell lines, in which an autocrine mechanism of TGF- autocrine stim-
ulation of the EGFR was demonstrated.

Insulin-like growth factor I (IGF-I) and IGF-II exert mitogenic effects on normal and
transformed cells. These polypeptide hormones share 60% amino acid homology and
47% homology with insulin. IGF-I and its receptor (IGF-IR) are important regulators of
OSE cell mitogenesis (78). Transfection of normal OSE with IGF-IR induces transforma-
tion in vitro. In vitro, IGF-I and IGF-II alone exert little effect on the proliferative activity
of established ovarian carcinoma cell lines (67). However, when combined with EGF,
a synergistic effect was observed, with either IGF-I or IGF-II, on proliferative activity.

Both the fluid of an ovarian follicle and corpora lutea extracts contain substances that
exert a mitogenic effect on ovarian mesothelial cells. Corpora lutea extracts trigger
proliferation of both ovarian surface ECs and peritoneal mesothelial cells (79). The fol-
licular fluid contains a steroidogenesis-inducing protein that is a potent mitogen for epi-
thelial ovarian carcinoma cell lines (80). This effect is potentiated by EGF, TGF- , and
IGF-I. Additional supporting work, using the rabbit model, has also been published (68).
Follicular fluid contains a number of GFs and hormonal substances, including IGF-I,
IGF-II, EGF, TGF- , relaxin, GnRH, proopiomelanocortin, prorenin, antidiuretic hor-
mone, and atrial natriuretic peptide (60). One or more of these substances undoubtedly
induce a proliferative response in OSE cells.

The ovarian stroma also provides a microenviroment of elevated estrogen levels.
Although it has not been investigated in epithelial ovarian carcinoma, studies in breast
cancer demonstrate that elevations of local estrogen levels are sufficient to support local
growth of MCF-7 cells in nude mice (81). Because of the potential estrogen responsive-
ness of normal and transformed OSE cells, one may speculate that a similar phenomenon
may occur in OC.

VEGF appears to play a role in tumor development by promoting neovascularization.
VEGF also increases vascular permeability. It is normally produced by the ovary during ovu-
lation (82), and its levels are markedly elevated in ascites fluid from patients with OC (83).
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GENETIC MUTATIONS

Many genetic mutations have been described in sporadic epithelial OC (84). Most pub-
lished studies of genetic mutations in epithelial OC are based on analyses of advanced-
stage cancer, and it is difficult to determine whether the mutations reflect causation or
the inherent genomic instability of advanced-stage disease. The early genetic alterations
associated with epithelial OC have been difficult to define. The study of stage I disease
is limited by delay in diagnosis, with resulting advanced-stage disease, reflecting the
absence of specific warning signs and screening tests.

The BRCA1 and BRCA2 genes have been the focus of considerable attention as impor-
tant genes in the development of familial OC, which accounts for 5–10% of all cases of
epithelial OC. Mutations of BRCA1 increase the relative risk of OC approx 30-fold, and
mutations of BRCA2 increase the risk by a factor of 10.

The c-fms oncogene encodes the colony-stimulating factor receptor, and is abnor-
mally expressed in approx 10% of advanced-stage OCs. It has been postulated that the
c-fms gene product participates in an autocrine stimulatory pathway for transformed
cells. However, there are no data to suggest that alterations of this gene play a role in the
early events of ovarian EC transformation.

Loss or inactivation of p53 is an important event in neoplastic transformation. In a
large number of unrelated in vitro and in vivo models, mutation of the p53 gene is a cen-
tral event in carcinogenesis. Inactivation of p53 contributes to malignant transformation
by inhibiting apoptosis and permitting the accumulation of single-cell genetic damage (85).
Mutations of p53 can be detected in at least 50% of patients with advanced-stage OC (86).
Abnormalities in p53 can occur in ovarian inclusion cysts adjacent to invasive cancer, but
are rare in benign tumors or borderline malignancies. Of particular note, there is a posi-
tive relationship between the number of lifetime ovulatory cycles and p53 mutations in
epithelial OC (87). The frequency of transitions, transversions, and deletions in sporadic
cancer is consistent with spontaneous mutation arising from DNA deamination during
replication, rather than from the activity of environmental carcinogens. The finding of
spontaneous mutations of p53, rather than those induced by exogenous compounds, is
consistent with the absence of epidemiologic data suggesting that environmental carcin-
ogens play a role in the etiology of epithelial OC.

The EGFR is designated as the c-erbB oncogene product when its N-terminal extra-
cellular sequences are deleted. The protein product of this mutated gene no longer binds
EGF or TNF- but is constitutively activated, providing a continuous intracellular signal
for cellular proliferation. The Her-2/neu oncogene is amplified or overexpressed in 20–
30% of epithelial OCs. It is an indicator of poor prognosis, and has been associated with
resistance to platinum-based chemotherapy. There are no published data to suggest that
alterations of this gene occur as an early event in the development of OC. Normal peri-
toneum of women with OC overexpresses HER-2/neu, but not EGFR (88). The ErbB-2
protein is weakly expressed by OSE cells, and is strongly expressed by ovarian carci-
noma cells (61).

SUMMARY

The development of epithelial OC is facilitated by a variety of factors acting through
interrelated and complex endocrine, paracrine, and autocrine pathways. Not only steroid
hormones, but GFs synthesized by the ovarian stroma, stimulate proliferation of OSE
cells. Following the occurrence of critical genetic mutations that result in transformation,
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these substances may further stimulate cellular proliferation and confer a growth advan-
tage that favors the emergence of neoplastic clones and disease progression (Fig. 3).
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INTRODUCTION

The molecular pathogenesis of a neoplasm is a multistep process in which a normal
human cell undergoes a series of progressive changes, eventually resulting in a cancerous
cell (1). Genetic mutations are important etiologic factors in the development of cancer.
More specifically, cancer is a consequence of the abnormal expression or function of spe-
cific cellular genes, oncogenes, and tumor-suppressor genes. These alterations are thought
to occur by one of two routes: Mutations can occur somatically or through inheritance
via the germline. These two routes correspond to the sporadic and hereditary classifica-
tions of cancers. The increased incidence of most human tumors in the older population
suggests that several events must take place for this transformation to occur. A genetic
model for tumorigenesis has been proposed that illustrates the multistep process in the
development of colorectal cancer (2). It is likely that this model can be applied to the
study of other human neoplasms in which tumor development is less well defined, such
as endometrial carcinoma. This application would in turn benefit researchers in defining
the role of tamoxifen (TAM) in the development of endometrial cancer.
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EPIDEMIOLOGY

Carcinoma of the endometrium is the most common gynecologic cancer in the United
States. It is the fourth most common malignancy in females, ranking behind breast (BC),
colon, and lung cancers. According to the American Cancer Society, there were an esti-
mated 36,100 cases in United States in 1998, with 6300 deaths (3). The relatively low
death rate is, in large part, because of the early stage at which the majority of cases are
diagnosed. In 75% of the cases, the tumor is confined to the uterine corpus (stage I) at
the time of diagnosis, and uncorrected survival rates of 75% or more are expected (4).
In contrast, 63% of ovarian cancer cases are diagnosed in stages III or IV, with survival
rates of just 22.9 and 14.3%, respectively (5).

RISK FACTORS

In general, risk factors for the development of endometrial cancer have revolved around
the theory of continuous stimulation of the endometrium by unopposed estrogen. Because
of the associated peripheral conversion of androgens to estrogens, obesity ranks as the
most significant risk factor (4). Other high-estrogen states that have been associated with
the development of endometrial cancer include early menarche, late menopause, nulli-
parity, and polycystic ovary syndrome. Hypertension and diabetes mellitus, two diseases
often seen in conjunction with obesity, are considered risk factors (4).

TYPES OF ENDOMETRIAL CANCER

Clinical and pathologic studies have suggested that two distinct forms of endometrial
carcinoma exist (6). Type I tumors comprise the classic estrogen-related carcinomas,
usually of the endometroid subtype. They are frequently well-differentiated and associ-
ated with endometrial hyperplasias. Type I tumors are usually seen in the pre- and peri-
menopausal population, and carry a better prognosis. Type II tumors are more aggressive,
and are usually seen in postmenopausal females. Serous, clear-cell, and poorly differenti-
ated subtypes comprise this population, which does not seem to carry the strong correla-
tion with unopposed estrogen, as with the Type I variety. It has been suggested that there
is a molecular genetic basis for the existence of these two types of endometrial carcino-
mas, and recognition of such must be kept in mind as the search for their molecular and
cellular etiologies continues (7).

MOLECULAR BASIS OF ENDOMETRIAL CANCERS

Understanding of the molecular pathogenesis of endometrial carcinoma is still incom-
plete. It is evident that genetic alterations are responsible for the development of endome-
trial cancer, but its exact nature is still unclear. Early evidence for the role of genetic
alterations was first demonstrated by DNA ploidy analysis. Those studies (8) revealed
that 20% of endometrial cancers have increased DNA content (aneuploidy), compared
to normal cells. Aneuploid endometrial cancers tend to be of more advanced stage, have
adverse histologic features, and result in poorer survival, compared to the remaining 80%
of endometrial cancers (8). Gross chromosomal alterations of endometrial cancers have
also been described in the literature (9,10).

Supporting evidence for the genetic component of endometrial carcinogenesis comes
from several sources. Although familial cancers comprise only a fraction of the endome-
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trial cancers, these tumors are indicative of a genetic predisposition to their development.
Examples of inheritable forms of endometrial cancer include site-specific endometrial
cancer and those associated with the Lynch II syndrome. The site-specific form com-
prises approx 5% of endometrial cancers. This clustering of endometrial cancers occurs
in families with no other evidence for neoplasms at other sites. An additional 5% of endo-
metrial cancers are associated with Lynch II syndrome, and comprise the most common
form of extracolonic neoplasm associated with this syndrome (11).

Significant progress has been made in the molecular characterization of many human
neoplasms, but a specific understanding of endometrial cancer is lacking. This chapter
reviews the major findings thought to play a role in the molecular pathogenesis of endo-
metrial neoplasms, as well as TAM’s role in its development.

ONCOGENES

The oncogenes associated with endometrial cancer are subclassified, according to
their biochemical activity, into three groups: peptide growth factors and their receptors,
signal transducers, and nuclear transcription factors (12).

Epidermal Growth Factors
The normal human endometrium is continuously undergoing change during the female’s

reproductive years. This change has been characterized in terms of the polypeptide
cytokines and growth factors (GFs) regulating the endometrium (13). It has been postu-
lated that peptide GFs and their receptors may be activated to stimulate growth of the
endometrium (14). Epidermal growth factor (EGF) and its receptor (EGFR), which is
coded by the ErbB gene, have been shown to be present in the normal endometrium.
Estrogen treatment increases both the level of EGF and its receptor. However, their role
in the pathogenesis of endometrial cancers still remains unclear. In other human neo-
plasms, high EGFR expression has been correlated with an unfavorable prognosis, but
their prognostic value in endometrial cancers remains unknown. In contrast to the over-
expression of the EGFR observed in some squamous cell carcinomas, endometrial neo-
plasms do not demonstrate this phenotype. In fact, endometrial carcinomas seem to have
a decreased amount of receptor expression, compared to normal endometrium. Reynolds
(15) used a radioreceptor assay to demonstrate that higher-grade endometrial cancers had
progressively decreased amounts of EGFRs. From 34 total specimens (21 of which were
normal endometrium), six grade 1 and 2 tumors exhibited a 34% decrease in EGFR expres-
sion, in contrast to seven grade 3 cancers, which had a 90% decrease. Loss of EGFR in
endometrial cancers has also been demonstrated, using immunohistochemical staining.
Berchuck et al. (16) examined 40 endometrial cancers for the presence of EGFR, and
found only 67.5% to have EGFR expression, compared to 20 controls, of which 95%
exhibited EGFR expression. Scambia et al. (17) also attempted to characterize the role,
if any, of EGFR as a prognostic tool. They also used a radioreceptor assay, and reported
that 26/60 tumors expressed EGFR. These tumors were associated with an unfavorable
prognosis. Because of the contrasting data, the role of EGFR has yet to be determined.

Transforming Growth Factor 
Transforming growth factor  (TGF- ) is a GF related to EGF. It binds to the EGFR, and

seems to function as an autocrine growth stimulator in cultured endometrial carcinoma
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cells (7). TGF- mediates estrogen action in the normal mouse uterus (18), and has been
noted to be increased in normal proliferative phase endometrium, compared to secretory
endometrium (7). It is overexpressed in endometrial cancers; thus, the deregulation of
TGF- expression may be an important event in endometrial carcinogenesis (7).

HER-2/NEU

Like ERBB, HER-2/neu (ErbB-2), encodes for a receptor tyrosine kinase, and it too is
found in the normal endometrium (18). Amplification of this oncogene has been demon-
strated in other cancers, and correlates with a poor prognosis. Its product has been shown
to be overexpressed in 10–15 % of endometrial cancers. Hetzel et al. (19) studied 247
endometrial cancers for HER-2/neu expression. Their results revealed that expression of
this oncogene was more prevalent in advanced-stage cases, and this correlated with
poorer survival. Of the study population, 15% had high expression of HER-2/neu, 58%
had moderate expression, and 27% had no expression. This translated into 56, 83, and
95% 5-yr progression-free survival, respectively. Similar results regarding HER-2/neu
amplification were observed by Saffari et al. (20). By using fluorescent in situ hybrid-
ization (FISH), those authors showed that endometrial cancers with amplification of the
HER-2/neu gene correlated with shorter survival. Other studies (18,21) have also sup-
ported the association of HER-2/neu with poor clinical outcome.

FMS

The fms oncogene has also been studied in endometrial cancers. This gene encodes for
a receptor tyrosine kinase for macrophage colony-stimulating factor (M-CSF). fms and
M-CSF are co-expressed in endometrial cancers, and together may mediate an autocrine
growth-stimulatory pathway (22). In cell lines that express significant levels of fms, M-CSF
increases their invasiveness, compared to cell lines that lack this expression. M-CSF
levels seem to be elevated in patients with endometrial cancers. Expression of fms mRNA
has been shown to correlate with high FIGO grade, advanced clinical stage of disease, and
deep myometrial invasion, all of which are predictors of worse clinical outcome. M-CSF
levels have been found to be increased in patients with endometrial cancer (22,23).

