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Preface

It has been over a decade since the First International Symposium on Hormonal
Carcinogenesis convened in 1991. Since then, the field has rapidly expanded
with considerable progress in both breast and prostate cancers; while ovarian
and endometrial cancer have been hampered, in part, due to the absence of
suitable hormone-mediated animal models. While knock-out, transgenic, and
cell-culture systems have been extremely useful in identifying specific
gene/protein alterations and the ensuing pathways affected, the precise
molecular mechanisms whereby sex hormones elicit their oncogenic effects still
remain elusive. Moreover, despite the considerable progress made in breast
cancer research, the exact role of progestins in the presence or absence of
estrogen in breast growth, differentiation, and malignant transformation is
lacking. Elucidating the incipient molecular alterations in early/pre-invasive
lesions elicited by these hormones is a growing important focus of this field.
The main purpose of these Symposia has been to address vital questions that
impact our understanding of the causation, dependency, progression, resistance,
and prevention of hormonally-associated cancers.

We are indebted to the Scientific Advisory Board members who
worked with us reviewing and offering suggestions to finalize the scientific
program. We offer special thanks for the guidance and support of Dr. Gerald
Mueller. His wisdom played an indispensable role in maintaining the excellence
of these Symposia. We also acknowledge the numerous external reviewers that
worked diligently to revise and improve the quality of the manuscripts. We are
very grateful to Ms. Tandria Price. Her enthusiasm for the project, her effective
and diplomatic interactions with contributors and administrators, and her superb
organizational skills were evident during the Symposium and in the preparation
of this volume. We are deeply grateful to the Fundación Instituto Valenciano
Oncología (IVO), Universidad de Valencia, and the Office of Science and
Culture of the Valencia Community, who hosted this Symposium and provided
funds and gracious staff that worked efficiently to make this a most memorable
Symposium. We are indebted to Ms. Paula Callaghan, our Springer-Verlag
editor, for her support and highest publication standards. We appreciate the
financial support of the NIH institutes and companies, listed separately, which
have been indispensable to the success of this Symposium.

Kansas City, Kansas, USA Jonathan J. Li, Ph.D.
Sara Antonia Li, Ph.D.

Valencia, SPAIN Antonio Llombart-Bosch, M.D, Ph.D.
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Hormones, Centrosomes, and Genomic
Instability in Mammary Carcinogenesis

William R. Brinkley, David L. Stenoien, and Thea Goepfert

Introduction

The centrosome, a cytoplasmic organelle acquired at fertilization via paternal
inheritance, plays a vital role in cell division and in the maintenance of cell polarity
throughout development. The importance of the centrosome in achieving proper
orientation and segregation of duplicated chromosomes and assuring stability of the
eukaryotic genome is well established. The centrosome can be recognized in the
cytoplasm of most eukaryotic cells as a discrete, microscopic domain that functions
as the cell’s principal microtubule organizing center (MTOC). Like the genome, it
undergoes duplication during late S-phase, producing a pair of centrosomes that
function to organize the bipolar spindle in mitosis.

The centrosome duplication cycle, like the cell cycle, is regulated by a vital
system of checkpoint-signaling proteins, about which little is currently known.
Errors in centrosome duplication and/or distribution can result in aberrant daughter
cells that either lack centrosomes (acentric cells) or receive a single centrosome,
producing mono-polar spindles, or they can receive more than two centrosomes,
resulting in the assembly of multipolar spindles during mitosis. These aberrations
can lead to catastrophic errors in chromosome distribution resulting either in cell
death or transformation to become tumor cells. Using antibodies specific for
centrosome associated proteins, we and others have noted that many tumors, both
in-vitro and in-vivo, display cells with a variety of centrosome aberrations (1-7).
The most commonly reported defect causes cells to develop supernumerary
centrosomes (greater than the expected 1-2 centrosomes/cell), a process identified
as “centrosome amplification.” Retention and maintenance of centrosome duplicity
is critical in the cell cycle to assure bipolar spindles and the maintenance of a
diploid genome. Centrosome amplification could therefore account, in part, for the
genomic instability and aneuploidy commonly found in cancer cells. Although
bipolar spindles can form in the absence of centrosomes in some germ cells of
eukaryotes this organelle plays a prominent role in spindle assembly and function in
somatic cells (reviewed in 5). Thus, it becomes essential to identify and
characterize the molecular components involved in maintaining the correct
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centrosome number in diploid cells and to understand the cause of aberrations.
Although little is known about the role of hormones in the biology of

centrosomes, they serve an important role in normal cell growth and developments,
and are implicated in tumorigenesis. In a later section of this report, we review
recent studies in our laboratory of centrosomes and their involvement in hormone
mediated aneuploidy and cancer in an experimental rat mammary model for
carcinogenesis.

The Resurrection

The implication of centrosome anomalies in cancer were first identified at the dawn
of the Century. In a 1914 treatise, Zur Frage der Enstehung Maligner
Tumoren, Theodore Boveri (8) proposed that sea urchin zygotes containing more
than two centrosomes, segregated their chromosomes abnormally due to the
presence of extra spindle poles induced by polyspermy (Figure 1). He noted that
although multipolarity was generally lethal, occasional segregants survived to
produce embryos with tumor-like outgrowths. As one of the early experts on the
role of centrosomes in cell division, Boveri was the first to propose a direct link
between oncogenesis and the presence of multipolar spindles, aneuploidy and loss
of tissue architecture in these embryos. Although he never studied cancer cells per
se, his astute observations of this simple invertebrate system allowed him to derive
many important postulates that still apply to cancer, including the concept of
oncogenes, cell cycle checkpoints, tumor-suppressor genes, genetic instability, the
clonal origin of tumors, chromosome specific “weakness” (telomeres), loss of cell
adhesion, and genetic mosaicism. Moreover, he achieved this monumental task with
little more than a primitive light microscope, a keen sense of observation and a truly
remarkable intuition.

Boveri’s novel hypothesis that centrosome anomalies could be responsible
for aneuplody and the ontogeny of cancer, created a brief but spirited debate at the
time, but was never widely accepted by the cancer establishment and it was
essentially ignored until recently. The development and rise of Drosophila genetics
by the Morgan school of genetics (9) and the discovery by Muller, et al. (10) that x-
rays were potent mutagens and carcinogens, led to the widely accepted view that
cancer is caused by a somatic gene mutation. The subsequent discovery of cellular
oncogenes and tumor suppressor genes in the latter half of the Century added
considerable reinforcement to the somatic mutation idea (11-12). Despite the
complex genetic basis of cancer, mutations in somatic genes remains the accepted
hypothesis for oncogenesis by most cancer researchers today (for alternative view,
see 13). However, recent reports of centrosome anomalies associated with many
tumor cells (3-6), along with the well-established role of this organelle in mitotic
spindle assembly and chromosome segregation (6, 7, 14), has revived Boveri’s 96
year-old hypothesis that aberrant centrosomes and aneuploidy (genomic instability)
are incipient events in oncogenesis.
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Figure 1. Theodore
Boveri, whose portrait
is shown here in 1908,
proposed that
aneuploidy and
alterations in cellular
polarity, distinguishing
characteristics of most
cancer cells, resulted
from defects in the
function of the
centrosome. His early
drawings, shown here,
depict possible
arrangements of
chromosome and
patterns of segregation in dividing cells with three (tripolar) or four (tetrapolar)
spindle poles resulting from double fertilization of sea urchin eggs. (Reproduced
with permission from University of California Press Berkeley and Los Angeles, CA.
Cambridge University Press London, England. Copyright 1967, by Regents of The
University of California).