Nuclear Transcription Factors
C-MYC

The c- myc oncogene encodes for a nuclear transcription factor that has been impli-
cated in the development of human cancers. It has been shown to be expressed in normal
endometrium, with a higher amount of expression in the proliferative phase, compared
to the secretory phase (24). The presence of c- myc has been demonstrated in endometrial
cancers, and is associated with poor tumor grade. Borst et al. (21) identified 10/15 endo-
metrial cancers with c-mycgene expression. The correlation of c-mycexpression with higher
tumor grade was also confirmed by others (25). The intensity of immunostaining has
been shown to increase from normal to hyperplastic to carcinomatous endometrium (26).

G Proteins
RAS

The ras oncogene belongs to a family of guanine nucleotide-binding proteins known
as G proteins, which function as physiologic switches that regulate the activity of target
enzymes in response to a variety of signals (27). G proteins have intrinsic GTPase activ-
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ity, and are able to catalyze the exchange of guanosine triphosphate for guanosine diphos-
phate. When activated, Ras proteins are able to activate cytoplasmic serine/threonine
kinases, which convey mitogenic stimuli to the nucleus (12). The activation of the Ras
protein is a common pathway that is activated after the binding of GFs to receptor
tyrosine kinases. Point mutations in the ras gene at codons 12, 13, or 61, which result in
activation, have been described in other cancers. As with c-myc, the Ras proteins are
present in normal endometrium, and their clinical significance in endometrial cancer is
under investigation.

The presence of ras mutations in endometrial cancers was first demonstrated in cell
lines from 11 endometrial carcinomas. Codons 12, 13, and 61 of the H-ras, K-ras, and
N-ras genes were screened for mutations. Sixty-four percent of cell lines exhibited
mutations, with codon 12 of the K-ras containing the highest number (4/11) (28–30). The
occurrence of these mutations in premalignant lesions suggests that they comprise an
early event in the multistep pathway of endometrial carcinoma. Sasaki et al. (31) found
codon 12 mutations of K-ras in 14/89 (16%) of endometrial hyperplasias and 15/84
(18%) of endometrial carcinomas. Mutations were noted in simple, complex, and atypical
hyperplasia, in addition to moderately and well-differentiated carcinomas. No mutations
were noted in 20 type II carcinomas (poorly differentiated, clear-cell, or papillary serous).
Duggan et al. (32) screened 60 endometrial cancer specimens, and identified nine (15%)
occurrences of K-ras mutations. Adjacent areas of hyperplasia were also screened in the
nine samples, but only those with hyperplastic areas, with nuclear atypia, contained the muta-
tion. Thus, the K-ras mutation was felt to be an early oncogenic event in the multistep
model of endometrial carcinogenesis.

Other Oncogenes
BCL-2

The investigation of the Bcl-2 protein in endometrial cancers is relatively limited. It
has been shown to prolong cell survival by preventing apoptosis (33). Although previous
studies of Bcl-2 focused on hematolymphoid malignancies, Bcl-2 protein has been
detected in normal endometrium, where it peaks at the end of the proliferative phase, and
disappears at the onset of the secretory phase (34). Henderson et al. (35) demonstrated
that Bcl -2 protein is downregulated in atypical hyperplasia and adenocarcinoma. Similar
findings were reported by Zheng et al. (36), who found that bcl-2 staining diminished
progressively from proliferative-phase endometrium to cancer. They hypothesized that
early inactivation of bcl-2 may provide an opportunity for accumulating genetic muta-
tions, and lead to the evolution of endometrial carcinoma. Endometrioid cancers had a
higher level of bcl -2 staining than papillary-serous carcinomas, suggesting that deregu-
lation of the bcl-2 gene may play a larger role in this tumor type.

TUMOR-SUPPRESSOR GENES

p53
p53 was the second tumor-suppressor gene to be characterized. However, loss of its

function is the single most frequent genetic alteration to be described in human cancers
(37). The presence of p53 mutations in endometrial cancers has been extensively studied
in the literature, and approx one-third of endometrial adenocarcinomas have abnormali-
ties of p53 by immunohistochemistry.
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Kohler et al. (38) reported overexpression of mutant p53 in 21% of 107 cases of
endometrial cancers. Abnormal p53 staining was frequent in more advanced-stage (III/
IV) cancers (41%), compared to early-stage (I/II) cancers (9%). p53 overexpression was
associated with lower survival rates, in addition to poor-prognosis factors, including
poor grade, nonendometrioid histology, and advanced stage. The authors subsequently
sequenced eight cancers from the sample pool, and identified point mutations in all of the
five cancers with p53 overexpression, compared to no mutations in the three cancers with
no p53 staining. Endometrial hyperplasias have also been screened for p53 mutations:
The rarity of p53 mutations in hyperlasias suggests that this is either a late event in the
progression of type I tumors or an occurrence in type II endometrial carcinomas (7,39).

PTEN/MMAC1
Recently, a potential tumor-suppressor gene, PTEN/MMAC1, was identified in endo-

metrial cancers. Early studies (40) have reported the incidence of the PTEN mutation to
be as high as 50%, which would make this the most commonly mutated gene in endo-
metrial cancer. It has been shown that loss of heterozygosity exists on chromosome 10.
However, it was only recently that the candidate-suppressor gene PTEN was mapped to
chromosome 10 (41). This discovery led to the search for PTEN mutations in endometrial
cancer. Tashiro et al. (40) examined 32 primary endometrial carcinomas for PTEN
mutations, and found 16 (50%) to contain this mutation. All were of the endometrioid
subtype, and all grades exhibited mutations in PTEN. However, none of six serous tumors
demonstrated PTEN mutations, leading the authors to conclude that PTEN mutations
play a significant role in the pathogenesis of endometrioid-type endometrial cancer.
Others have confirmed the frequency of PTEN mutations in endometrial cancers. Risinger
et al. (42) found PTEN mutations in 24/70 (34%) endometrial carcinomas. PTEN muta-
tions have also been identified in 27% of complex atypical hyperplasias (CAH) with
synchronous endometrial cancers and 22% of isolated cases of CAH, thus supporting the
role of PTEN in the pathogenesis of endometrioid adenocarcinoma (43).

DNA REPAIR GENES

Microsatellite instability is a term for a replication error phenotype that may be a
marker for cancer (44). DNA mismatch repair genes are responsible for the correction
of errors made during replication; thus, mutations in these genes can lead to errors in
repetitive nucleotide sequences, or microsatellite repeats. This phenomenon was first
observed in familial colorectal carcinomas of the hereditary nonpolyposis colorectal
cancer (HNPCC) syndrome (45,46). However, such an occurrence has also been reported
in nonfamilial colorectal tumors, suggesting that both sporadic and inheritable cancers
can exhibit microsatellite instability (46). The search for errors in DNA repair capacity
naturally carried over to endometrial cancers, which are the most common extracolonic
cancers in the HNPCC syndrome. Risinger et al. (47) found that 75% of endometrial can-
cers associated with HNPCC and 17% of sporadic endometrial cancers contained micro-
satellite instability. Duggan et al. (48) also examined the occurrence of microsatellite
instability in sporadic endometrial cancers. They reported 9/45 (20%) cases containing
replication errors at three microsatellite loci. Of these nine, five (56%) had mutant k-ras
alleles, compared to 5/36 (14%) cancers that did not exhibit microsatellite instability.
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ROLE OF TAM IN ENDOMETRIAL CARGINOGENESIS

TAM is a nonsteroidal antiestrogen that has been used since 1978 for the treatment of
patients with BC. It has demonstrated an improved recurrence-free and overall survival
in both premenopausal and postmenopausal women. In addition, TAM may play a role
in BC prevention in women at risk for the development of BC. Preliminary results from
the Breast Cancer Prevention Trial (49) demonstrated a 45% reduction in BC incidence
in women taking TAM, compared to placebo. Undoubtedly, an increase in the use of pro-
phylactic TAM will be experienced in the near future, placing a large number of patients
at risk for the associated side effects of the medication. One of the most significant com-
plications of long-term TAM use is the possible development of endometrial cancer.

Clinical Evidence for Carcinogenicity of TAM
Killackey et al. (50) initially reported the occurrence of endometrial cancer in three

BC patients receiving antiestrogens. Since that time, there have been multiple cases of
TAM-associated endometrial cancer reported in the literature. Although many authors
have attempted to examine the correlation between TAM use and endometrial cancer
development, the results are controversial. Data from three large Scandinavian trials
were pooled and analyzed. From the total patient population of 4914 individuals, the
TAM-treated group had relative risk of 4.1 for the development of endometrial cancer,
compared to controls (51). Examining the National Surgical Adjuvant Breast and Bowel
Project B14 trial data, Fisher (52) reported a relative risk of 7.5 in the TAM-treated group.
Because of the unusually low incidence of endometrial carcinomas in the control popu-
lation, this number was questioned by the authors. However, when SEER data were used
in place of the control population, a relative risk of 2.2 was obtained in the TAM group.
In support of the suspected increased risk for endometrial cancer, the preliminary results
from the Breast Cancer Prevention Trial revealed that 33 patients taking TAM developed
endometrial cancer, compared to 14 in the control population (49).

Mechanisms of TAM-Associated Carcinogenesis
Although the clinical correlation between TAM and endometrial cancer has been widely

examined, the mechanisms of TAM-associated endometrial carcinogenesis remain undeter-
mined. Two theories have been postulated as to the carcinogenicity of TAM. The pres-
ence of a genotoxic mechanism has been investigated. This has been undertaken by a
search for DNA adducts, covalent complexes between carcinogens or their metabolites
and DNA. Measurement of these complexes are a reflection of the carcinogenic potential
of a substance. DNA adduct formation has been detected in TAM-exposed rodents,
illustrating its strong hepatocarcinogenic potential in these animals. In humans, however,
no significant differences were noted in liver specimens from women on TAM, compared
to controls (53).

The potential of TAM to form DNA adducts in human endometrial tissue has been
investigated, but results are inconclusive. Carmichael et al. (54) used thin-layer chroma-
tography (TLC) and found that DNA adducts were not present in human endometrium
cultures treated with TAM. They did report that -hydroxytamoxifen, the metabolite
implicated as the genotoxic intermediate in the rat liver, was detected in the endometrial
cultures, but these were at levels too small to give rise to adducts. In contrast, Hemminki
et al. (55) used high-performance liquid chromatography (HPLC) to detect the presence
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of DNA adducts in 5/7 patients treated with TAM. They commented on improved ability
of HPLC over TLC in the detection of DNA adducts.

Other postulations on the carcinogenic potential of TAM center on its estrogen-agonist
activity. Many epidemiologic studies concluded that the oral administration of estrogen
is associated with the development of endometrial cancer (56–58). As previously men-
tioned, many of the risk factors for endometrial cancer center around the concept of unop-
posed estrogen stimulation of the endometrium. TAM metabolites have been shown to
have estrogen-agonist effects. Metabolite E, which is formed by the removal of the amino-
ethane side chain from TAM, is a weak agonist that binds to the estrogen receptor with
low affinity. However, when the hydroxyl group destabilizes the ethylene bond, isomeri-
zation results in the E isomer, which is a potent estrogen agonist with high affinity for
the estrogen receptor (59). The clinical significance is controversial, since metabolite E
has not been detected in women on TAM (60).

4-hydroxytamoxifen, another metabolite, has also shown agonist effects in endome-
trial cancer cells. Gottardis et al. (61) transplanted endometrial cancer cells and BC cells
to athymic mice and found that treatment with TAM stimulated growth of the endo-
metrial cancer xenografts, but the BC xenograft was inhibited. Although the presence of
an estrogenic pathway for TAM-mediated endometrial carcinogenesis has been ques-
tioned (62), such a pathway could also be responsible for TAM’s role in endometrial
cancer development. The recent report that estrogens induce the expression of HER-2/
neu in Ishikawa human endometrial cells may provide support for that hypothesis (63).

Li et al. (64) have postulated that, in addition to being a carcinogen, TAM may exert
indirect carcinogenic potential through enhancing the formation of endogenous DNA
modifications. Barakat et al. (65) demonstrated that the frequency of K-ras mutations
was similar in endometrial cancers occurring in BC patients, regardless of TAM treat-
ment. They compared 14 cases of endometrial cancer patients, with prior TAM exposure,
to 13 cases of endometrial cancers, with no prior TAM exposure, and found six cases of
K-ras mutations in each group. However, among the patients whose endometrial cancers
contained the K-ras mutations, TAM appeared to reduce the interval between the diag-
nosis of BC and endometrial cancer. These findings may provide support for the afore-
mentioned hypothesis regarding TAM’s role in the pathogenesis of endometrial cancer.

CONCLUSION

It is evident that human cancer development is a multistep process of genetic origin.
Although the exact steps in the molecular pathogenesis of endometrial carcinomas are
still not established, the genetic model of colorectal tumorigenesis has provided a para-
digm on which to base the search. Recent evidence has provided clues to the genetic alter-
ations associated with endometrial carcinomas. However, much is still unknown. Once
a model for the development of endometrial neoplasia is established, it will undoubtedly
illuminate TAM’s role in endometrial carcinogenesis.
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INTRODUCTION

The BRCA1 and BRCA2 genes fit the traditional description of tumor-suppressor
genes, according to Knudson’s classic two-hit model (1,2). In familial cancers, an indi-
vidual inherits a germline mutation, and thus this first hit is present in all cells of the body.
A somatic mutation represents the second hit on a given cell, resulting in the loss of the
wild-type (WT) allele, thus rendering both copies of the gene inactive (3,4). In sporadic
cancers, loss of function of a tumor-suppressor gene is accomplished by two somatic
mutations that alter the alleles on both chromosomes (chrs). Knudson’s model accurately
accounts for the early onset of familial cancers caused by a pre-existing germline muta-
tion; the accumulation of two somatic mutations in a single cell, a much less likely event,
may occur once in several decades, giving rise to a sporadic cancer.

It is estimated that mutations in BRCA1 account for 50% of all familial early-onset
female breast cancers (BC) (5); mutations in BRCA2 may be responsible for up to 35%
of the remaining hereditary BCs (6,7). Several methods have been employed to screen
for mutations in the BRCA genes, including direct sequencing of anomalous single-strand
conformational polymorphism products (8), heteroduplex analysis (9,10), and protein
truncation test (9,11). During mutation screening, a host of polymorphisms have been
identified for both the BRCA1 and BRCA2 genes (12,13). Polymorphisms are missense
alterations that cause either no change or a one-amino-acid substitution in the protein
sequence. By definition, polymorphisms do not significantly modify the protein’s func-
tion. Polymorphisms are found to varying degrees in the general population, and are typi-
cally not associated with obvious disease. It is possible, however, that certain missense
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alterations cause subtle modifications of protein structure or expression, which may
impact on function without causing overt clinical disease.