The role of centrosomes in cancer resurfaced again in 1996 when
Fukasawa, et al. (1) reported centrosome amplification in mouse embryonic
fibroblast null for the tumor suppressor p53. This group used tubulin
antibodies to detect and count centrosomes by immunofluorescence and reported
that cells with the p53 null phenotype displayed more than the normal complement
of centrosomes, whereas wild type and heterozygous cells displayed normal
numbers of centrosomes. Three additional manuscripts published in 1998 from the
laboratories of Roop and Brinkley (2), Salisbury (3), Pihan, Doxy, et al. (4)
reported centrosome anomalies, especially centrosome amplification, in tumor cells
in vivo. These reports were followed by additional findings that centrosomal
abnormalities are common to many human cancers (reviewed in 6) and have
sparked a lively resurrection of Boveri’s original hypothesis (14).

The Enlightenment: The Aurora Family of Serine/Theronine
Kinases

The remarkable re-discovery of centrosome amplification in many common cancers
led to a renewed interest in aneuploidy in neoplasia and initiated a search for a
cellular and/or biochemical mechanism responsible for this phenomenon. It was
immediately obvious; however that progress would be hampered by a dearth of
knowledge about the molecular basis of centrosome maturation and replication in
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eukaryotic cells (15, 16). Theoretically, centrosome amplification (more than the
normal 1-2 centrosomes/cell) can occur by one of several pathways: (a) through a
defect in a checkpoint pathway that controls centrosome duplication in late S-phase
resulting in the over duplication, (b) via failure to partition duplicated centrosomes
into daughter cells due to arrested or aberrant cytoplasmic cleavage of cytokinesis
(6, 17), or (c) due, possibly, to fragmentation of pericentriolar material into small
dispersed bodies that retain their capacity serve as MTOCs.

New light was cast onto the mechanism of centrosome amplification with
the discovery of mitotic serine/threonine kinases representing the Aurora kinase
family that included the prototypic yeast Ipl1 and the Drosophila Aurora kinases
(reviewed in 18, 19). Two groups from the laboratories of Sen and Brinkley at
Houston (20) and the Bischoff group at Los Angeles (21) reported elevated
expression of Aurora A (AurA) in many human cancers. Moreover, antibodies
made against AurA were found to localize to the centrosomes of both interphase
and mitotic cells (Figure 2).

Figure 2.
Localization

and expression
of Aurora
kinase in

mammalian
cells. (A)

Antibodies
against AurA
are localized in
the centrosomes
of HeLa cells
and when the
gene, STK15 is
overexpressed

by transfection,
multiple

centrosomes
appear. Two

centrosomes appear in cells transfected with the vector, while 20% of the STK15
transfected cells displayed > 3 centrosomes/cell. (B) Centrosomes counts in 200
vector and STK15-transfected cells are shown in (C) Figures 1D-E show growth of
cells in agar of stable transfected cells with vector (D) and NIH 3T3 cell transfected
with STK 15 and grown in 0.5% bovine calf serum. Micrographs were taken at a
total magnification of X100. F, Western blot analysis of STK 15-transfected 3T3
clones showing expression of STK15. [From Figure 5 in Zhou, et al., 1998 (20)].



Hormonal Carcinogenesis: Perceptions, Challenges and Anticipations 5

Although mRNA levels and AurA expression remain low during and S
phase of the cell cycle, message levels peak during G2/M phase and fall as cells exit
mitosis (18, 21, 22). Even though AurA kinase was found to be expressed in
normal cells, especially those progressing through the cell cycle, experimental
overexpression of AurA kinase was shown to cause transformation of human and
rodent cells in vitro and in vivo (20,21). Thus, this kinase appears to be oncogenic
and centrosomes appear to be its primary target organelle. Much less is known,
however, about the mutational status of the STK15 allele and its natural substrates.

The Aurora kinase family is highly conserved and has been isolated from a
variety of species including Saccharomyces cerevisiae, Drosophila melanogaster,
C. elegans, Xenopus laevis, Mus musculus, Rattus Norvegicus, and Homo sapiens
(reviewed in 18). Three members of the family are found in human cells including
AurA, B, and C. For comparison, the structure and functional domains of these
three kinases are shown in Figure 3. Recent studies indicated that an orthologue of
human AurA is also overexpressed in rat mammary tissues in virgin females
exposed to a carcinogen, NMU, and the expression levels, along with centrosome
amplification, appear to be early markers for tumorigenisis in this animal model
(19).

Figure 3. The aurora kinase family. Structure of Aur-A, B, and C kinases with
alignment of the variable amino terminal regulatory domains and conserved
carboxyl terminal catalytic domains. Three putative Aur boxes (A-box I, II, and III)
with sequence motifs are shown. Sequence motifs are also for the activation motif
and destruction box. [From Katayama, et al., 2003 (18)].

Although the search continues for natural substrates and the nature of
binding sites within cells, we have investigated AurA binding properties at
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centrosomes and spindles of human cells and determined it to be highly dynamic in
comparison to other centrosome-associated proteins (23). This was accomplished
by expressing a GFP-AurA in living cells to mark the centrosomes and by analyzing
the cells in various stages of division by fluorescence microscopy. GFP-AurA
expression was induced by doxycycline treatment in stably transfected HeLa Tet-on
cells and detectable levels appeared as early as 2-4 hours following induction
(Figure 4). As shown in Figures 5A-O, it was possible to detect the kinase at
centrosomes throughout the cell cycle and to observe a rapid migration from spindle
poles to the mitotic spindle at prometaphase (Figure 5C, D). The dynamics of AurA
kinase were apparent at two levels: first within the duplicated centrosomes
themselves, where dynamic oscillations and the unique tumbling motions of the
entire organelle were detected (Figure 6), and secondly, at the molecular level as
detected by fluorescence recovery after photobleach (FRAP). The latter procedure
demonstrated a rapid exchange into an out of the centrosome and spindle

indicating a dynamic state of equilibrium between bound kinase and
unbound component in the microenvironment (Figure 7). In contrast, the tubulins

and were found to be relatively stable and immobile (23). These novel
observations provide considerable evidence for a kinetic vs structural role for AurA
kinase in regulating spindle activity.

Figure 4. Regulated expression of GFP-
AurA. (A) GFP-AurA subcloned into the
pTRE vector (Clontech). A stable cell line
was generated in HeLa Tet-on cells. GRP-
AurA expression was induced by doxycycline
addition and detectable levels of AurA were
evident at 2-4 h. Following induction, GFP-
AurA became localized to centrosome during
interphase and prometaphase (B) before
moving into the spindle (C) during
prometaphase. [From Stenoien, et al., 2003
(23)].