BRCA GENE STRUCTURE

It has long been recognized that a family history of BC is a contributing factor to the
risk of developing this disease. In 1990, a BC susceptibility gene responsible for early-
onset BC was localized to chr 17q21 (14). A subsequent study confirmed this finding, and
also implicated this hereditary BC gene in familial BC and ovarian cancer (OC) (15). This
gene, now known as BRCA1, was identified in 1994 by a combination of classical posi-
tional cloning and candidate gene strategies (16). BRCA1 is a large, well-characterized
gene contained in an 81-kb segment of genomic DNA, which is rich in Alu-like repetitive
sequences (17). The intron lengths range in size from 403 bp to 9.2 kb, and a ribosomal
protein pseudogene is contained within intron 13 (17). Three polymorphic intragenic micro-
satellite markers, D17S1323, D17S1322, and D17S855, localize to introns 12, 19, and
20, respectively (17).

The transcribed region of the BRCA1 gene itself has 5651 nucleotides (nt) in 24 exons,
22 of which are coding exons: Almost half of the coding sequence is contained within
exon 11. BRCA1 encodes a 220-kDa cell cycle-regulated nuclear phosphoprotein com-
posed of 1863 amino acids, with a zinc-finger domain near the N-terminus, typical of
nucleic-acid-binding proteins (18). The BRCA1 protein also has two functional nuclear
localization motifs located at aa 503 and 607 (19,20). Despite its nuclear localization,
BRCA1 may also exhibit growth-inhibitory granin-like properties (16,21,22).

Splice variants of BRCA1 mRNA, which exist in normal breast cells (23,24), have
been identified. These alternatively spliced mRNAs code for truncated proteins; how-
ever, it is unknown whether these truncated proteins exhibit tumor-suppressor function
or dominant-negative interactions. In BC-prone families, truncations of the BRCA1 protein
result-ing from inherited mutations are correlated with a high mitotic index of breast
tumor cells in the affected patients (25).

One naturally occurring splice variant of BRCA1, which was isolated from breast tumor
and colon epithelial cDNA libraries, has been useful in BRCA1 localization studies (20).
BRCA1- 11b, which is missing exon 4 and the majority of exon 11, has been shown to
lose its ability to localize to the nucleus, and is subsequently confined to the cytoplasm.
This variant of BRCA1 is expressed at similar levels in tissues, tumors, and cell lines,
and, unlike the full-length BRCA1 protein, overexpression of the BRCA1- 11b protein
is not toxic to the cell (20), which suggests that this BRCA1 isoform has a role in cellular
proliferation and differentiation. Two other naturally occurring splice variants of BRCA1,
BRCA1a and BRCA1b, have been identified, and are found to code for 110-kDa and 100-
kDa proteins, respectively (26). The 110-kDa protein retains the amino-terminal region,
and appears to function as a transcriptional activator. However, BRCA1b only retains the
C-terminal end of the full-length protein, and may act as a negative regulator of transcrip-
tional activity.

The BRCA2 gene is notably similar to the BRCA1 gene in its history and structure.
BRCA2 was localized to chr 13q12-13, using linkage analysis of cancer-prone kindreds
(27). Utilizing the lessons learned in cloning BRCA1, a partial sequence for BRCA2 was
reported less than 1.5 yr later (28), almost simultaneously with the complete coding
sequence of BRCA2 (29). The BRCA2 gene has 10,254 nt 27 exons, with a very large exon
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11 containing almost half of the coding sequence (29). Like BRCA1, BRCA2 codes for
a large, negatively charged protein with a putative granin domain (30).

BRCA1 and BRCA2 Homologs
Cloning and sequencing of canine and murine BRCA1 genes has demonstrated that the

genes are highly homologous to each other and to the human BRCA1 gene (31). The human
and canine genes are 84% identical at the nt level, and the human and murine genes are 72%
identical. Key regions of the gene, such as the N-terminal and C-terminal ends, are greater
than 80% identical in the three species, and significant homology exists in the areas that
appear to have functional importance, such as the RING finger motif and the granin
domain. The distribution of missense mutations associated with disease also peaks in
areas that are highly conserved throughout species, such as the RING finger domain,
lending support to the concept that these areas are crucial to the normal function of the
gene product. In contrast, common polymorphisms tend to arise in regions of signifi-
cantly lower interspecies homology (31).

Using the human BRCA2 cDNA sequence as a guide, the mouse homolog was cloned
(32). At the nt level, human and murine BRCA2 cDNAs are 74% homologous. This is
unlike other tumor-suppressor genes, such as WT-1, NF-1, and APC, which are, on average,
90% identical with their murine counterparts (33–35). Murine BRCA2 has been local-
ized to mouse chr 5, in a region syntenic with human 13q12-q13 (32,36). Murine BRCA2
is 90 amino acids shorter than, and has a 59% overall homology to, its human counterpart.

The rat BRCA2 gene maps to rat chr 12, and has 58% identity and 73% similarity on the
nt level with the human BRCA2 cDNA (37,38). In the process of cloning the rat Brca2
gene, various polymorphisms were detected in different strains of rats that exhibit differ-
ent susceptibilities to carcinogen-induced tumors. The specific role that these polymor-
phisms play in the rat’s susceptibility to carcinogenesis has yet to be determined. As in
the case of BRCA1, several regions at the N-terminus, center, and the C-terminus of the
murine, rat, and human BRCA2 proteins are conserved, with greater than 80% homology
(37,38). The BRCA genes are of mammalian origin, with highly conserved functional
regions where disease-associated mutations have been identified in humans.

BRCA1 Mutations in BC and Other Cancers
Since its isolation in 1994, more than 100 mutations have been described in the BRCA1

gene alone. The majority of these mutations were identified in individuals who belong
to families with several generations affected with either BC or BC and OC (4,12,39).
Founder-effect mutations, common mutations presumably originating from a single
ancestor within a historically isolated ethnic group, have been identified in several popula-
tions, such as Ashkenazic Jews (40), French-Canadians (41), Japanese (42), Italians (43),
Swedes (44), Finns (45), Icelanders (46), Belgians, and Dutch (47,48). A salient example of
these is the 185delAG mutation in individuals of Ashkenazic Jewish decent (40,49–51).

This frame-shift mutation is a 2-bp deletion at base 185 in exon 2, which causes a pre-
mature truncation of the protein by producing a premature stop at codon 39 (40). Other
types of frame-shift mutations, caused either by deletions of 1–40 bp or insertions of
up to 11 bp, have been identified, which also result in a premature stop codons (52–54).
Additionally, single-bp substitutions, resulting in missense, nonsense, or splicing muta-
tions, have been described. Nearly 80% of mutations found so far in the BRCA1 gene
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would produce a truncated protein (12,39,55–58). In many cases, however, it is not
known whether shorter or aberrant BRCA1 proteins are indeed expressed.

A different set of mutations occur in the regulatory regions of the BRCA1 gene, such
as methylatable CpG islands in promoters, enhancers, and repressors (59,60). These
mutations cause an alteration in the level of gene transcription, and are generally charac-
terized by the absence of mRNA. Research is under way to better define the clinical
significance of these mutations.

The role of BRCA1 has been extensively investigated in sporadic BC and OC (61–63).
Several somatic mutations have been identified in the coding regions of BRCA1 in spora-
dic ovarian tumors; however, until recently, none had been found in sporadic BCs (64).
Indications of involvement of the BRCA1 gene in the formation of sporadic breast car-
cinomas derived from loss of heterozygosity (LOH) experiments (61–63), putative loss
of protein through unknown mechanisms (64), and the observation that the promoter
region of BRCA1 was hypermethylated in some invasive tumors (65). Although loss of
BRCA1 function occurs in sporadic BCs, neither the mechanism involved in this phe-
nomenon nor its implications are known.

BRCA2 Mutations in BC and Other Cancers
Germline mutations in BRCA2 predispose female carriers to BC and OC, and male

carriers to BC and possibly prostate cancer. The most common disease-associated muta-
tions detected in the BRCA2 gene of breast and ovarian patients have been microdeletions
resulting in a frame-shift, with notably few point mutations, compared to BRCA1 (8,13,
29,66,67). Founder mutations have also been identified in the BRCA2 gene in members
of defined ethnic groups (68,69). This is once again well illustrated in the Ashkenazic
Jewish population. A recurrent germline mutation, 6147delT, was detected in 8% of Ash-
kenazic Jewish women between the ages of 42 and 50 yr who were diagnosed with early-
onset BC (69). The 6147delT mutation is present in 1.5% of Ashkenazi Jews (69).

LOH at the BRCA2 locus has been observed in 30–40% of sporadic BC and OC (70);
however, very few somatic mutations or deletions have been found in the remaining
allele (67,71). This suggests that either BRCA2 may be an infrequent target for somatic
inactivation, or that intron or regulatory sequences may be the primary targets of somatic
mutation. In a study of 45 unselected, grade 3, sporadic infiltrating ductal carcinomas,
21 cases demonstrated a concurrent LOH in the BRCA1 and BRCA2 loci (72). This sug-
gests a common pathway of tumorigenesis in familial and sporadic BCs that involves
these two BRCA genes.

In addition to an increase in the risk of familial female BC and OC, mutations in
the BRCA2 gene are also associated with an increased risk of sporadic and familial forms
of pancreatic (73–75), hepatic (76), prostate (77,78), and, particularly, male BC (13).
Mutations in the BRCA genes that are found in these types of cancers are similar to
those of breast and ovarian carcinomas, but no phenotype–genotype correlations have
been established. In one study (79), mutations in the central region of the BRCA2 gene
appear to carry higher risk of OC than mutations at either the 5' or 3' ends of the gene.
This observation needs to be confirmed in studies of large numbers of BRCA2 carriers.
Specific studies exploring the functional consequences of different mutations will be
required before the phenotype–genotype correlations can be fully validated and applied
in the clinic.
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ADVANCES IN UNDERSTANDING BRCA1 AND BRCA2 FUNCTION

The role of BRCA1 in the regulation of cell growth has been investigated by studying
its expression in diverse tissues. In adult human tissues, the highest expression of BRCA1
is seen in the testis and thymus, with moderate expression in the breast, ovary, uterus,
lymph nodes, spleen, and liver (16). BRCA1 expression levels in invasive cancers are 5–
15-fold lower than in ductal carcinoma in situ or normal breast tissue (80). Expression
of BRCA1 appears to be directly upregulated by estrogen stimulation in estrogen-recep-
tor (ER)-positive MCF-7 BC and BG-1 OC cells (81,82), and by estrogen plus pro-
gesterone in ovariectomized mice (83). However, recent evidence suggests that BRCA1
expression is not caused by direct induction of the gene, but rather by the mitogenic activ-
ity of estrogen (84). The kinetics of BRCA1 expression are different from those expected
of estrogen-inducible genes, such as pS2. Furthermore, treatment of ER-positive BC
cells with insulin-like growth factor 1 or epithelial growth factor results in an increase
in DNA synthesis and, subsequently, in BRCA1 upregulation (84).

BRCA1 expression increases during puberty in the mouse mammary gland, and is
associated with rapidly dividing cells of the mammary end bud, which differentiate dur-
ing ductal morphogeneis (83). Also, high levels of BRCA1 expression are seen during
pregnancy in the differentiating aveolar buds (83). In vitro transfection of WT BRCA1
into lung, colon, breast, and ovarian tumor cells have demonstrated growth inhibition
primarily in BC and OC cell lines (85). BRCA1 antisense oligo-nt introduced into primary
mammary epithelial cell cultures, or BRCA1 WT MCF-7 BC cells, accelerates the growth
of the cells (86). High levels of BRCA1 expression are also seen in rapidly dividing and
differentiating cells of the mouse embryo (83,87). Taken together, this evidence supports
a tissue-specific role for BRCA1 in differentiation of breast and ovarian tissues.

A variety of experiments in animal models lend further support to the above findings.
Mice homozygous for mutations in exons 5 and 6 of BRCA1 (Brca15 6) were lethal at
various embryonic stages; heterozygote mice were normal, and did not develop neo-
plasms (88). Brca15 6 mice died in utero at 4.5–6.5 d after gestation, with poorly devel-
oped embryonic tissues and an increase in expression of the CDK-inhibitor protein, p21.
Furthermore, the embryonic stem cells from these mice appear nonviable. Similar cel-
lular proliferation defects and embryonic lethality were observed in embryos carrying a
184-bp deletion of the 5'-portion of exon 11 of BRCA1(89). These studies indicate that at least
one normal allele, coding for the full length protein, is required for normal embryonic
development, and further supports the idea that BRCA1 not only has tumor-suppressor
function, but also is essential for mammalian cell proliferation and embryo development.
These findings led to investigations of the relationship of mutant Brca1 with other key
genes involved in cell differentiation and cell death.

Brca15 6 mutants showed a decrease in the expression of the p53 inhibitor mdm2, and
an increase in the G1 cell-cycle inhibitor p21. To test whether embryonic lethality brought
about by the Brca15 6 mutation could be circumvented, double-mutant mice, which were
Brca15 6-null, on either a p53-null (p53 ) or p21-null (p21 ) background, were produced
(90). Survival was prolonged in the Brca15 6/p53 embryos from 7.5 to 9.5 d after gestation.
And, although none of the Brca15 6/p21 embryos survived past 10.5 d after gestation,
they were developmentally similar to their WT litter mates. Therefore, because deletion
of p53 or p21 was unable to completely rescue the Brca15 6 embryos, a complex process of
embryo development, involving interactions between several molecules, is postulated.
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A recent study (91) demonstrated that mice that were heterozygous for Brca1 (Brca1+/ )
and deficient for p53 (p53 / ) had the same survival rate as mice that were Brca1+/+/
p53 / . However, mammary tumors developed in 4/23 Brca1+/ /p53 / mice, compared to
only one Brca1+/+/p53 / . Although these data are suggestive of a trend of increased inci-
dence of mammary tumors in Brca1+/ /p53 / mice, statistical significance was not reached.

In contrast to the Brca15 6 null mice, homozygous exon 11 (Brca11) knockout embryos
died at 9.5–13.5 d postgestation, because of severe neurological developmental defects
seemingly brought on by rapid cellular proliferation and excessive cell death (92). This
experiment implicates Brca1 in differentiation of the murine central nervous system late
in embryo development. The difference in phenotypes between Brca15 6 and Brca111

mutants suggests that alternate forms of the Brca1 protein, such as some of the naturally
occurring truncated forms described previously, may have distinct functions in differen-
tiating cells during embryo development.

Further studies (93) with Brca111 demonstrated a hypersensitivity to -irradiation and
massive abnormalities in chr structure and number, resulting from an increase in genetic
instability when placed on a p53-null background. Accordingly, Brca1 appears to contrib-
ute to the maintenance of the integrity and stability of the genome during -irradiation.
These findings in vivo correlate with a body of experimental evidence from in vitro studies.

Independent in vitro studies have shown that Brca1 co-precipitates with Rad51, the
human homolog of the Escherichia coli RecA DNA repair protein (94). Three potential
nuclear localization motifs were identified in BRCA1 at aa 503, 606, and 651 (19). Muta-
tion of each of these individual motifs determined that the nuclear localization signals
at aa 503 and 607 were needed for transporting BRCA1 to the nucleus; the nuclear locali-
zation motif at 651 was nonfunctional. Hence, the putative role of BRCA1 protein in
DNA repair is supported by these data. It is reasonable to speculate that, in normal devel-
oping embryos, Brca1, acting in concert with Rad51, are able to effectively repair DNA
damage. But, in homozygous Brca111 mutant embryos, the repair machinery is lost and
a p53 cell-cycle checkpoint is induced. In the Brca111/p53 / mice, the checkpoint is lost,
and severe chromosomal abnormalities can accumulate.

Paralleling the experiments on Brca1 knockouts, Brca2 knockout mice demonstrate
that at least one normal copy of the Brca2 gene is needed for normal embyrogenesis
(95,96). Likewise, mouse experiments have helped to correlate findings derived from
human normal and tumor breast cells, which show cell cycle regulation of BRCA2 cor-
responding to a general upregulation of mRNA during S-phase and mitosis (97,98).

BRCA2 is also implicated in DNA repair (93), as shown in experiments that introduced
various mutations in the mouse Brca2 gene by homologous recombination (99). Mice
were developed that had a disruption in exon 11 of the Brca2 gene (Brca211). Some of the
mice that were homozygous for this Brca2 mutation were viable and lived to adulthood,
but not beyond 5.5 mo of age. Fibroblasts cultured from the embryos of Brca211 mutant
mice overexpressed p21 and p53, which is reminiscent of the observation in the Brca15 6

mice (90). When the Brca211 mutant fibroblasts were exposed to X-rays, the cells repaired
double-stranded DNA breaks at a considerably slower rate than fibroblasts from WT
Brca2 mice, or from mice that were heterozygous for the exon 11 deletion mutation (99).

The Role of BRCA1 and BRCA2 in DNA Repair
The Brca1 knockout mouse data described above provide strong evidence that Brca1

has a role in double-stranded DNA repair (100,101). BRCA1 and the human homolog of
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the bacterial RecA protein, Rad51, have been found to be associated both by in vivo and
in vitro experiments (94). Immunostaining of both meiotic and mitotic cells in S-phase
demonstrated that BRCA1 and Rad51 co-localized in nuclear foci. Furthermore, the two
proteins were co-immunoprecipitated from cells in S-phase. In vitro, BRCA1 and Rad51
formed complexes, and BRCA1 residues 768–1064 were identified to be key in the for-
mation of these complexes with Rad51. Tissue culture experiments, which analyzed
murine cells containing targeted truncated Brca2, demonstrated increased chromosomal
abnormalities, and these cells had increased sensitivity to genotoxic agents, further
implicating Brca2 in DNA repair (102).

The human BRCA2 protein, like BRCA1, has been shown to associate with Rad51,
and is therefore also involved in DNA repair (103). Murine embryonic fibroblasts were
generated (104) containing a Brca2 gene with a C-terminal deletion at exon 27 (Brca227).
These clones did not bind murine Rad51, and consequently were hypersensitive to -
irradiation, suggesting a deficiency in DNA repair mechanisms. In addition, the Brca227

mutant cells had decreased proliferation rates, and were prematurely senescent, presum-
ably because of inefficient DNA repair. These data seem to indicate that the most distal
portion of Brca2 downstream contains the Rad51 binding element, and is functionally
important in DNA repair mediated by the Brca2–Rad51 complex. Multiple sites in BRCA2,
termed BRC repeat motifs, interact with Rad51 (105). The BRC repeat motifs are com-
prised of 59 amino acid residues, which are conserved in evolution, and are required for
Rad51 interaction with BRCA2 (103). In vitro experiments have demonstrated that
interaction of Rad51 with these BRC repeat motifs of BRCA2 are critical for cellular
response to DNA damage caused by genotoxic agents (106). The identification of the
specific regions of BRCA2 involved with binding to RAD51, and in effecting the DNA
repair action of the complex, will assist in providing useful end points for functional
assays. This experimental evidence will need to be reconciled with the possibility that
truncation of the last 90–100 amino acids of the C-terminus of BRCA2 appears not to be
associated with disease in humans.

BRCA1 and p53 Tumor-Suppressor Interactions
In vitro and in vivo experiments have shown that BRCA1 associates with another

tumor-suppressor gene, p53, and regulates p53-responsive gene transcription (107,108).
Co-activation of p53-dependent genes by BRCA1 has been shown to be dependent on the
presence of WT p53 (107) and WT BRCA1 (107,108), suggesting a possible synergistic
regulation of downstream genes by these two tumor suppressors. Investigation of the status
of p53 in breast tumors arising in BRCA1 and BRCA2 mutation carriers indicated that
p53 was mutant in 66% of the BRCA-related tumors, compared with only 35% of grade-
matched non-BRCA-associated tumors (109).

It has been suggested that the CDK-inhibitor p21 is transactivated by BRCA1 in a p53-
dependent manner, therefore arresting cells before S-phase (110). S-phase progression
was inhibited by BRCA1 in cells that had WT p21, but not in either p21-null or BRCA1
transactivation-deficient mutant cells. Taken together, this evidence suggests that the
tumor-suppressor action of BRCA1 with p53 may be mediated via cooperative BRCA1
regulation of WT p21.

BRCA1 Molecular Interactions
The BRCA1 protein has been shown to interact with various molecules throughout

the cell cycle (108,111–113), further implicating it in normal DNA recombination
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(98) and activation of transcription, when BRCA1 is physically linked to RNA polymer-
ase II (114,115).

The expression pattern and subcellular localization of BRCA1 suggests that this pro-
tein may have a role in cell-cycle progression. BRCA1 protein levels are seen to fluctuate
throughout the cell cycle, increasing in late G1 and reaching maximum levels during
S-phase (116). BARD1, a protein that binds and is structurally related to the NH2-ter-
minal RING domain of BRCA1 (111), appears to co-localize with BRCA1 during in vivo
S-phase in foci known as BRCA1 nuclear dots (116). The ability of BARD1 to associate
with BRCA1 is disrupted by BRCA1 tumorigenic mutations, such as the C61G mutation
(117), which replaces a key zinc-binding cysteine within the BRCA1 RING domain
(111). In addition, BARD1 missense mutations are accompanied by loss of the BARD1
WT allele in primary BC, OC, and uterine cancer (118), further suggesting that loss of
BARD1 function may play a role in BRCA1-mediated tumor suppression.

The C-terminal end of the BRCA1 protein contains tandem BRCA C-terminal (BRCT)
domains at aa 1649–1736 and 1756–1855: These domains have been shown to inter-
act in vivo with the C-terminal interacting protein (CtIP), a transcriptional co-repressor
protein identified by its interaction with the C-terminal binding protein, CtBP, which was
identified by its interacation with the transcriptional co-repressor protein, CtBP (119).
Tumor-associated mutations within the BRCT domains disrupt the BRCA1–CtIP inter-
action. Therefore, BRCA1 may have indirect tumor-suppression action through regula-
tion of gene transcription via the CtBP pathway of transcriptional repression.

Several key proteins may be co-factors for BRCA1 in its tumor suppressor action. The
exact pathways affected by these interactions of BRCA1 with its partners remain under
study. Specific knowledge of which pathways are disturbed in different tumors may lead
to novel therapeutic approaches based on modulating BRCA1 function.

Steroid Hormone Receptor Status of Tumors
with Respect to BRCA1 and BRCA2 Mutations

The levels of expression of the ER and progesterone receptor (PR) in BC are important
prognostic indicators, and modulate therapy for patients. Since work on animal models
and tissue culture suggests that BRCA1 expression is, at least in part, hormonally regu-
lated, research has been undertaken to explore the relationship between ER/PR status and
BRCA1 expression in BC.

As previously described, the Ashkenazi Jewish population has four well-defined,
recurrent heritable mutations in BRCA1 and BRCA2, which result in an increased suscep-
tibility to BC and OC. In a study of 149 unselected Ashkenazi Jewish women with BC,
germline BRCA1 and BRCA2 mutation status was assessed (120). Tumors from mutation
carriers were compared with tumors from noncarriers, with respect to nuclear grade and
steroid hormone receptor status. Tumors from women who harbored a BRCA1 mutation
were more often ER-negative and had a higher nuclear grade than the tumors form
women without mutations. In contrast, tumors from four women harboring a BRCA2
mutation were ER-positive.

Further studies on hereditary BCs have addressed this question outside of the well-
defined Ashkenasic population (121). It was found that breast tumors harboring BRCA1
mutations were predominantly ER-negative, compared with the tumors from other groups.
Also, BRCA1-associated tumors had significantly lower expression of PR than those
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tumors from hereditary cases not related to BRCA1 or BRCA2, but not lower than BRCA2-
related tumors. Although larger studies are needed, these data suggest that diminution or
loss of ER expression in breast cells containing a BRCA1 mutation may attenuate the pro-
tective effects of antiestrogen preventive therapies such as TAM. Finally, familial male
BC samples that were BRCA2-related did not have ER or PR levels different from non-
BRCA2-related tumors. When assaying ER levels in a large number of sporadic BCs, it
was found that loss or decrease of ER expression overwhelmingly coincided with LOH
in the BRCA1,BRCA2, and TP53 chromosomal regions (122). Taken together, these data sig-
nificantly link steroid hormone receptor status and the status of genes directly involved
in the pathogenesis of BC and OC. The implications of these correlations for prognosis
and survival of patients with BRCA-associated tumors are yet to be elucidated. It is still
premature to apply these data to the chemopreventive management of BRCA1 or BRCA2
carriers with antiestrogens.

OVERVIEW

The idea that a tumor-suppressor gene may be responsible for early onset BC and OC
led, through linkage analysis of families and classical positional cloning, to the identi-
fication of BRCA1 and BRCA2. These genes are unique, because, aside from having weak
homology to each other, they are quite unlike any other gene known. The importance of
BRCA1 and BRCA2 mutations in familial BC and OC cannot be disputed. In less than
5 yr since both genes were cloned, more than 150 mutations have been described. Through
analysis of homologs from other mammalian species, regions of these genes that have
remained conserved throughout evolution have given insight into the functional domains
of human BRCA1 and BRCA2, and are beginning to shed light on the impact that a
mutation in these conserved regions may have on growth deregulation.

The functions of BRCA1 and BRCA2 are still under study. Results from experiments
of yeast two-hybrid systems, interpreted in the context of results from knockout mouse
experiments, point to the salient functions of these proteins. It is clear that both molecules
have multiple functional domains that could allow interactions with several partners.
Directed mutation of specific regions of either BRCA1 or BRCA2 in transgenic mice have
resulted in specific phenotypes, which strongly implicate both genes in double-stranded
DNA repair, cellular proliferation, and differentiation. In the case of BRCA1, the evi-
dence of multiple functions and, presumably, independent interactions with several mole-
cules may be reconciled with the identification of alternatively spliced forms of BRCA1
mRNA, resulting in tissue-specific truncated proteins with different functions. Clearly,
understanding of the roles of BRCA1 and BRCA2 in the cell and in human disease has
greatly increased in the past few years. However, the major milestones in developing an
in vitro molecular or cellular functional assay for these genes has not yet been achieved.
That work is required for a better understanding of the possible impact of specific alter-
ations in patients.

Although much progress has been made, the elucidation of the specific pathways of
cell growth regulation that are altered by lack of BRCA expression still elude us. Such
work is crucial to understand how loss of BRCA expression may participate in sporadic
breast and ovarian carcinogenesis.

In addition to the advances in molecular carcinogenesis, the advent of BRCA1 and
BRCA2 has fostered the development of comprehensive clinical risk evaluation programs,
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in the Americas, Europe, and some parts of Asia, of unprecedented proportions. The
refinement of counseling methods for patients, the development of educational programs
for patients and providers, and the creation of an ethical framework within which to
translate these scientific advances to the clinic are critical achievements fostered by the
study of these two genes and other familial cancer genes. The multidisciplinary teams at
work on BRCA1 and BRCA2 throughout the world provide an invaluable paradigm for
the theory and practice of translational research.
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OVERVIEW AND RELEVANCE OF APOPTOSIS

Apoptosis
Apoptosis is a process critical to tissue homeostasis. The term describes a series of

morphological changes that result in selective cell removal, but does not instigate a
general inflammatory response (for review, see refs. 1 and 2). Apoptotic responses are
involved in numerous systems, including development, maintenance of the immune
system, and host defense against invasion/injury. In breast tissue, this selective cell death
and removal process is critical to the tissue-remodeling found during pregnancy, lacta-
tion, and involution, as well as alterations during normal menstrual cycling. In addition,
epithelial cells (ECs) in the normal adult prostate continuously turn over, and the andro-
gen-dependent glandular ECs undergo rapid apoptosis following castration. The first
descriptions of these morphological changes were in the early 1970s, in which apoptosis
was characterized by cell shrinkage, nuclear condensation, and cytoplasmic blebbing (3).
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During these events, membrane integrity was maintained, thus permitting the dismantl-
ing and removal of specific apoptotic cells, without the initiation of widespread inflamma-
tory responses. As a result of vigorous recent research, many of the molecular components
responsible for these early morphological observations have been revealed.

The Study of Apoptosis in Caenorhabditis elegans
One of the most valuable model systems for the study of apoptosis has been the

nematode Caenorhabditis elegans (4,5). During C. elegans development, 131/1090
somatic cells that are produced undergo apoptosis. Through a series of genetic analyses,
the deletion of two genes, ced3 and ced4, were found to prevent all 131 apoptotic events.
In contrast, deletion of a third gene, ced9, was found to cause the majority of developing
worm cells to die, resulting in embryonic lethality. These findings proved that cell death
originated in a genetically defined pathway, and was not just a random byproduct of
faulty growth. Finally, the fact that the ced3, ced4, and ced9 genes of C. elegans had
homologous mammalian counterparts confirmed that apoptosis was not only genetically
controlled, but its components were highly conserved throughout evolution.