Specific domains of AurA are needed to target the kinase to the
centrosome and other sites in the mitotic spindle as indicated by mutational analysis
(23). As shown in Figure 8, AurA targeting in human cells requires a minimum of
amino acids 1-193 for targeting, but amino acids 1-310 assure a more pronounced
association. Deletion of the amino terminal 129 amino acids results in a protein that
shows a more stabilized centrosomal localization as indicated by reduced recovery
after photobleaching (FRAP). These experiments are still ongoing, but it is clear
from our initial FRAP analysis that AurA kinase is highly dynamic with respect to
its association with the centrosome, indicating a tendency to reside at the functional



Hormonal Carcinogenesis: Perceptions, Challenges and Anticipations 7

sites for very brief periods, in contrast to other proteins such as tubulins, NuMA,
and other spindle proteins. The ability to analyze fusion protein bioluminescence
and protein dynamics in live cells, during real time, has provided remarkable new
insight into the micro-environment, both in the nucleus and in the cytoplasm (23,

Figure 5. GFP-AurA
localization during the cell
cycle. Note the abrupt
progression of GFP-AurA
from the centrosomes to the
spindle in frames C and D.
Images were recorded live

over a 2 h time-frame
[From Stenoien, et al.,
2003 (23)].

Figure 6. Analysis of
GFP-AurA-marked
centrosomes during the
phase of a HeLa cell
cycle. Note that the two
centrosomes undergo
oscillatory movements and
appear to rotate with
respect to the plane
parallel to the monolayer
axis (compare frames at
45 min with frames at 55
and 65 min). The distance
between centrosomes
changes over time as
shown by the graph (B).
Depolymerization of
microtubules by
nocodazole (C) or
depletion of ATP levels
(D) markedly reduces the
oscillatory motion [From Stenoien, et al., 2003, (23)].

24).
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Figure 7. GF-AurA
is a dynamic
component of the
centrosome and
mitotic spindle.
FRAP analysis was
performed on HeLa
cells stably
transfected with GFP-
AurA. Following a
short photobleach in
the region denoted by
the box, GFP-AurA
recovers very rapidly
in both the
centrosome (A) and
spindle (B). The

recovery curves from 10 cells are shown in (C). (D) The calculated of GFP-
AurA in the interphase centrosome and mitotic spindle are 2.1 ± 0.2 sec,
respectively [From Stenoien, et al., 2003, (23)].

Figure 8. AurA targeting domains. Deletion analysis of centrosome targeting
comparing the full-length AurA to deleted domains. AurA deletions were generated
as GFP fusions to analyze the effects on AurA domains on centrosomeal targeting.
DL1 (1-133) did not target to the centrosome whereas DL2 and DL3 showed
moderate to strong association (inset photos). [From Stenoien, et al., 2003 (23)].
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Centrosome Amplification and AurA Expression in Rat
Mammary Carcinogenesis: Hormone Mediation

Although AurA kinase expression and centrosome amplification have been
investigated in cells in vitro and has been reported in a number of human tumors in
vivo, few studies have utilized animal models where experimental manipulation is
possible. For this reason, we adapted a novel rat mammary model, developed in the
Medina laboratory (25), to explore the effects of carcinogens and hormones on
centrosome amplification and AurA expression in vivo.

The rat mammary model used in our studies was initially established to
investigate the paradigm of the hormone-induced refractory state imposed by the
exposure of virgin female rats to elevated levels of estrogen and progesterone (E +
P) at a critical period in development (26). It is our working hypothesis that in the
mammary gland of the immediate post-pubescent female, hormones induce a
molecular switch in a population of stem cells that renders the descendent mammary
cells refractory to carcinogens such as methylnitrosourea (MNU) and others (25).
A schema illustrating this hypothesis is diagrammed in Figure 9. Cells progressing
through pathway 1 are susceptible to the carcinogen and become neoplastic, but
mammary cells from females exposed to elevated E + P, via pregnancy or
experimental manipulation (pathway 2), at the appropriate stage of development,
become resistant to MNU exposure. Using this model, we analyzed centrosome
amplification and AurA expression in cells progressing through each of the
pathways. The details of these experiments and the results have been published
elsewhere (27), but they are reiterated here to establish that centrosome
amplification and overexpression of AurA are early events in Carcinogenesis and
sensitive to hormone action. Thus, E + P treatment under these experimental
conditions, suppresses Carcinogenesis via pathways that are, as yet, poorly
understood.

Figure 9. The rat
mammary model.
Scheme illustrates
the proposed E + P
switch (black box)
showing pathway 1
of MNU-
susceptible rats and
pathway 2 animals
that are resistant.
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Centrosome counts were obtained from both epithelial and stromal cells
exposed to MNU according to schemes 1 and 2 shown in Figures 10 A-D.
Mammary epithelia and associated stromal cells provide an excellent built-in
control for centrosome counts. Thus, proliferating cell populations (mammary
epithelium) generally display cells with 1-2 centrosomes/cell, where as the non-
dividing stromal cells in contain mostly single centrosomes (Figure 10B). The
same populations of mammary cells from animals exposed to MNU at 97-104
generally display elevated numbers of epithelial cells with 3 or more
centrosomes/cell (Figure 10D). Centrosome amplification is considered significant
when 10% or more of the cells counted contained more than 2 centrosomes per cell.
As shown in Figure 10D, the incidence of centrosome amplification in cells from
MNU-treated rats varied from a low of 10% to a high of 46% (300 cells were
scored in each mammary gland). The nonproliferating populations of stromal cells
from both normal glands as well as tumors displayed mostly single centrosomes, as
anticipated.

Figure 10. (A) Confocal microscope optical sections of mammary epithelium
showing centrosome at the basal region below nuclei of normal mammary gland.
The centrosome plot in (B) shows centrosome distribution in both stroma and
normal epithelium from age matched virgin rats (AMV). Confocal image for
mammary tumor (C) and centrosome plot (D) show centrosome plots of eight
different mammary tumors (A-H). Details on the centrosome quantitation age given
in Goepfert, et al., 2002 (27).
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In order to determine when the first indications of centrosome
amplification occurred after exposure to MNU, we examined mammary glands at
various intervals after exposure. We found mostly normal centrosome profiles, but
also detected small foci of cells where centrosome amplification was occurring as
early as 40 days post treatment. Histological examination of these samples revealed
no indication of pre-malignant or malignant pathology. Mammary tumors arise
within 15 weeks after exposure to MNU, and AurA mRNA levels and centrosome
amplification correlate with tumorigenesis (Figure 11).

Figure 11. AurA mRNA expression and centrosome amplification correlated with
tumorigenesis in rat mammary gland. Northern blot containing PolyA+ RNA (5 ug)
from rat mammary gland tissue of different regimens. Tissue of AMVs of animals
subjected to hormonal treatment prior to MNU (E + P/MNU), of animals subjected
to MNU treatment. The confocal images show sections of immunostained tissues
from the normal mammary gland (NMG) and from ADH, CA, and DCIS. The
corresponding centrosome plots are shown below each image. [From Goepfert, et
al., 2002 (27)].

To correlate centrosome amplification with overexpression of AurA, we
analyzed the same rat mammary tissue samples using our human probe. However,
we soon found it necessary to clone a rat orthologue to human AurA/STK15. The
rat AurA (rAurA) displayed 85% identity to human kinase and 96% to the mouse
orthologue (27). Northern analysis was applied to examine AurA gene expression
following various treatments. As shown in Figure 11, AurA mRNA expression
levels were significantly elevated [compared to control aged-matched virgin (AMV
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glands)] in all rat mammary tumors examined, as well as in mammary gland
examined as early as 40 days after treatment. Tissues from pregnant rats, and from
rats pretreated with E + P, prior to exposure, displayed control levels of AurA
expression and mammary epithelial cells displayed normal centrosomes.

Rat AurA gene expression appeared to be specifically influenced by
hormone treatment as indicated by mRNA levels throughout pregnancy. Early in
pregnancy (6 days), message levels were elevated (compared to tissues from the
same time points from E+P treatment), but later (18 days) and during lactation (10
days) message levels decreased significantly to levels comparable to AMVs (Figure
12). Such fluctuation in the expression of this kinase gene is likely due to a natural
elevation in mitotic index known to occur in proliferating mammary epithelia at
early pregnancy. Proliferation levels remained high initially, but decreased at the
end of pregnancy and the onset of lactation. Such mitotic activity clearly influences
the normal ebb and flow of AurA expression in populations of tissue cells during
developmental stages of growth and differentiation and must be taken into account
when analyzing mRNA expression in normal or neoplastic cells in vivo.

Figure 12. Northern blot
containing poly
from mammary gland tissue of
animals subjected to E;
P; 20 mg, and prolactin (PRL;

body weight) stimulation
for 6 days. RNA samples were
probed with radioactive labeled
ratAurA cDNA as indicated in
the figure. The blot was
exposed to a Phosphorlmager,
and the results were quantitated
using the software Image-Quant
(Molecular Dynamics). S12
ribosomal protein was used as
the internal control. The data
for rat AurA were plotted in
arbitrary relative volume
units/ug RNA normalized for
S12 ribosomal protein
expression. The columns show
the range of variance of two
treatments (n = 2); bars, SD.
[From Goepfert, et al., 2002
(27)].
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Future Directions

Much more can be learned about the Aurora kinase family of kinases and their
involvement in cell transformation when investigators more clearly identify and
define molecular substrates for these catalytic enzymes, especially AurA. Until
then, the role of centrosomes in cell transformation and tumorigenesis remains a
“chicken vs egg” paradox. Which comes first, centrosome amplification or some
prior condition that leads to genomic instability, with subsequent, downstream dis-
regulation of centrosomes? Our results with the rat mammary model strongly
suggest that both overexpression of AurA and centrosome amplification represent
early, perhaps incipient events in cell transformation. Since centrosomes are
responsible for achieving spindle bipolarity, a condition absolutely required for
proper segregation of chromosomes, disregulation of centrosome number may be
the “Rosetta stone” for genomic instability. Thus, an aberration in the process of
centrosome duplication, as illustrated in Figure 13, may switch cells to an errant
pathway causing aneuploidy, and initiating a selection process that results in clonal
outgrowth of tumor cells. Alternatively, a similar fate could arise from a defect in
cytokinesis causing misdivision of the cytoplasm and nucleus, resulting in
supernumerary centrosomes and tetraploidization, as reported by Meraldi, et al.
(17). The later pathway (Figure 13) argues that AurA overexpression does not
necessarily disregulate by over-duplicating centrosomes, but produces cells with an
extra burden of centrosomes through misdivision that will initially double the
centrosome number. Further variations in centrosome numbers could arise in
subsequent divisions causing multipolar spindles to form leading to aneuploidy and
apoptosis, in most cells, or perhaps a favorable partitioning of the genome in a rare
segrant, favoring survival, clonal expansion from daughter cells and tumor
production.

If the initial lesion that gives rise to genomic instability involves targets
within the fundamental machinery of cell division, such as those that maintain
correct centrosome number and distribution, the surviving cancer cells must
ultimately compensate for this harmful defect. Otherwise mitotic chaos would
persist. Mature cancer cells divide as virtual “mitotic machines,” however,
ultimately overgrowing and out-competing normal diploid cells for space and
nutrients, leading to the death of the host. Thus, it seems highly likely that a natural
selection process exists to set the mitotic process back on track, rescuing tumor cells
from an initial chaotic state of division, to one where mitotic efficiency reigns
supreme (7).

Cancer, like all living forms, is thus, a product of Darwinian evolution that
capitalizes on the time-honored process of natural selection that leads to diversity in
all life forms. The successful development of future anti-cancer drugs and treatment
regimens not only requires additional knowledge of the molecular basis of cell
division, but also must take into account the basic concepts of evolution and natural
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selection within tissue cells. Accordingly, a cancer cell is a “survivor” of the harsh
natural ecosystem of the host, and, in some cases, the pharmaceutical
armamentarium of modern medicine, --and becomes a species all its own (13).

Figure 13. Centrosome pathways. Centrosomes are duplicated once, and only
once during a normal cell cycle, producing a pair of centrosomes that separate and
migrate to opposite poles of the mitotic spindle during mitosis (M). The replicated
chromosomes are aligned on the metaphase plate of the bipolar spindle and
partitioned equally to each daughter cell producing diploid progeny. At telophase,
each daughter receives a single centrosome that becomes the major MTOC at

Centrosome amplification occurs when errors occur, either in the process of
duplication (1), or partitioning of centrosomes (2) such that the cells receive extra
copies of centrosomes. In pathway 1, centrosomes undergo multiple rounds of
replication during the cell cycle, possibly due to failure of a centrosome-associated
checkpoint, producing supernumerary centrosomes and a multipolar spindle at the
subsequent M. In pathway 2, centrosomes accumulate in a cell that has undergone
endoreduplication and failure to complete cytokinesis. Either pathway produces
dis-regulation of chromosome segregation, resulting in aneuploidy followed by cell
death (apoptosis). According to this scheme, a rare daughter cell receives a
favorable complement of genes, growth factors, etc., (the imitator phenotype)
producing progeny that proliferate and survive to produce a cancer.
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Chromosomal Instability: A New Paradigm for
Estrogen-induced Oncogenesis

Jonathan J. Li, Jeffrey Salisbury, and Sara Antonia Li

Introduction

Human sporadic breast cancer (BC) comprises >90% of all BC cases whereas
familial BC is less than 10% (1). Despite its likely multifactorial origin, there is
now pervasive evidence from epidemiological and animal studies, developed over
the past several decades, that the causation of human sporadic BC primarily
involves female sex hormones, particularly estrogens (Es) (1-8). This view is
consistent with long standing epidemiological data relating extended exposure to Es
and elevated BC risk, such as early first menarche, late age at menopause,
nulliparity, late age at full-term pregnancy, and absence of lactation (5, 6). These
BC risk factors are all related to pre-menopausal women. Moreover, all of the well-
established BC risk factors are associated with elevated circulating E levels. Even
lesser risk factors such as obesity and alcohol ingestion are known to significantly
increase serum E concentrations in women (9, 10). These earlier studies are
buttressed by results of the recent Breast Cancer Prevention Trial in which
tamoxifen (TAM) treatment markedly reduced (44-55%) BC risk in women
considered at increased risk for the disease (11). Since it is evident that Es are
crucial to our understanding of sporadic BC etiology, it is surprising that so little is
known about the involvement of Es in oncogenic processes in target tissues such as
the breast, other than its ability to elicit cell proliferation. Our laboratory has
utilized two seemingly disparate animal models in which malignant tumors are
induced solely by Es in the absence of any other exogenous intervening
carcinogenic or promotional agent (12-15). Based on our recent findings, it has
been concluded that the early detection of chromosomal instability (CIN) and
aneuploidy, in early lesions and primary neoplasms in both systems, is a hallmark
characteristic of E-induced oncogenesis.