The identification of the mammalian counterparts of this evolutionarily conserved gene
family has provided critical information in the control of apoptosis in mammals. The
mammalian homologs of ced3 comprise a family of at least 12 cysteine proteases, called
caspases (6). Caspases are present in the cell as inactive precursors, which, upon activa-
tion, are cleaved into smaller subunits to form active tetramers (7). Caspases have been
grouped according to the size of their prodomains: Large prodomain caspases are involved
in the upstream initiation of caspase activity; small prodomain caspases are downstream
effectors of caspase activity. Once active, these cysteine proteases cleave a subset of pro-
teins, including caspases themselves. Therefore, the activation of upstream regulatory
caspases initiate a cascade of downstream caspases, which are believed to bring about the
morphological changes characteristic of apoptosis. The ced4 homolog, apaf-1, has been
found to localize to the outer mitochondrial membrane (8). Upon activation, apaf-1 acts
as an adapter protein to bind and subsequently activate an upstream caspase, caspase-9,
by interacting with the N-terminal prodomain of caspase-9 through a caspase recruitment
domain (CARD) (9). The antiapoptotic ced9 was found to be homologous to the Bcl-2
family of proteins, which also resides on the outer mitochondrial membrane (10). The
bcl-2 gene (B-cell lymphoma gene 2) was first discovered by its involvement in the
t(14;18) chromosomal translocation common to B-cell lymphomas (11). The members
of the bcl-2 family are responsible for the positive and negative regulation of apoptosis.
The Bcl-2 family proteins possess the ability to homo- and heterodimerize with other
members of the bcl-2 family. As a result, the relative ratios of positive and negative
apoptotic Bcl-2 family members determine a cells fate upon apoptotic insult.

Mouse Knockout Models
Mouse knockout studies allowed the assessment of the importance and/or redundancy

of individual caspase and bcl-2 family members in several apoptotic events. The pheno-
types resulting from knockout mice revealed, not only the necessity of each protein in the
apoptotic pathway, but also the role of the apoptotic pathway in development, homeo-
stasis, and reaction to insult/stress. Knockouts of the various caspase family members
have revealed divergent roles for these family members. Targeted disruption of caspase-
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1, -2, and –11, resulted in negligible effects on apoptotic responses in these mice;  altera-
tions in cytokine processing were observed (12,13). However, caspase-8 /  mice were
embryonic lethal at d 11, with abnormal cardiac development (14). Caspase-8 /  mice
were also resistant to tumor necrosis factor receptor 1 (TNFR1) or CD95-induced apop-
tosis, but were sensitive to chemotherapeutic and dexamethasone-induced apoptosis. In
contrast, knockouts of caspases-3 and -9 did not affect cardiac development, but had sig-
nificant effects on brain development (15–17). In contrast to caspase-8 / mice, caspase-
3 / and -9 / mice were found to be resistant to apoptosis induced by UV, -irradiation,
and dexamethasone, but only caspase-3 / and not caspase-9 / mice were also resistant
to TNF/CD95-induced apoptosis. The individual roles of the caspases were also found
to be cell-type-specific; for example, caspase-3 / ES cells were resistant to the stimuli
mentioned above, but caspase-3 / thymocytes were sensitive to all of these agents.
Finally, caspase-9 / thymocytes were resistant to apoptosis induced by -irradiation and
dexamethasone, but not by apoptosis induced by UV irradiation. The dependency of a
given caspase was found to be specific to the apoptotic stimuli. Therefore, although there
is a measure of redundancy within the caspase family, it appears that distinct caspases
(or caspase subsets) have distinct roles in apoptotic responses, and these roles are cell-
type- and stimuli-specific.

Mice deficient in bcl-2 develop normally, which could indicate redundancy within the
antiapoptotic family members (18). Shortly after birth, however, defects appear in a sub-
set of locations, including the kidney, immune system, and the small intestine. In contrast
to bcl-2, bcl-XL knockout mice were embryonic lethal on d 13, and were characterized
by elevated levels of apoptosis in the hematopoietic and central nervous systems (19).
Mice that had the proapoptotic protein, Bax, deleted, developed normally, but were found
to have increased numbers of lymphoid cells, and Bax-deficient males were sterile
because of gross abnormalities in the seminiferous tubules (20).

Caspase and bcl-2 family knockouts produced abnormalities in a subset of organs
during development, but mice deficient in apaf-1 demonstrated the central importance
of this molecule in apoptosis, since virtually all developmental events that required
apoptosis were affected (8,20,21). However, not all apoptotic stimuli require apaf-1,
because there were forms of apoptosis that were unaffected or partially inhibited by dele-
tion of apaf-1 (such as Fas/CD95), which suggests that additional pathways independent
from apaf-1 exist.

Role of Apoptosis in Tumor Progression
Not only does apoptosis play an important role in development, but it also has been

shown to serve a vital function in tumor progression. The bcl-2 gene was originally
identified as a novel gene that was overexpressed in follicular lymphoma, as the result
of a 14;18 chromosomal translocation (22). This was the first description of an oncogene
that did not deregulate cell division, but rather served to decrease the frequency of cell
death. In addition, the regulation of apoptosis by bcl-2 family members was responsible
for solid tumor progression in a mouse islet -cell model of multistage carcinogenesis
(23). Although apoptotic levels were elevated in the early hyperplastic stage and peaked
in the intermediate angiogenic stage, a significant reduction in apoptosis was necessary
for progression into the final stage of solid tumor formation. A shift from low levels of
Bcl-XL in the hyperplastic and angiogenic stages to higher Bcl-XL levels in the solid
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tumor stage was found to be responsible for the regulation of apoptosis throughout tumor
progression. Also, the transition from small to large solid tumor formation required the
continued elevation of Bcl-Xl levels in tumors, which suggested the regulation of
apoptosis was the cause, not the effect, of tumor growth. Finally, a recent study concluded
that, not only do caspase-9 and apaf-1 serve as essential downstream components of
Myc-induced apoptosis, but deletion of either caspase-9 or apaf-1 enhanced the tumor-
genicity of mouse embryo fibroblasts in immunocompromised mice (24).

APOPTOTIC PATHWAYS

TNFR1/Fas/APO-1 Apoptotic Pathway
Much progress has been made on the apoptotic pathway(s) that mediates apoptosis

induced by the cytokine surface receptors TNFR1/Fas/APO-1 (25). TNFR1 and Fas/
APO-1 are a family of surface receptors that are characterized by the presence of a cyto-
plasmic tail that contains a conserved region called the death domain. Ligand binding
leads to receptor oligomerization, which triggers the recruitment of an adapter protein
called Fas-associated death domain protein (FADD) via protein–protein interactions
through the death domain. The result of these interactions is the formation of a protein
complex, termed the death-inducing signaling complex (DISC) complex, in which cas-
pase-8 is recruited by virtue of the binding of its prodomain to receptor-bound FADD,
through a second protein interaction motif called the death effector domain. The DISC
complex releases active caspase-8, which ultimately activates a cascade of downstream
caspases that are responsible for the apoptotic response. The steps leading directly from
receptor activation to caspase activation seem straightforward, but questions on the role
of the antiapoptotic bcl-2 family members, as well as the role of mitochondria in TNF/
Fas-induced apoptosis, remained unanswered.

Apoptotic Pathway Mediated Through Mitochondria
A second apoptotic pathway has recently emerged that involves a series of events

located on the outer mitochondrial membrane, which ultimately leads to caspase activa-
tion by a series of protein–protein interactions (26,27). Instead of receptor oligomeriza-
tion found in the TNFR1/Fas/APO-1 pathway, this pathway is triggered by the release
of the mitochondrial protein cytochrome C in response to mitochondrial insult. Once
released from the inner membrane space, cytochrome C, along with adenosine triphos-
phate (ATP) or dATP, binds the adapter molecule, apaf-1, and induces a conformational
change in apaf-1 that allows for caspase-9 binding through CARD domain interactions
found on both proteins. As with caspase-8 in the DISC complex, the apaf-1–caspase-9
complex results in the release of active caspase-9, which in turn cleaves downstream
caspases (caspase-3) to execute the apoptotic response (Fig. 1). In addition to the release
of cytochrome C and subsequent caspase activation, the mitochondrial damage causes the
disruption of the mitochondrial transmembrane potential ( ),which causes the increase
of reactive oxygen species and loss of ATP levels. These widespread cellular insults may
ultimately lead, not to a controlled apoptotic response, but to a spontaneous necrotic cell
death. Therefore, the point of commitment to cell death (apoptotic or necrotic) may
reside on the release of cytochrome C and the resulting disruption of mitochondrial trans-
membrane potential.
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Fig. 1. Interactions between apoptosis and survival pathways in a BC or PC cell. The H-Ras-
dependent MAPK pathway consists of kinase cascades that induce cell survival or apoptosis. The
EGF, androgen, and c-erbB-2 receptors stimulate this pathway. This pathway interacts with specfic
caspases, so that activation of caspase-3 and -7 is dependent on the MEKK-1 kinase. These caspases
also activate protein phosphatases 1 and 2 (PP-1, -2) which in turn block the survival arm of the
pathway (ERK). GF-induced PI-3-k promotes survival in two ways: blockade of caspase-9 activa-
tion and sequesteration of Bad, so that Bcl-xL remains active. Bcl-2 itself is induced by estrogen.
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Role of bcl-2 Family in Apoptotic Pathways
How does the bcl-2 family fit into these apoptotic pathways? It appears that bcl-2

family members, which have been shown to reside on the outer mitochondrial membrane,
govern the release of cytochrome C. Antiapoptotic members, such as Bcl-xL, have been
shown to inhibit the release of cytochrome C in response to insult; proapoptotic mem-
bers, such as BAX, in response to p53 induction, can stimulate the cytochrome C release.
When it was found that the active caspase-8 could cleave Bid, a proapoptotic bcl-2 family
member, and truncated Bid went on to release cytochrome C, a link between the TNFR1/
Fas/APO-1 and mitochondrial pathways was finally made (28–30). The current models
allow for two different modes of apoptosis that can be induced by TNFR1/Fas/APO-1
activation: one is characterized by abundant caspase-8, which can directly activate down-
stream caspases; a second mode involves the cleavage of Bid by caspase-8, which in turn
activates the mitochodrial-based apoptotic response, with the release of cytochrome C (31).

Therefore, the bcl-2 family members are responsible for the regulation of the release
of cytochrome C, which in turn regulates the activation of the apaf-1 adapter molecule.
Since apaf-1 /  mice were found to be deficient in virtually every apoptotic event required
for development, this pathway must be the dominant pathway utilized during develop-
ment. As a result, the relative proportions of proapoptotic and antiapoptotic bcl-2 mem-
bers is of paramount importance in the regulation of apoptosis.

THE ROLE OF BCL-2 FAMILY
IN BREAST AND PROSTATE MALIGNANCIES

Expression Levels of bcl-2 Family Members
in Normal vs Neoplastic Mammary and Prostate Glands

Cyclic changes in bcl-2 expression occur within the mammary gland. Thus, high bcl-2
expression is observed in the resting and pregnant phases of the mammary gland. Bcl-2
expression peaks within the mammary epithelium, just before the gland enters the pro-
liferative phase. By d 28, the proliferative rates, levels of estrogen, and bcl-2 decrease
within the mammary gland (32). During lactation and involution, bcl-2 levels drop
sharply, but Bax levels are high (32,33). Apoptosis occurs during the involution stage,
which is consistent with in vitro studies showing that loss of attachment of normal mam-
mary epithelium to the basement membrane induces apoptosis. Studies on immortalized
human mammary epithelial MCF-10A cells show that bcl-2 expression is modestly
increased by epidermal growth factor (EGF) and insulin, and that ectopic Bcl-2 expres-
sion protects these cells from apoptosis induced by growth factor (GF) removal (34).
Conversely, Bax expression is unaffected by these GFs, but high cell density correlates
with increased Bax expression in these cells (34).

Immunohistochemical studies show that bcl-2 or Bcl-xL are overexpressed in up to
80% of human breast cancers (BCs). Typically, bcl-2 overexpression occurs in estrogen
receptor (ER)-positive tumors (35); Bcl-xL overexpression occurs in the ER-negative
late-stage cancers associated with poor prognosis (36). Overexpression of bcl-2 is also
common in metastatic and hormone-refactory prostate cancers (PCs) (37,38). The mecha-
nisms underlying overexpression of Bcl-2 and Bcl-xL proteins in breast and prostate
tumor cells are not clear. Because these proteins confer resistance to cell death, tumor
cells that overexpress them have a clear selective advantage during carcinogenesis.
Tumors that overexpress Bcl-xL are often multidrug-resistant (39).
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In normal prostate and in androgen-dependent PC, the glandular epithelium depends on
androgen for growth and survival, i.e., androgens inhibit cell death (37,38). Upon castra-
tion, the normal prostate rapidly undergoes apoptosis, which is accompanied by elevated
levels of c-myc and the tumor suppressor gene, p53, which can induce apoptosis (37,38).

Regulation of the Apoptotic Threshold
The potential of a cell to undergo programmed cell death (apoptosis) in response to

stress is defined as the apoptotic threshold. The Bcl-2 protein family primarily controls
the apoptotic threshold, which is determined by the ratio of survival-promoting proteins
(such as Bcl-2, Bcl-xL, Mcl-1, and Bag-1) to proteins that promote death (Bax, Bad, Bak,
Bid, Bik, and so on) (10,40). In some cases, the apoptotic threshold is regulated by
apoptosis-inducing agents that directly alter levels of transcription of the bcl-2, bax, or
bcl-x genes. In other cases, apoptosis-inducing agents regulate the apoptotic threshold
by altering function of members of the Bcl-2 protein family.

The regulatory mechanisms that control the activities of Bcl-2 family members
involve the H-Ras-dependent MAP-kinase (MAPK) pathway. As shown in Fig. 1, this
pathway includes kinase cascades that bring about proliferation (H-Ras-Raf-ERKs) or
apoptosis mediated by stress kinases (H-Ras-[MEKK]-[MEK]-[JNK]) (41). These two
arms of the H-Ras-dependent pathway play a major role in determining the apoptotic
threshold. Thus, the functions of specific Bcl-2 family members and caspases are modu-
lated by phosphorylation events mediated by serine (Ser) kinases in the MAPK pathway.
Since phosphatases can attenuate the MAPK pathway (41), the effects of mitogen-induc-
ible phosphatases on Bcl-2 family members, caspases, and apoptosis are under investi-
gation. In addition to the MAPK pathway, factors regulating growth of the mammary and
prostate glands, such as insulin-like growth factor I (IGF-I), EGF, and steroid hormones,
regulate cell survival and sensitivity to apoptosis (32,42). The effects of IGF-I, EGF, and
the H-Ras-dependent MAPK pathway, on the expression and function of Bcl-2 family
members, will be discussed.

Thus, the apoptotic threshold depends on a dynamic balance between GF-dependent
pathways, which signal mitoses and cell survival, and those inducing apoptosis. Tran-
scriptional and posttranslational modulation of Bcl-2 family members, and key signaling
molecules outside of the Bcl-2 family, affect the apoptotic threshold. A detailed discus-
sion of each of these mechanisms follows.

Transcriptional Regulation of Bcl-2,
Bcl-xL, and Bax in the Mammary Gland

Does the H-Ras–MAPK pathway affect Bcl-2 expression? Studies in hematopoietic
cells expressing an inducible H-Ras show that interleukin 3 treatment inhibited apoptosis
by transcriptional induction of bcl-2 and bcl-xL (but not bax), in a H-Ras-dependent
manner (43). There are lesions in BC that can constitutively and chronically activate H-
Ras-dependent signaling in the absence of an activated H-ras oncogene. For example,
erbB family members may be able to activate the H-Ras-dependent MAPK pathway,
which may explain why there are BCs that exhibit constititive MAPK activation without
H-ras mutation (42). Overexpression of EGFR and/or erb-B2 can also lead to chronic
activation of the H-Ras-dependent MAPK pathway, typically resulting in cell prolifera-
tion and/or survival (42,44). This may cause constitutive bcl-2 expression, and may be
manifested as resistance to apoptosis. R-Ras is reported to associate with Bcl-2 (45).
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Are bcl-2 family members transcriptionally regulated by GFs, tumor suppressor genes,
and oncogenes? In vitro studies show that estrogen increases the ratio of bcl-2:bax in ER-
positive MCF-7 BC cells, without altering bcl-xL (46,47). This is consistent with data
showing that estrogen withdrawal causes decreased growth and increased apoptosis in
MCF-7 cell xenografts in vivo (47). Subsequent treatment of estrogen-deprived cells with
estrogen increased transcription of bcl-2, but not bax (46,47). Prolonged co-culture of
MCF-7 cells with estrogen and the antiestrogen, tamoxifen (TAM), did not alter the ratio
of bcl-2:bax (47). In fact, TAM treatment enhanced Bcl-2 expression and reduced tumor
growth in ER-positive patients (48). In several human BCs, the expression of Bcl-2 is
inversely correlated with p53 expression. Overexpression of mutant p53 in MCF-7 cells
was shown to induce downregulation of bcl-2 mRNA and protein (49). It is not clear
whether wild-type p53 has a similar effect on bcl-2 transcription.

Bax is the major proapoptotic member of the Bcl-2 family, which mediates cell death
in response to several stresses, in a caspase-independent manner (50). The p53 tumor
suppressor gene induces bax transcription, and Bax-mediated apoptosis is p53-depen-
dent (51,52). Bax levels are high in normal breast epithelium, but decreased Bax- expres-
sion is associated with resistance to apoptosis in response to combination chemotherapy
(Chemo) in metastatic breast adenocarcinoma (33). A large percentage of breast tumors
with decreased Bax expression have lost Bcl-2 expression (53). Conversely, overexpres-
sion of Bax can increase sensitivity to drug- and radiation-induced apoptosis (50).

Transcriptional Regulation of Bcl-2 in the Prostate
In the normal prostate, Bcl-2 expression is negligible. Androgens induce bcl-2 expres-

sion in an androgen-dependent PC cell line, LNCaP (32,37). However, high bcl-2 expression
can persist after androgen withdrawal, thus permitting development of androgen-inde-
pendent tumors, i.e,, androgen-independent tumors have elevated Bcl-2 expression (32,
37). LNCaP cells are not tumorigenic in vivo, but overexpression of Bcl-2 in these cells
results in rapid formation of tumors (32,37). Mouse models of castration show that almost
all PCs show decreased growth in response to androgen withdrawal, which is accom-
panied by an increased sensitivity to apoptosis in some, but not all, prostate tumor models
(32,37).

Posttranslational Modulation of Bcl-2 and Bcl-xL Function
Because Bcl-2 and Bcl-xL form ion channels that traverse the mitochondrial mem-

brane (54,55), changes in their three-dimensional structure can radically alter function.
Posttanslational modification of these proteins provides an important mechanism to
regulate their function. It has been reported that microtubule disrupters, such as taxanes
(taxol, taxotere, and vincristine), phosphorylate and inactivate Bcl-2 and Bcl-xL in MCF-
7 cells (56,57). The H-Ras-dependent Raf-1 kinase may phosphorylate Bcl-2/Bcl-xL on
Ser/threonine (Thr) residues in vivo (56). Phosphorylation of Bcl-2 induced by taxol has
also been reported in the androgen-independent PC-3 PC cell line. The phosphorylated
Bcl-2 was inactive, to the extent that it was unable to form heterodimers with Bax (57).
Inactivation of Bcl-2/Bcl-xL may not be a necessary step in taxol-induced apoptosis,
since the Bcl-2-negative DU-145 PC cell line is resistant to taxol (57). The stress kinase
p54-SAPK/JNK- is activated by taxanes in MCF-7 cells, and can phosphorylate Bcl-2
when it is co-expressed with bcl-2 in COS cells (58). Whether JNK- phosphorylates
Bcl-2 or Bcl-xL in response to these agents in BC and PCs in vivo is unknown.
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The above data suggest that phosphorylation inactivates the survival-promoting func-
tion of Bcl-2/Bcl-xL. However, recent mutational studies show that an N-terminal cyto-
plasmic loop domain of Bcl-2 (and Bcl-xL) has critical phosphorylation sites required for
the antiapoptotic function in HL-60 leukemia cells (59). Thus, transfectants expressing
Bcl-2 or Bcl-xL lacking the loop domain were sensitive to taxol-induced apoptosis; cells
expressing full-length Bcl-2 /Bcl-xL were resistant to taxol (59). However, this study
also demonstrated that the loop domain is not required for the antiapoptotic function of
Bcl-2 against ara-C- or etoposide-induced apoptosis. This is consistent with a report
showing that Bcl-2 phosphorylation correlates with decreased apoptosis in Jurkat cells
treated with the protein kinase C (PKC) activator Bryostatin-1 (60).

These conflicting data on the effects of phosphorylation on Bcl-2 and Bcl-xL function
may be dependent on which residues are phosphorylated. Thus, residues phosphorylated
in response to taxanes vs Bryostatin-1 may differ, and result in opposite effects on Bcl-2/
Bcl-xL function. It is also possible that Bcl-2/Bcl-xL phosphorylation results in different
effects on Bcl-2/Bcl-xL function in Jurkat cells and HL-60 cells, vs MCF-7 human BC
and PC cells.

Regulating turnover of bcl-2 family members also affects expression levels and func-
tion of the Bcl-2 protein family. Thus, upon cleavage by caspases, both Bcl-2 and Bcl-
xL can be converted into forms that induce apoptosis (61,62). The stability of the Bax-
protein can be affected by Bcl-2 levels. A study in Jurkat cells showed that Bcl-2 over-
expression causes stabilization of Bax (63). Such posttranslational mechanisms may be
a way to maintain the ratio of Bcl-2/Bax within a certain physiologically relevant range
in BC and PC.

Posttranslational Modulation of Bad Function
The activity of another Bcl-2 family member has been shown to be primarily regulated

by phosphorylation. Bad is a proapoptotic protein that acts by heterodimerizing prefer-
entially with Bcl-xL and blocking its survival function (64). Figure 1 shows that GFs,
such as interleukin 3, insulin, and IGF-I, recruit and activate PI-3-kinase (PI-3-K), which
in turn activates the AKT kinase. Active AKT phosphorylates Bad, so that it cannot
dimerize with Bcl-xL. Thus, Bcl-xL is free to perform its survival function, and phospho-
rylated Bad is sequestered in the cytosol as a complex with 14-3-3, a Raf-1 kinase-bind-
ing protein (65–67). Active Raf-1 kinase also mediates phosphorylation of Bad (66,67).
Immunohistochemical studies suggest that normal breast tissue and some PCs have high
expression of Bad protein (68). The significance of this is unclear. Whether the Bad pro-
tein is phosphorylated or not in vivo also remains to be determined.

Modulation of expression levels, function, stability, localization, and dimerization
status of Bad, Bax, Bcl-2, and Bcl-xL has direct effects on the apoptotic threshold.

HORMONAL EFFECTS ON THE APOPTOTIC THRESHOLD

The general mechanisms regulating expression and activity of Bcl-2 family members
have been discussed. The unique hormonal environments of the mammary and prostate
glands modulate the apoptotic threshold by affecting bcl-2 family members and/or activ-
ity of the H-Ras-dependent signaling pathways. This subheading discusses the regulation
of the apoptotic threshold in BCs overexpressing different hormone receptors. Andro-
gen-dependent vs -independent PCs have varying apoptotic thresholds, and are also
discussed.
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ER Status and BC
Acquisition of estrogen independence is a crucial step that often leads to BC progres-

sion. Estrogen independence arises because of attenuated ER signaling and development
of mechanisms of estrogen-independent growth. Expression of transfected ER in ER-
negative cells produces transfectants with inhibited growth, in spite of the expression of
certain estrogen-responsive genes (42). Thus, overexpression of ER in an ER-negative
cell is insufficient to restore patterns of GF signaling and sensitivity to apoptosis associ-
ated with an ER-positive BC cell. ER-negative cells often develop autocrine/paracrine
activation of the EGFR or other receptor tyrosine kinases. The overexpression of certain
oncogenes in BC cells with autoactivated EGFR (or other receptor tyrosine kinase sig-
naling pathways, e.g., erb-B2), can result in tumors with very poor prognosis (42).

Apoptotic Threshold in ER-Positive Cells
ER function can be altered by different signaling mechanisms. Because estrogen-

mediated increase in the bcl-2:bax ratio occurs via the ER, it is important to note that ER
function itself is regulated by phosphorylation. For example, cAMP and IGF-I modulate
ER by phosphorylation, so that TAM’s antiestrogen effects are blunted. This observation
may in part explain why some tumors relapse after TAM therapy (42). It will be interest-
ing to determine whether the ER mutants and variants that have been discovered are
capable of appropriately modulating the bcl-2:bax ratio in response to estrogen or TAM
stimulation. PKC, which is activated during lactation, can downmodulate ER mRNA and
phosphorylate the ER protein, so that it loses function (42). This is consistent with the
observation that PKC is activated in late-stage, drug-resistant, ER-negative, but not ER-
positive, BC (42).

Apoptotic Threshold in ER-Negative Cells
Typically, ER-negative BC cells are aggressive, invasive, and overexpress EGFR, and,

in some cases, erb-B2. It has been hypothesized that ER-positive tumors with regulatable
bcl-2 expression undergo deregulation of small subset of estrogen-dependent genes, result-
ing in tumors that are ER-negative, EGFR-positive, and multidrug-resistant (42). Such
aggressive cancers typically overexpress Bcl-xL, and are resistant to chemo-induced
programmed cell death (36,39). This is consistent with decreased rates of apoptosis mea-
sured in later stages of BC vs early stages (23). A direct link between EGFR and Bcl-xL
has been demonstrated. Thus, in human keratinocytes, both EGF and its homolog trans-
forming growth factor (TGF- ), stimulate the EGFR and induce Bcl-xL expression.
Conversely, blockade of the EGFR resulted in induction of cell death (69). TGF- acts
via the EGFR as a survival factor, and can block apoptosis during mammary gland invo-
lution in vivo (42,70). TGF- accelerates mammary carcinogenesis and prevents apop-
tosis in double-transgenic TGF- /c-myc mice; c-myc single-transgenic mice form tumors
that undergo apoptosis (70).

The level of EGFR expression can determine whether EGF drives growth or apoptosis.
In vitro studies show that EGF stimulates growth in ER-negative cells with low levels of
EGFR, but induces apoptosis in cells with significant EGFR overexpression (32,71).
This induction of apoptosis is associated with a dramatic increase in c-myc expression
(32). Whether the levels of EGFR expression have similar effects in vivo remains to be
determined.
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c-erbB2/Her-2 + Status and Apoptotic Threshold
The c-erbB-2 gene codes for a receptor tyrosine kinase, which is amplified at the gene

level in about 30% of BCs. Overexpression of c-ERBB-2 in MCF-7 cells was associated with
upregulation of Bcl-2 and Bcl-xL (72), suggesting that c-ERBB-2 overexpression affects
the apoptotic threshold. These data are consistent with the observation that c-ERBB-
2-overexpressing tumors are aggressive, metastatic, and refractory to agents that induce
apoptosis, leading to drug resistance. Herceptin is a c-ERBB-2 protein-specific antibody
(Ab) that is growth-inhibitory to c-ERBB-2-overexpressing cells only. This Ab syner-
gized with drugs in phase II clinical trials on c-ERBB-2-positive patients with metastatic
BC (73). To date, herceptin has not been shown to induce apoptosis. However, introduc-
tion of an adenoviral vector, encoding a single-chain anti-erbB-2 Ab, prolonged survival
of mice with solid tumors that overexpress c-erbB-2. This anti-erbB-2 Ab was shown to
induce apoptosis within these tumors (74).

The effects of heregulin, herceptin, and various c-ERBB-2-specific Abs on bcl-2
family members, erbB family receptors, PI-3-K, AKT, and the MAPK pathway, need to
be investigated, in order to elucidate the pathways by which erb-2 signals and influences
the apoptotic threshold. The ErbB-2 protein has been shown to be a potent activator of
PI-3-K and the H-Ras-dependent MAPK pathways (44,75).

Androgen Receptor Status and Apoptotic Threshold in PCs
A major step in PC progression is acquisition of androgen independence. The signifi-

cance of this step is apparent when one considers androgen-dependent growth. Primary
mediators of androgen-dependent growth are unknown, although induction of various
cell cycle genes, transcription factors, and peptide GF receptors are associated with
stimulation of the androgen receptor (AR). The GFs, IGF-I, EGF, keratocyte growth fac-
tor, fibroblast growth factor 7, and activated protein kinase A, can independently activate
the AR signaling pathway (38). This crosstalk between AR signaling and other GF signal-
ing pathways may explain why androgen-deprived PC cells continue to grow and develop
hormone-refractory tumors. The H-Ras–MAPK pathway is also induced by AR stimu-
lation. v-Ki-ras transformation of immortalized prostate ECs induced EGF-independent
growth and resistance to all trans retinoic acid (ATRA) (76), suggesting a role for H-Ras-
dependent signaling in acquisition of androgen-independent growth.

Androgen-dependent tumors are known to overexpress bcl-2. It is worth investigating
whether the GF(s) that mimic AR signaling can modulate expression or function of
individual bcl-2 family members in a manner that renders these tumors resistant to apop-
tosis. In addition, androgen-independent cancers proliferate slowly and do not respond
to Chemo agents that primarily target cycling cells. Therefore, these tumors are often
insensitive to Chemo-mediated induction of apoptosis in vivo (37,38). However, agents
that induce a sustained elevation of intracellular calcium do induce apoptosis in the
hormone-refractory tumors (32,77).