General Considerations

Animal models are most useful when they closely resemble the biologic and
molecular aspects of the human disease they intend to study. Although the two
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experimental models to be discussed have many fundamental differences, they have
in common the ability of certain cells within each of these tissues (i.e., kidney,
breast) to undergo neoplastic transformation in response to E treatment alone.
Moreover, the neoplasms induced by Es in the castrated hamster kidney and in the
intact female ACI rat mammary gland (MG) are both prevented by concomitant
anti-estrogen treatment (Table 1) (15, 16). These data strongly indicate that
estrogen receptor is central in mediating the oncogenic response of Es.
Although the minimum oncogenic dose of E to elicit tumors in the kidney is not
known, typically, serum levels of 1.6-2.4 ng/ml are used to
induce a 100% tumor incidence. In contrast, only 60-130 pg/ml serum levels are
sufficient to result in a 100% mammary tumor (MT) incidence in female ACI rats
(15). The lower serum concentrations are well within the physiological range of
serum levels reported in cycling female rats (17-88 pg/ml) (17). On the other
hand, serum levels in normal cycling women have shown to be in the range of
40-360 pg/ml (18). Importantly, in normal breast and primary BC tissues, the
concentrations were found to be extremely low (Table 1) (19-22) and approximate
that seen in the hamster kidney during chronic E treatment.

Ectopic Uterine Tumors in the Kidney (EUTK)

While the tumors in the hamster kidney have been the foremost animal model
studied in E-induced oncogenesis, there are a number of unusual aspects to this
system which may be now understood. Unlike the breast, prevention of these
tumors can be effectively blocked by the concomitant treatment with either
progesterone or androgen (16). This finding provides a clue as to the cell of origin
of these tumors arising in the kidney. Since the hamster reproductive and urinary
systems arise from a common germinal ridge of multi-potential stem cells, we have
postulated that some of these germinal/stem cells, normally destined to the uterus,
migrate and establish themselves in the cortico-medullary area of the kidney, the
earliest region formed in the developing kidney (23). These ectopically located
“uterine” germ cells remain dormant unless exposed to a sustained level of E. This
contention is supported by the following findings: 1. Resemblance of early renal
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interstitial lesions to blastema, with positive staining of mesenchymal markers (e.g.
vimentin, desmin) but only a trace of cytokeratin (24, 25). The cytokeratin
expression markedly rises during tumor progression. 2. Only a subset of these renal
interstitial stem cells in the cortico-medullary region express progesterone receptor
(PR) after only two to three weeks of E treatment (Figure 1) (23). 3. After one mo,
this subset of interstitial stem cells co-express (Figure 2) (23). 4. The lack of

expression in these E-sensitive renal interstitial stem cells, in early tumorous
lesions, and primary tumors is consistent with the established selective expression
and proliferative role of in uterine tissue (26). 5. The ability of P to
completely block these now designated ectopic uterine stem cell tumors in the
kidney (EUTK) is consistent with the opposing action of P in the uterus. 6. The
essentially identical isoform profiles of and PR in primary EUTK to those of
corresponding receptor profiles in the hamster uterus (23). 7. The specific high
proliferative activity in this same subset of interstitial stem cells in response to E
and the overexpression (OE) of early E response genes (12) further supports our
contention. An attractive aspect of this experimental model is that EUTK occur in
the absence of any sequential intervening morphological stages, but develop as a
continuous progression of a subset of E-sensitive interstitial stem cells leading to
tumor formation.
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Figure 1. Immunohistochemical detection of E-induced PR expression in castrated
male hamster after 1.0, 2.0, 3.0, and 5.0 months of E treatment. Note the PR+

interstitial cells (arrows) at the cortical-medullaryjunction in the animals treated for
1.0 mo, cells in a nascent tumor foci after 2.0 mo, in an early renal tumor foci
after 3.0 mo, and in a moderate size EUTK foci, after 5.0 mo (200x).

Figure 2. expression during E-induced oncogenesis. Normal hamster kidney
cortical tubule cells (arrows) exhibited expression in normal proximal
tubular cells are downregulated upon E-treatment. Thereafter, individual and small
groups of interstitial cells are seen after 3.0-mo, and moderate size renal
tumor foci after 4.0-mo E-treatment (250x). In addition, a small tumor foci is
shown stained for PCNA.

Mammary Tumors in Female ACI Rats

Numerous rat strains exhibit variable susceptibility to E-induced MTs including
ACI, Noble, and Long Evans (60-100% tumor incidence) and to a lesser extent,
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August, Wistar-Wag, and SD (36-42%) (14, 15, 27-32). Recently, we have shown
that >40% MTs may be induced in female SD rats after only 5.0-mo of estrone
treatment (El-Bayoumy, K and Li, JJ, unpublished data). An attractive feature of
the E-induced female ACI rat model to study human sporadic BC causation is the
ability of this strain to elicit 100% multiple MTs employing serum levels of only
60-180 pg/ml (Figure 4) (15). Moreover, we have established that <60 pg/ml of
was also effective in producing essentially a 100% MT incidence (Li, SA,
unpublished data). An dose/response relationship between MT multiplicity and
incidence was evident. Below 35 pg/ml of no MTs were detected within a 6.0-
mo treatment period. Additionally, above an serum level of 200 pg/ml, there was
a reduction in MT multiplicity and incidence (Figure.3). These results indicate that
within a relatively narrow range of serum concentrations (all at low pg/ml).
MT multiplicity and incidence may be enhanced. Below and above this serum
range, MTs are either absent or inhibited, respectively. These data are consistent
with epidemiological findings that only modest elevations in serum levels may
increase human BC risk and high levels of such as found during pregnancy, may
reduce BC risk (33, 34).

Figure 3. Serum levels determined at monthly intervals in female ACI rats treated
with either 1, 2, and 3 mg The data represent the mean of four individual
samples measured in duplicate. 100% MT incidence was elicited at a serum
concentration range between 60-180 pg/ml.

Synthetic chemical carcinogens (dimethylbenz(a)anthracene, DMBA and
nitrosomethylurea, NMU) induced MT models have dominated experimental BC
research for nearly a half century. Recent studies in Long Island, NY, however,
provide compelling evidence that environmental carcinogens, including polycyclic
aromatic hydrocarbons, do not have an appreciable role in BC etiology (35,36). In
a blinded study, employing nuclear image cytometry (NIC), we have shown that two
synthetic chemical carcinogens (i.e., DMBA and NMU) and one environmental
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carcinogen, 6-nitrochrysene (6-NC) yielded primarily diploid (> 85%) MTs in
female rats (Table 3) (14). In contrast, both DCIS and primary MTs induced in
either female ACI or Noble rats by E treatment alone resulted in MTs which were
highly aneuploid (> 84%). These results provide very strong evidence that the
induction of experimental breast tumors by potent mammary chemical carcinogens
occurs by distinctly different molecular mechanisms utilizing different pathways
compared to those breast tumors induced solely by Es, and it is the latter mammary
neoplasms which more closely resemble those seen in human DCIS and invasive
ductal BCs (37, 38).