Hormone-independent BC and PCs may still be capable of apoptosis in response to
anticancer therapies. However, the apoptosis pathways in these types of tumors are
no longer hormonally modulatable (32). The result is that hormone-independent cells
survive and outgrow their hormone-dependent counterparts, and are largely responsible
for the relapses observed in patients who have undergone hormone-based treatment for
BC or PC.
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MODULATION OF CASPASES BY PHOSPHORYLATION

GF signaling can affect the apoptotic threshold at several steps. The mechanisms by
which GFs and the H-Ras-dependent signaling pathways modulate transcription, func-
tion, and subcellular localization of Bcl-2 family members are discussed in the subhead-
ing, Role of Bcl-2 Family in Breast and Prostate Malignancies. Specific mechanisms of
regulation of apoptosis in BC and PC were discussed in the subheading, Hormonal Effects
on Apoptotic Threshold. Recent data suggest that GFs can modulate the apoptotic thresh-
old without directly affecting Bcl-2 family members. This subheading discusses mech-
anisms by which GF signaling via specific kinases and phosphatases directly regulate the
activation of stress kinases and caspases, which in turn directly affect sensitivity to
apoptosis.

Kinases Regulating Apoptosis
The PI-3-K–AKT pathway not only enhances cell survival, but can block activation

of stress kinases. Thus, AKT inhibits caspase activity, which in turn blocks the caspase-
dependent activation of stress kinase, p38, in HeLa cells (78). As shown in the Fig. 1,
AKT can promote survival by blocking caspase-9 activation via specific phosphoryla-
tion (79). These data show that H-Ras-dependent kinases can directly influence the apop-
totic threshold by regulating the activation of caspase-9, a crucial caspase in the apoptotic
cascade.

Conversely, caspases may modify kinase activities, which in turn can lead to apoptosis.
Thus, cleavage by caspases converts certain kinases into apoptosis inducers. The activi-
ties of the PKC isoforms, and , are regulated by caspases in this manner, and over-
expression of the cleaved forms of PKC and induced apoptosis (80). Activation of the
MEKK-1 kinase presents another interesting case: It is a Ser/Thr kinase in the H-Ras-
dependent MAPK pathway that activates the JNK stress kinases in response to loss of con-
tact with the extracellular matrix (ECM). MEKK-1 is a caspase substrate that is activated
upon cleavage by caspase-3 and -7. Active MEKK-1 in turn further activates caspases-7/3,
thus forming an amplification loop for caspase activation (81; Fig. 1). Cleavage-resistant
or kinase-inactive mutants of MEKK-1 are inactive, and prevent complete activation of
caspases-3 and -7. MEKK-2, -3, and -4 are not caspase substrates, and are poor inducers
of apoptosis (80,81).

Phosphatases Regulating Apoptosis
The activities of major protein kinase signaling pathways are regulated by protein

(Ser/Thr specific) phosphatases. Figure 1 shows that the proliferative arm of the MAPK
pathway (H-Ras-Raf-ERK) is opposed by protein phosphatases 1 and 2 (PP-1 and PP-2);
the MAP-kinase phosphatase-1 (MKP-1) can block activation of the JNK, the terminal
kinase in the H-Ras-dependent stress kinase pathway.

Depending on the cell type, inhibitors of PP-1 and -2 inhibit or potentiate Chemo- and
radiation-induced apoptosis. Thus, induction of MKP-1 protects cells from TNF- and
UV-induced apoptosis by blocking sustained JNK activation. Conversely, phosphatase
inhibitors, such as okadaic acid and calyculin A, augment TNF-induced apoptosis in BT-
20 human BC cells, and in LNCaP human PC cells, respectively (82). These inhibitors
have also been shown to induce Bcl-2 phosphorylation and apoptosis in BC and PC cells
in vitro (82,83), suggesting that changes in phosphatase actvity can directly alter the
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apoptotic threshold. Indeed, two-hybrid studies suggest that Bcl-2 can associate with the
phosphatase, calcineurin (PP-2B) (83,84). However, the bcl-2–calcineurin interaction
was not observed in vitro under physiological conditions (85). Therefore PP-1, PP- 2, and
their inhibitors modulate sensitivity of cells to agents that induce apoptosis.

There is evidence showing that PP-2A is activated upon cleavage by caspase-3 (86).
Further, PP-2A activation appears to be necessary for Fas-induced apoptosis in Jurkat
cells, since caspase inhibitors completely blocked Fas killing and PP-2A activation with
similar kinetics (86).

Key Ser/Thr kinases and phosphatases regulate H-Ras-dependent pathways, which
control the balance between cell growth, death, and survival. The PI-3-K–AKT pathway
can block activation of specific caspases. Conversely, the activities of crucial kinases and
phosphatases, such as MEKK-1, p38, and PP-2A, are in turn regulated by caspases. It has
been proposed that caspases coordinately turn on stress-activated pathways and shut off
GF-activated signaling pathways that promote survival (86). Whether GF-dependent
kinases and phosphatases in turn alter the substrate specificity of caspases remains an
interesting question.

ROLE OF ECM AND CELL–CELL CONTACT
IN MODULATING APOPTOTIC THRESHOLD

Differentiation of the mammary gland requires the ECM proteins laminin-1, and the
1-integrins. Bcl-2 and Bax may be crucial intracellular mediators of apoptosis-inducing

signals originating at the ECM (34). Integrin-mediated suppression of apoptosis in nor-
mal mammary ECs grown on ECM occurs in part because of upregulation of bcl-2 and
inhibition of interleukin-1 -converting enzyme (87). The integrins also affect survival
by modulating the activities of the PI-3-K and MAPK pathways.

Cadherins are crucial players in mediating growth and survival signals associated with
cell–cell contact in epithelial tumors. Studies on HSC-3 oral squamous carcinoma cells
show that cadherins mediate cell–cell interactions that promote anchorage-independent
growth and block apoptosis (88). Monolayers and multicellular aggregates of these cells
express high levels of bcl-2, and grow and survive; suspended single HSC-3 cells lack
bcl-2 expression, and die (88). This action of cadherins may not apply to normal cells,
since normal keratinocytes in aggregates express cadherins, but fail to survive in suspen-
sion (88). In BC, loss of E-cadherin is associated with increased invasiveness (42).

Cadherin function may be more complex, because interactions with integrins and
catenins occur. Mutants of -catenin are found in certain cancers, and have been shown
to disrupt E-cadherin– -catenin interaction (88). The result is decreased intercellular
adhesiveness within the tumor. Since the EGFR and the Ras adapter protein, Shc, can
interact with cadherin–catenin complexes (28), cadherins may play an important role in
anchorage-independent growth of BC and PC cells. In fact, alterations in E-cadherin/ -
catenin-mediated cell–cell adhesions are reported to occur in 30% of PC cells, and may
be important in the acquisition of metastatic potential (89).

APOPTOSIS-BASED THERAPEUTIC STRATEGIES

Bcl-2 Antagonists
Antisense Bcl-2 oligonucleotides have been shown to sensitize some BC and PC cell

lines to Chemo-induced apoptosis (90). Antisense Bcl-2 oligonucleotides alone have
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been used in phase I trials of lymphoma patients, and have resulted in some antitumor
response (90). The proapoptotic protein, Bcl-xS, antagonizes Bcl-2 and Bcl-xL function
(91). Although the precise mechanism of Bcl-xS action is unknown, binding of Bcl-xS
to Bcl-xL permits cytochrome C release into the cytosol, resulting in apoptosis (92). The
authors showed that an adenoviral bcl-xS vector, used to transiently overexpress Bcl-xS,
induces programmed cell death in MCF-7 cells (93), and partial tumor regression in a
solid MCF-7 tumor model in nude mice in vivo (94). Therefore, this vector has potential
as a gene therapy agent for BC.

Anticancer Agents That Modulate Apoptotic Threshold
Both Chemo and radiation therapy are known to work mostly by induction of apoptosis

in tumors; however, these anticancer therapies are also toxic to normal cells. Retinoids
and carotenoids are two classes of related dietary compounds that have chemopreventive
properties. However, some of these compounds have clinical potential, because they
selectively induce apoptosis in epithelial tumor cell lines, but not in normal cells (95,96).
In this subheading, the actions of these compounds in BC and PC is discussed in further
detail.

RETINOIDS

The retinoid, ATRA, primarily acts via growth inhibition, differentiation, or induction
of apoptosis. Retinoids mediate their effects via different isoforms of retinoic acid recep-
tors (RAR and RXR) (97,98). In BCs, ATRA-induced apoptosis is mediated by RAR- ,
and is independent of p53, bcl-2,and bax (98,99). Retinoids differentially affect ER-
positive vs ER-negative cells, in part because RAR- expression is induced by retinoids
in ER-positive, but not ER-negative, cells. RAR- expression can also be induced by
expression of RAR- . RAR- loss occurs in human BC, but not in normal breast epithe-
lium (100). Estrogen can also modulate sensitivity to retinoids by inducing levels of
RAR- (101). For these reasons, ER-positive BCs are more sensitive to ATRA than ER-
negative tumors.

Resistance to ATRA is a significant problem, and results from absence of RAR- or
lack of inducibility of RAR- expression in ER-negative cells. In some cases, ATRA
resistance may result from Bag-1, an antiapoptotic member of the Bcl-2 family. Thus,
in the ER-positive cell lines, MCF-7 and ZR-75-1, Bag-1 prevented ATRA-dependent
transriptional activation, by interfering with the binding of the RAR complex with speci-
fic retinoic acid response elements (102). As mentioned above, ATRA resistance is observed
in the v-Ki-Ras transformed pRNS-1-1/ras PC cell line (76). In lieu of ATRA resistance,
ATRA analogs are becoming important as potential anticancer agents. The analog, Fen-
retinamide (4-HPR) efficiently induces apoptosis in all human BC lines, regardless of
receptor status (ER or RAR) (97,98). In clinical trials, 4-HPR efficiently prevented BC
recurrence in women who had resection of early-stage cancer (103).

CAROTENOIDS

Carotenoids, such as the provitamin A carotenoid -carotene, have significant chemo-
preventive activity in animal models of BC. However, over 90% of carotenoids are non-
provitamin A compounds, and are beginning to be studied. Lutein is a nonprovitamin A
xanthophyll found in broccoli and spinach, which has been shown to have chemopreven-
tive activity in vitro (96,104). Lutein, as well as another carotenoid, zeaxanthin, accounted
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for a part of the decreased BC risk in women on high vegetable and fiber diets (105,106).
In addition, high plasma levels of lutein were associated with a favorable prognosis in
women with newly diagnosed BC (107).

The authors’ data suggest a potentially new role for lutein in cancer Chemo. ATRA and
lutein were found differentially modulate chemosensitivity in normal vs transformed
human mammary ECs. Etoposide and cisplatin induced apoptosis in both cell types.
However, lutein conferred significant protection from apoptosis induced by each of these
agents in normal cells only. This was consistent with lutein’s ability to increase the Bcl-
2 + Bcl-xL:Bax ratio in normal cells, but not in transformed cells. Futher, lutein and high-
dose ATRA each induce significant cell death in tumor cells, but not in normal mammary
cells. A differential effect of certain carotenoids on proliferation in tumor cells vs normal
cells has been reported (96). Recently, the nonprovitamin A carotenoid, lycopene, has
been associated with decreased PC risk (108).

CONCLUSIONS AND PERSPECTIVES

Figure 1 attempts to illustrate the numerous regulatory components of the apoptotic
threshold described in this review, but it is by no means a comprehensive illustration
of the numerous models of cell death. As can be seen from the figure and the discussion
in the text, the apoptotic threshold is the sum of a set of upstream components that
eventually lead to the regulation of bcl-2 family members. These bcl-2 family members
then govern the task of commitment to cell death through mitochondrial disturbances. If
left to itself, this would provide a fairly straightforward explanation; however, numerous
upstream factors (such as AKT and MEKK-1) can also regulate components downstream
of bcl-2 activity. Furthermore, as with TNF/Fas receptor-induced apoptosis, additional
cell death responses may altogether circumvent the regulatory importance of the bcl-2
molecules. What arises from these multiple levels of regulation is a tightly controlled
means of cell removal. Considering the magnitude of the decision to commit to cell
removal through apoptosis, this is no surprise. In terms of therapies to manipulate these
apoptotic thresholds, equally sophisticated and tightly controlled strategies must be
devised.
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INTRODUCTION

The trophic effects of steroid hormones on hormone-dependent cancers are mediated
by specific nuclear receptors (NRs), which act as transcriptional regulators. Androgen
(AR), estrogen (ER), and progesterone (PR) receptors possess sequence-specific binding
affinity for hormone response elements upstream of hormone-responsive genes. Thus,
the principal mechanism of action of steroid hormones is the regulation of gene expres-
sion (1), with NRs acting as signal transducers. This simple concept encompasses a remark-
ably intricate biochemical mechanism, which involves numerous proteins in addition to
the NRs themselves. Recently, efforts in a number of laboratories have begun to delineate
the complex process by which signals impinging on steroid receptors regulate transcription.

Steroid receptors belong to the NR superfamily, and have a similar structure, contain-
ing distinct domains (regions A–F) (1). Transcriptional activation properties are associated
with two regions, the ligand-independent N-terminal AF-1 domain, and the ligand-
dependent C-terminal AF-2 domain. NRs bind to DNA as homo- or heterodimers, which
form on ligand binding. Although ER, for example, can interact directly with compo-
nents of the basal transcriptional apparatus (2,3), it has become increasingly apparent that
NRs do not act in isolation to alter transcription at their response elements. Instead, they
function as part of a multimeric protein complex that serves to transmit the hormone
signal to the basal transcriptional machinery. Accessory factors, termed co-activators or
co-repressors, regulate the effects of NRs on transcription, and are an essential part of the
mechanism mediating hormone action. Disturbances in the integrity of this mechanism
may be of critical importance to the biology of hormone-responsive cancers by affecting
their sensitivity to endocrine signals and disrupting the integration of signaling pathways.
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Recognition of the complexity of the apparatus mediating NR transcription has been
driven by several biochemical approaches. Older studies, using reporter genes in tran-
sient transfection assays, demonstrated interference between NRs (squelching), which
suggested the existence of limiting intermediary factors essential for NR transactivation.
Using the yeast two-hybrid system, a long list of proteins that interact with NRs have been
isolated. Supplementing this list are proteins that have been isolated by direct biochemi-
cal analysis of purified transcriptional complexes, as well as molecules that also have the
ability to regulate viral oncoproteins and non-steroid signaling pathways, notably the
E1A binding protein, p300, and the related molecule, CREB-binding protein (CBP).

The precise roles of several of these proteins remain to be determined. However,
because ligand binding is the critical event in NR signaling, the subsequent discussion
focuses primarily on the network of factors that associate with NRs on ligand binding
(Fig. 1). A general picture has emerged in which NRs participate in multimeric protein
complexes. In the nonliganded state, association with co-repressors leads to the forma-
tion of an inhibitory complex (4,5). On receptor formation by ligand binding (or via
ligand-independent pathways), an activating complex forms, which promotes transcrip-
tion. Chromatin modification by histone acetylation and deacetylation has emerged as an
important biochemical aspect of the process. The unliganded chromatin-bound NR co-
repressor complex maintains a condensed chromatin state through its histone deacetylase
activity. In contrast, liganded NRs recruit histone acetyltransferase (HAT) components
of the co-activator complex. Decondensation of acetylated chromatin presumably facili-
tates access to the DNA template by transcriptional proteins. Ligand activation of recep-
tor can be conceptualized as promoting HAT activity over histone deacetylase activity.
The combinatorial utilization of various possible co-regulators in specific cell types
establishes the pattern of hormone responsiveness. In addition to complexes with HAT

Fig. 1. The regulation of transcription by a NR at the promoter of a hormone-responsive gene
involves changes in the co-regulator complex bound to chromatin. In the inactive state, the receptor
is engaged with a co-repressor complex with histone deacetylase activity. On ligand binding, the
receptor (NR) undergoes a conformational change, and binds co-activators with a histone
acetyltransferase activity, and affinity for the basal transcriptional machinery favoring the initiation
of transcription.
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activity, multimeric complexes with an adenosine triphosphate (ATP)-dependent nucle-
osome remodeling activity (notably the SWI/SNF complex) function to enhance NR-
dependent transcription. Recently, two proteins, originally described because of their
ubiquitin ligase activity, have been demonstrated to co-activate NRs (6). Additionally,
numerous proteins with ligand-independent NR-binding activity have been isolated.
These last categories have not been directly related to cancer, and are not considered
further in this chapter. Finally, several large multimeric transcription complexes have
been described and characterized to varying degrees.

HAT CO-ACTIVATOR COMPLEXES

Assembly of the HAT co-activator complex depends on the interaction of NRs with
members of the p160 co-activator family. This class of molecules, defined by steroid
receptor co-activator 1 (SRC-1) is particularly well characterized. SRC-1 was originally
isolated as an interactor of the PR ligand-binding domain (7). This 160-kDa protein inter-
acts with NRs in a ligand-dependent fashion, and co-activates several NRs in reporter-
gene assays. SRC-1 defines a gene family including two closely related proteins, TIF2
(8) and amplified in breast cancer (AIB1) (also known as ACTR/RAC3/TRAM1) (9–11).
Each of these proteins has a domain structure that includes an N-terminal basic helix-
loop-helix (bHLH)/Per-Arnt-Sim (PAS) domain. A number of transcription factors, such
as the Drosophila clock protein, Period, and the aryl hydrocarbon nuclear transporter,
contain PAS domains that function as protein-interaction domains (12). Although highly
conserved in SRC-1, deletion of the bHLH/PAS domain from SRC-1 does not interfere
with its function in transient transfection, and its role remains undefined. SRC-1 family
proteins also contain helical LXXLL motifs, which mediate the association of co-acti-
vator with receptor, and which are also found in other NR-interacting proteins (13,14).
In addition to these properties, SRC-1 interacts with CBP/p300 (see below), and recom-
binant SRC-1 protein has HAT activity (15). SRC-1 has been shown to interact with and
co-activate transcription factors outside the NR superfamily, including nuclear factor-

B and Jun/fos (16–18), and microinjection experiments suggest a role for the mouse
p160 (p/CIP) in CREB and STAT function (19). However, the relative biological impor-
tance of p160 co-activator function to these various pathways remains to be established
in vivo.

Mice homozygous for a null allele of SRC-1 are viable and fertile, but exhibit a blunted
response to steroid hormones (20). Some redundancy in the p160 family probably
accounts for this mild phenotype. Knockouts for the remaining members of the p160
family have not yet been reported. One issue, yet to be fully resolved, is whether the three
known p160 co-activators or their isoforms preferentially co-activate specific NRs. Bio-
chemical and structural studies suggest that is likely to be the case (21–25). According
to this view, specific expression of varying combinations of p160 co-activators could
regulate the pattern of hormone responsiveness in a tissue-specific manner. Recently,
using chromatin immunoprecipitation techniques, it has been demonstrated that the p160
ACTR is itself acetylated on lysine residues flanking the LXXLL motifs (26). This modi-
fication disrupts the NR–co-activator interaction, and accounts for the pulse of transcrip-
tional activity observed on hormone stimulation.

An important component of the p160–NR complex, CBP, was originally isolated because
of its interaction with CREB, a cyclic adenosine monophosphate-responsive transcription
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factor (27). The closely related p300 was identified as a regulator of adenovirus E1A
protein (28). These molecules have potent HAT activity, and also recruit p/CAF, another
HAT (29,30). Through interactions with PolII-associated proteins, CBP/p300 can func-
tion as bridging factors between NRs and the basal transcriptional apparatus. In addition
to binding to SRC-1 family proteins and NRs, CBP/p300 binds to and increases the
activity of numerous sequence-specific transcription factors (18,26,31–34). Because of
this broad functional repertory, they have been termed “co-integrators.” Partitioning
limiting amounts of CBP/p300 among various promoters within a cell may be an impor-
tant mechanism for balancing the effects of multiple signal transduction pathways.
Although CBP/p300 interacts with SRC-1 family proteins, biochemical studies in T47-D
cells suggest that the majority of CBP is not associated with SRC-1 in vivo (35).

LARGE MULTIMERIC ACTIVATOR COMPLEXES

Several large transcriptional complexes have been identified in mammalian cells,
including the SWI/SNF, vitamin D interacting proteins (DRIP), and thyroid-receptor-
associated protein (TRAP) complexes. The SWI/SNF complex was first identified as a
large (2 Mda) complex in S. cerevesiae, with an ATP-dependent nucleosomal remodeling
activity (36). Yeast SWI/SNF can functionally interact with NRs, and mammalian rela-
tives of SWI/SNF proteins have been identified. One of these, brahma-related gene 1
(BRG-1) functions to co-activate ER and GR (37,38). Several large multicomponent
activator complexes have been described. With detailed characterization, they are tend-
ing to merge into a few distinct complexes. For example, the DRIP complex is very similar
to the ARC complex (activating complex), which interacts with several sequence-speci-
fic activating transcription factors, including the vitamin D receptor and NF- B (39–41).
The complexes TRAP and SRB/MED-containing co-factor complex are also identical
(42). A number of less completely defined activator complexes have been reported,
and it is expected that additional complexes, with distinct or overlapping composition,
remain to be described.

CO-ACTIVATORS AND CANCER

Several observations have drawn the attention of cancer biologists to the problem of
transcriptional co-activation. Although not all of these results are directly related to hor-
mone-responsive solid tumors, there is now enough information to strongly suggest that
disturbances in the function of co-regulatory molecules are relevant to cancer progres-
sion, and that involvement of these mechanisms in cancer progression deserves close
scrutiny. The regulation of gene expression is finely tuned. The quantities of certain co-
activator molecules may be limiting, and competition for this limited supply between dif-
ferent signaling pathways is an essential aspect of transcriptional regulation. Varying the
quantities of co-regulatory molecules of varying specificity, or altering them structur-
ally, can result in major dysregulation of gene expression, with potentially catastrophic
effects on the orderly processes of the cell cycle and cell differentiation.

The oncogenic potential of CBP and p300 is underscored by the involvement of these
genes in chromosome translocations in acute myeloid leukemia. In each case, the trans-
location involves another transcription factor, and results in a fusion gene with presump-
tive oncogenic properties. Reported partner genes for CBP have been MOZ and MLL for
CBP and MLL for p300 (43–46). Remarkably, a fusion between MOZ and TIF-2 has also
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been observed (47,48). CBP physically associates with PML, a consistent partner with
RARA in chromosome translocations in acute promyelocytic leukemia (49). The precise
mechanism of leukemogenesis in any of these translocations remains to be determined,
but almost certainly involves altered chromatin acetylation and gene expression. Although
beyond the scope of this chapter, it is noteworthy that a number of leukemia fusion onco-
protein transcription factors act to recruit co-regulator molecules, with a resultant distur-
bance in the normal process of hematopoiesis. Finally, a relationship between co-regulator
molecules and the function of oncogenes, such as myc, and tumor suppressor genes,
including p53 and RB, has emerged (34,50–54). Co-regulator molecules are involved in
the function of these molecules, which fundamentally act as transcription factors. It
is therefore possible that alterations in the cellular repertoire of co-regulators may disturb
the normal function of these genes. Additionally, p53 itself is a substrate for acetylation
by CBP and p/CAF, with an increase in p53-dependent transcriptional activity as a result
of this modification (55).

Although chromosome translocations of genes encoding co-regulatory molecules
have not been observed in solid tumors, other lines of evidence relate these genes to the
evolution of solid tumors. These are derived from observations of patients with heredi-
tary mutations in CBP and somatic alterations in co-activators in solid tumors. Mutations
in only one of the known co-regulators, CBP, are known to cause a hereditary disease,
the Rubinstein-Taybi syndrome (RTS), in an autosomal-dominant fashion (56). This
congenital malformation syndrome is associated with disturbed growth caused by haplo-
insufficiency for CBP. RTS patients have a propensity for keloid development, and an
apparent excess of benign and malignant tumors (57,58). Malignant tumors in RTS have
been diverse, including leukemia, medulloblastoma, neuroblastoma, and pheochromocy-
toma. A mouse model for RTS exhibits anomalies in the heterozygotes, with embryonic
lethality in the homozygotes (59). A similar phenotype is observed in p300-null mice,
with worsening embronic lethality in the compound heterozyogote with the CBP-null
allele (60). However, no propensity for tumors has been reported in either the p300 or
CBP-null mice. Extensive searches for somatic mutations in co-regulator genes have not
been reported. However, somatic mutations in CBP, resulting in amino acid substitutions
with loss of the normal allele, have been observed in gastric and colorectal carcinomas (61).
Truncating mutations of the SWI/SNF component, hSNF5/INI1, have been observed in
malignant rhabdoid tumor (62).

The p160 co-activator, AIB1 (also known as ACTR, RAC3, TRAM1, and SRC-3), has
been described as a target of gene amplification in breast cancer (BC) and ovarian cancer
(9–11,63,64). Gene amplification, with overexpression of the target gene, is a frequent
mechanism of increased gene expression in solid tumors, notably including BC. Origi-
nally described in the ER-positive BC cell lines, BT-474, MCF-7, and ZR 75-1, as well
as in the ovarian carcinoma cell line BG-1, AIB1 amplification is also present in tumor
samples (9). The frequency of amplification in BC specimens was reported to be 9.5%
by fluorescence in situ hybridization and 4.8% by Southern blot analysis, results that are
consistent with the differences in these techniques (65). Consistent with its function in
steroid signaling, AIB1 amplification correlated positively with hormone receptor sta-
tus. In cell lines, AIB1 gene amplification is associated with overexpression of AIB1
mRNA. AIB1 expression has not yet been studied by immunohistochemistry in BC
specimens. However, high levels of AIB1 expression by mRNA in situ hybridization
were considerably more frequent than AIB1 gene amplification.
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Recently, a novel co-activator, designated AIB3/ASC-2, has been described (66). The
gene encoding this protein is amplified in 4.5% of BCs. AIB3/ASC-2 binds to ER, GR,
TR, and RAR in a ligand-dependent fashion, and co-activates these receptors. It also
binds to CBP and SRC-1, suggesting that it participates in co-activator complexes with
these molecules. AIB3/ASC-2 and AIB1, which both map to different regions of 20q, are
found co-amplified in BCs, raising the possibility that selection for overexpression of
both genes is driven by their role in NR function. Amplification and overexpression of
another LXXLL-containing NR co-activator in BC, termed “PBP/PPARBP” (also known
as TRIP-2 and TRAP 220), has been described, extending further the concept that altered
co-activator levels may provide enhanced tumor cell proliferation (67–69).

How might overexpression of a co-activator, such as AIB1, AIB3, or PBP, provide a
selective advantage to tumor clones bearing amplification of this gene? One possibility
would be that increased abundance of co-activators increases the efficiency of signaling
through critical NR-dependent pathways. This possibility is consistent with the associa-
tion of ER/PR positivity and AIB1 amplification in BCs, and the fact that all the AIB1-ampli-
fied BC cell lines reported are ER-positive. An alternative explanation would consider the
possibility that excess AIB1 is acting on nonsteroid signaling pathways, either directly
or by altering the partition of limiting quantities of CBP/p300 between the multitude of
pathways acted on by these proteins.

Given the occurrence of co-activator gene amplification in BC, it is notable that abnor-
malities of co-activators have not yet been reported in prostate cancer. Although a num-
ber of AR co-activators have been described, mutations or amplification of these genes
have not been described. This contrasts with the observation of AR gene amplification
in prostate cancer, which has recurred following androgen deprivation therapy (70).

CONCLUSION

The regulation of the approx 100,000 or so genes in the human genome by developmen-
tal, physiologic, temporal, and environmental signals involves an complex network of trans-
criptional regulators. Although current concepts only partially describe the dynamic
events occurring during hormone-responsive transcription, they do begin to identify the
critical components of this system. Nonetheless, it is reasonable to propose that distur-
bances in the gene expression patterns of cells, as they evolve into malignant tumors, may
be associated with genetic and epigenetic changes in the hormone-responsive transcrip-
tional mechanism. The underlying complexity of these processes, and the large number
of proteins involved, necessarily mean that current information on alterations in these
genes during the evolution of hormone-dependent cancer is fragmentary.

Within this complex system, there are certainly opportunities to understand the mecha-
nisms underlying the development of malignancies in hormone-responsive tissues, as
well as important clinical phenomena, such as the evolution to the hormone-indepen-
dent state. By defining the physical interactions of co-activator molecules with hormone
receptors and the biochemical activities of co-activators, new opportunities are created
for therapeutic intervention via the design of new molecules that disrupt these functions.
Finally, by applying new technologies for the large-scale monitoring of gene expression,
such as cDNA microarray analysis, it will be possible to unravel the effects of alterations
in transcriptional function on the global pattern of gene expression in the tumor cell.
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