Steroid Hormone Receptors PR)

Generally, similar hormone receptor responses to sustained E exposure were
obtained in the kidneys of male hamsters and mammary glands of female ACI rats
(15, 23). In kidneys of untreated control hamsters, a predominate 50-kDa
variant and a slightly lower expression of a 64-kDa isoform was found (Figure
4). In contrast, untreated normal mammary glands contained only a single major
56-kDa variant (Figure 4). Following chronic treatment with the 64-kDa

variant level was mainly elevated in hamster kidneys. With further
treatment, a 58-kDa isoform appeared after 4.0- to 5.0-mo and was present in all
primary EUTK examined whereas the 64-kDa isoform was evidently loss
(Figure 4). In addition to the presence of both 50- and 58-kDa variants, both
the hamster uterus and EUTK samples invariably expressed the 66-kDa form,
presumably the full length Based on the immunohistochemical analyses in
renal tissue sections, changes in these isoforms following E exposure were
evidently confined to the E sensitive renal interstitial cells which subsequently
undergo neoplastic development and multiply. Similarly, after low dose
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treatment, a number of forms were detected in female ACI rat mammary
glands. In addition to the full length 66-kDa        form, the major        variants
were 56- and 47-kDa (Figure 4). Moreover, two lesser variants, a 55- and 72-
kDa, were also seen as well as a new 54-kDa form. The dominant form of

in MTs, however, was this 54-kDa This latter finding may be important
in mediating E-dependent MT growth advantage. E elevated PR both in treated
male hamster kidneys and in female ACI rat mammary glands and in their
respective primary tumors (Figure 4). In primary EUTK, PR-B, -A, and-C
expressions were markedly increased whereas in primary ACI rat MTs, only PR–A
and –C exhibited strong expression following sustained E exposure.

Figure 4. Western blot analysis of and PR expression during E-induced
hamster EUTK oncogenesis. IMK, Intact male hamster kidney, E-1, E-3, E-5, E
treatment for 1.0, 3.0, and 5.0 mo, respectively. T, Tumor, HU, Hamster uterus.
MC, control mammary gland, MTx, Mammary gland treated with TAM alone,
MTX + E or in combination with Individual MT samples.
UC, ACI rat uterus control

c-Myc Gene Overexpression and Amplification

In addition to a similarity in steroid receptor responses, characteristic of E-
dependent cells, both developing E-induced hamster EUTK and ACI MTs (i.e.,
DCISs) overexpress c-myc and MYC protein (12, 14, 39). This upstream c-
myc/Myc response to E treatment is a characteristic response of this hormone on its
target tissues. Recently, it has been shown that OE of c-myc elicits CIN (40, 41).
However, it is likely, that downstream cell cycle genes, mediated by c-myc OE, are
more intimately involved in eliciting the loss of mitotic stability resulting in CIN
and subsequent aneuploidy. Southern blot analyses were performed on primary
hamster EUTK and ACI rat MTs taken from individual animals (Figure
5) (14, 39). In EUTK, 67% (8/12) exhibited c-myc amplification (range 2.4-3.6).
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A 66% (6/9) amplification of c-myc (range 3.4-6.9) was also found in ACI rat MTs.
In untreated control hamster kidneys and ACI rat mammary glands, the mean
densitometric level of c-myc had a range between 0.7-1.5. The amplification of c-
myc in EUTK and ACI rat MTs is due, in part, to a consistent gain in the
number of copies of chromosome 6 (hamster) and 7 (rat), where the c-myc gene
resides (Figure 6).

Figure 5. Representative southern blot analyses of c-myc expression. A. Hamster.
Three control age-matched castrated male kidneys and five EUTKs
isolated from individual animals after 7 mo E-treatment. B. ACI rat. Three control
age-matched mammary glands from intact female ACI rats and 5 MT

isolated from individual animals after 6.0 mo treatment.

Figure 6. Representative Giemsa G-banded karyotypes from A. Hamster EUTK
induced by E after 8 mo. Note the trisomy (consistent gain) in chromosome 6
where c-myc resides in the hamster. B. E-induced MT from a 5.5 mo treated
female ACI rat. Note the tetrasomy (consistent gain) in chromosome 7 where c-myc
gene resides in the rat.

Centrosome Amplification

The centrosome is the major microtubule-organizing center. Centrosomes are
essential to the control of spindle bipolarity, spindle positioning, and cytokinesis.
Abnormalities in centrosome number, common in human DCISs and primary
invasive ductal BCs (42-44), can interfere with bipolar spindle formation and
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chromosome segregation, thus leading to CIN and aneuploidy. Normal hamster
renal tissues exhibit regular comet-like staining for pericentrin (red) which occurs
apically and low levels of centrin staining (Figure 7). EUTK sections show large
aggregates of pericentrin and elevated levels of centrin staining (green), typical of
centrosome amplification (Figure 7). Centrosome amplification was also commonly
detected in primary ACI rat MTs (Lingle, W., Salisbury, J, Li, JJ, and Li SA,
unpublished data). It is concluded from these findings that centrosome defects may
be a characteristic feature of solely estrogen-induced oncogenic processes and a
primary causative event leading to tumor formation.

Figure 7. Normal control and EUTK specimens stained with a cocktail of
antibodies against pericentrin (rabbit Ig) and centrin (mouse monoclonal ascites)
followed by the appropriate secondary antibodies (Alexa 568 - red for pericentrin
and Alexa 488 – green for centrin) and the DNA intercalating dye DAPI. Sections
were observed using a 63X 1.2 NA objective and recorded digitally on a Zeiss 510
confocal microscope. The images represent maximum projections of five
optical sections. The schematic representations (lower figures) illustrate nuclear
(blue), pericentrin (red), and centrin (green) signals.

Chromosomal Instability and Aneuploidy

In addition to the nonrandom occurrence of trisomies and tetrasomies in
chromosome 6 and 7 in hamster EUTK and ACI rat MTs, respectively,
where the c-myc gene resides (Figure 6), other chromosomes were also consistently
gained or lost (14, 45). Nonrandom gains in chromosomes 3, 6, 20, and 21 were
detected in primary hamster EUTK employing a stringent criterion. Consistent
chromosome losses, however, were not found. In ACI rat MTs,
chromosomes 11, 13, 19, and 20 exhibited high frequencies of trisomies and to a
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lesser extent tetrasomies and a monosomy in chromosome 12 using the same
criterion. In these neoplasms, consistent or nonrandom numerical
chromosome gains or losses were considered to have a frequency of occurrence

Recurrent numerical chromosome alterations (>20 to <29.9%) were also
detected in both primary neoplasms, as well as random chromosome
changes were seen. A major challenge is to discern of the mechanisms whereby
consistent, recurrent, and random numerical chromosomal alterations are generated
together.

Summary and Conclusions

The cellular and molecular resemblance of primary hamster EUTK and
ACI rat MTs to human DCIS and invasive ductal BC (IDC) is striking (Table 4).

In particular, the presence of and PR and the histopathology of the ACI
rat MT are analogous to human ductal BC. Other similarities to human ductal BC
and these solely E-induced neoplasms are: MYC protein OE, c-myc amplification,
and cyclin D1 OE (46-49). Most remarkable, however, is the coincident high
frequency of centrosome amplification and aneuploidy in these solely E-induced
rodent neoplasms, and human DCIS and primary invasive ductal BCs (Table 4) (42-
45). The OE of Aurora A kinase [Aur A, breast tumor amplified kinase (BTAK)]
was also detected in both primary hamster EUTK and ACI rat MTs (Table 4).
While no direct association between Aur A OE, centrosome amplification, and CIN
have been shown, they always occur together (50). Aur A OE has been implicated
in eliciting these latter events (51-53).

Based on our current knowledge, the scheme in Figure 7 is proposed for E-
induced oncogenesis in the two mammalian models studied. E interacts with its
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receptor             in susceptible cells to elicit c-myc/MYC OE. The OE of MYC turns
on specific down stream cell cycle-related genes (i.e., cyclins D1, D2, and E). It is
also possible that may directly activate the cyclin D gene family. The
persistent OE of these cell cycle related proteins lead to elevated levels of
centrosomal proteins (i.e., pericentrin, centrin, tubulin), and centrosome-
associated kinases (Aur A) located in the lattice network/spindle regions of
centrosomes. Thus, disturbances in centrosome regulation result in defects in
duplication/separation, resulting in centrosome amplification, considered a
mutational event. Importantly, our findings for the first time directly link E-action
to the deregulation of the cell cycle, Aur A OE, CIN, and aneuploidy as causative
events leading to solely E-induced tumor development in two in-vivo systems. It is
noted that these aforementioned similarities in molecular characteristics between
induced hamster EUTK and ACI rat MTs and their respective early lesions occur
despite the absence of P in the E-induced hamster EUTK model, and the presence
of this hormone in the E-induced ACI MT system.

Figure 8. Scheme proposed for the development of EUTK in the hamster kidney
and ACI MT-induced solely by chronic E exposure. E binds to its overexpressed

as a result of E treatment. The complex transactivate c-myc leading to
its OE and subsequent amplification. Also, interactions lead to a rise in
cyclin E, cyclin D2, and MDM2. The complexes and other regulatory
proteins (MDM2, DHFR) bind to specific centrosome proteins located in the lattice
network of centrosomes. The concerted interactions of these complexes cause
chromosomal instability and eventual malignant tumor formation.
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The Molecular Pathogenesis of Human
Prostate Cancer

William G. Nelson, Angelo M. DeMarzo, Theodore L. DeWeese,
and William B. Isaacs

Introduction

Prostate cancer (PCA) has become the most commonly diagnosed cancer among
men in the USA, with an estimated 189,000 cases diagnosed in 2002 (1).
Encouragingly, over the past several years, increased use of serum prostate-specific
antigen (PSA) screening has increased the fraction of men diagnosed with PCA
confined to the prostate gland, leading to more effective use of surgery and
radiation therapy for treatment, and to a decline in PCA mortality (2, 3). Despite
these improvements, some 30,200 men will likely died of progressive metastatic
cancer in 2002 (1). Furthermore, even though men with early PCA can be cured
using surgery or radiation therapy, the side effects of treatment frequently include
erectile dysfunction, urinary incontinence, or rectal irritation (4-6). New insights
into the etiology of PCA are needed so that new strategies for its prevention can be
developed.

Recent studies of the earliest molecular steps in the development of human
PCA have generated new evidence supporting causative roles for prostate
inflammation and diet in prostatic carcinogenesis. These new findings have
provided new clues as to how PCAs likely arise, and new insights into how the
disease might be prevented. A new lesion, termed proliferative inflammatory
atrophy (PIA), in which prostate epithelial cells undergo regenerative proliferation
in response to inflammatory damage, appears to be a precursor to prostatic
intraepithelial neoplasia (PIN) and to PCA (7). PIA lesion cells exhibit many signs
of stress, including the induction of carcinogen-detoxification enzymes such as
glutathione S-transferases GSTA1 and GSTP1 (7). Somatic inactivation of GSTP1,
encoding the human GST, renders prostate epithelial cells vulnerable to
suffer genome damage mediated by reactive chemical species generated by
inflammatory cells, or ingested as part of the diet (8). By leading to more somatic
genome alterations, loss of GSTP1 function leads to PIN or PCA.
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Thus, GSTP1 likely acts as a “caretaker” gene in the prostate (9). When
induced, as in PIA lesion cells, it affords protection against cell and genome
damage; when its function is lost, genomic instability, driven by genome damage,
ensues. New PCA prevention strategies can target this vulnerability to genome
damaging, perhaps by attenuating prostatic inflammation, buttressing carcinogen
defenses, or by both approaches.

PCA Epidemiology: Prostate Inflammation and Diet

PCA is a disease of Western lifestyle. PCA incidence and mortality are known to
vary widely between different geographic regions, with high rates in the USA and
Western Europe, and low rates in Asia (10). Asian immigrants to North America
adopt higher PCA risks, especially after more than 25 years exposure to a Western
lifestyle, and Asian men born in North America have high PCA risks (11-13).

Chronic (or recurrent) prostatitis is one etiological factor that is
increasingly suspected to lead to PCA (14). Prostate inflammation is ubiquitously
present in prostates removed by radical prostatectomy for PCA in the USA,
however, the prevalence and age distribution of asymptomatic prostatitis, in the
USA, or elsewhere, is not known. About 9% of men between 40 and 79 years of
age report suffering of symptomatic prostatitis, with half of them having repeated
episodes (15-17). Although many of these inflammations may be triggered by
infections, the infectious cause is most often not identified. Since prostatitis is so
common in the USA, often asymptomatic, and of uncertain etiology, causative
associations between prostatitis and PCA have been difficult to assess in
epidemiology studies. Despite these limitations, an increased PCA risk has been
associated with sexually transmitted infections, independent of the specific
pathogen, hinting that the inflammatory response to infection, rather than the
infectious agent itself, may lead to PCA (18, 19). In addition, host responses to
prostate infections may underlie some familial PCA clusters. Genetic studies of
familial PCA have identified two candidate PCA susceptibility genes, 2'-5'-
oligoadenylate-dependent ribonuclease L (RNASEL), and macrophage scavenger
receptor 1 (MSR1). These genes are thought to encode proteins with critical
functions in host responses to a wide variety of infectious agents (20-23). Finally,
an inflammatory lesion in the human prostate, PIA, may be a precursor to PIN and
to PCA (7).

A key feature of Western lifestyle that may promote PCA development is
the diet. Several epidemiology studies have implicated various dietary components,
such as animal fat and charred meat, rich in the Western diet, as high PCA risk
factors; while vitamins, fruits, and vegetables, poor in the Western diet, as dietary
factors that decrease PCA risk (24-31). However, whether the high PCA risk diet
represents an error of commission (i.e., over-consumption of animal fats and
charred meats), omission (i. e., under-consumption of fruits and vegetables), or both
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has not been proven. Nevertheless, there are carcinogens present in the Western
diet. Male rats fed the heterocyclic aromatic amine 2-amino-1-methyl-6-
phenylimidazo pyridine (PhIP), an intermediate metabolite formed while
preparing “charred” or “well-done” meat, develop DNA mutations in prostate cells
that result in PCAs (32, 33).

Somatic Genome Alterations in PCA Cells

Autopsy studies suggest that PCA begins in USA men at quite a young age. Small
cancer foci have been reported in about 29% of men aged 30-40 years (34). Not
surprisingly, by the time the disease is diagnosed, age 60-70 years, the DNA of the
neoplastic cells has accumulated a large number of somatic genome alterations,
including gene mutations, amplifications, and deletions, chromosomal
rearrangements, and changes in DNA methylation (Figure 1). Not only a large
number of somatic genome alterations arise in each individual PCA patient, but
among different PCA patients, and between different PCA lesions from a single
patient, indicating a striking heterogeneity of genome changes. This suggests that
the alterations may arise as a consequence of prolonged exposure to genome
damaging stresses, such as those associated with inflammation or ingestion of
heterocyclic amine carcinogens, given rise to poor maintenance of genome integrity,
by either one of these processes or both.

Figure 1. The molecular pathogenesis of human PCA: GSTP1 CpG island
hypermethylation initiates prostatic carcinogenesis.
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GSTP1, encoding the GST, likely acts as a “caretaker” gene in the
prostate, preventing the acquisition of somatic genome changes in response to
exposure to genome damaging agents. In mice, targeted disruption of GSTP genes
leads to an increased susceptibility to skin carcinogenesis after exposure 7,12
dimethylbenz[a]anthracene (DMBA) (35). In the human prostate, GSTP1 is
consistently expressed in normal basal epithelial cells, but not in normal columnar
epithelial cells (36, 37). This enzyme expression is highly induced in cells
comprising PIA lesions (7). In contrast, cells in PIN lesions or in PCA rarely ever
express GSTP1 (36, 38). In fact, loss of GSTP1 expression often marks the
transition between PIA, PIN, or PCA (7). The lack of GSTP1 expression can be
attributed to somatic GSTP1 gene “CpG island” DNA hypermethylation, resulting
in silencing of GSTP1 transcription via recruitment of domain proteins
(37, 39). GSTP1 “CpG island” DNA hypermethylation is now recognized to be the
most common somatic genome change in PCAs (Table 1).

Loss of GSTP1 “caretaker” function early during prostatic carcinogenesis
may link PCA epidemiology with the molecular pathology of PCA. Lack of GSTP1
activity has been shown to render PCA cells vulnerable to genome damage
mediated by the heterocyclic amine carcinogen PhIP (8) and by oxidants (41). In
response to oxidative genome damaging stresses, the absence of GSTP1 leads not
only to an increase in oxidized DNA bases in genomic DNA, but also to improved
cell survival (41). This form of “tolerance” to oxidative genome damaging stresses
is reminiscent of the “oxidation tolerance” exhibited by cells with DNA mismatch
repair enzyme deficiency, which are prone to suffer increased oxidized DNA base
damage, increased mutations, and decreased cell death following exposure to
oxidative stresses (40). In cells with both GSTP1 and DNA mismatch repair
enzyme deficiency, “oxidation tolerance” may lead to an increased vulnerability to
mutation and neoplastic transformation upon exposure to oxidative genome
damaging stresses, including those inflicted by chronic (or recurrent) inflammation
(41).

Proliferative Inflammatory Atrophy (PIA)

GSTP1 is typically expressed at high levels in PIA lesions (7). These prostate
lesions are composed of proliferating, atrophic-appearing, prostate epithelial cells
that are often juxtaposed to activated inflammatory cells (7). The epithelial cells
present are distinct in several ways from the atrophic epithelial cells seen after
androgen deprivation or anti-androgen treatment. First, PIA lesions are focal, not
diffuse. PIA cells are often proliferating quite actively, rather than lying
quiescently. Moreover, the PIA cells show many molecular signs of stress,
including induction of GSTP1, GSTA1, and COX-2 expression (7, 42, 43). PIA
lesions are readily evident in radical prostatectomy specimens containing PCA,
often present directly adjacent to PIN lesions or PCA (44). Inflammatory lesions in
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other organ sites, including the liver, stomach, and colon, are known cancer
precursors. In the prostate, rare PIA lesions exhibit somatic genome alterations,
such as GSTP1 “CpG island” hypermethylation and other changes, reminiscent of
PIN lesions and PCAs (63). The mechanism by which PIA cells acquire such
changes, particularly de-novo hypermethylation of GSTP1 “CpG islands” DNA
sequences, has not been elucidated.

New Opportunities for PCA Prevention

The convergence of PCA epidemiology, indicating a possible role for prostate
inflammation, and a significant role for the diet, in PCA development, with
molecular pathology, revealing that neoplastic prostate cells may have acquired an
increased vulnerability to carcinogen damage, provides an opportunity for the
discovery and development of rational new approaches to PCA prevention.
Possible strategies include reduced exposure to genome damaging oxidants and
other carcinogens, and intake of antioxidant micronutrients, including vitamin E,
selenium, and carotenoids such as lycopene, which may be able to intercept reactive
oxygen species before they inflict genome damage in the prostate. Administration
of anti-inflammatory agents, when distributed into prostate tissues, may reduce
oxidant production by prostate inflammatory cells. Consumption of cruciferous
vegetables, containing the isothiocyanate compound, sulforaphane, an inducer of
GSTs and other carcinogen-detoxification enzymes, may raise carcinogen defenses
in the prostate and in other tissues to compensate for acquired defects in GSTP1
“caretaker” gene function (45-47).

Thus, human PCA itself, featuring ongoing threats to genome integrity
associated with prostate inflammation and with high-risk dietary practices, may be
the most rational “disease” that needs to be targeted for prevention. To discover
and develop new agents to treat prostatic carcinogenesis, new clinical trial strategies
featuring new “disease” biomarkers will likely be required. For the near future, the
most promising PCA prevention strategies under consideration may be the use of
anti-oxidant micronutrients (the SELECT trial) and anti-inflammatory agents (48).
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Pathologic, Clinical, and Epidemiologic
Characteristics of Invasive Lobular Breast
Carcinoma and a Review of Studies Evaluating
its Association with Hormone Replacement
Therapy

Christopher I. Li

Introduction

Sex hormones have been implicated in the etiology of breast cancer (BC) since the
eighteenth century, when Ramazzini, an Italian physician, observed that nuns were
more likely to develop BC than other women. Since that time, observational studies
have documented that exposures with a hormonal component, including
reproductive factors, use of exogenous hormones, and anthropometric
characteristics, are among the most important and consistent BC risk factors. Thus,
a further understanding of the hormonal basis of BC has been a topic of
considerable interest to basic scientists, epidemiologists, and clinicians.

As our knowledge of BC has grown, so has our appreciation for its
complexity. It is clear that BC is a heterogeneous disease at the clinical, pathologic,
and molecular levels. For example, evaluation of the role that estrogen (E)
exposure plays in BC concurred with the identification of the estrogen receptor

and now tumors are routinely classified as either or since
status influences treatment recommendations. Epidemiologic studies also suggest
that tumors that are hormone receptor positive are different from those that are
hormone receptor negative, as they have different risk factors and seemingly
different etiologies (1).

In addition, there are different histologic types of BC. The two most
common are invasive ductal carcinoma (IDC) and invasive lobular carcinoma
(ILC), which account for approximately 80% and 5-15% of all BCs, respectively (2,
3). In this chapter a summary of the pathologic, clinical, and epidemiologic
characteristics of ILC, in contrast to IDC; recent work investigating associations
between hormone replacement therapy (HRT) use and risks of ILC compared to
IDC; and the accumulated evidence supporting the role of progesterone (P) in the
etiology of BC in general, and ILC in particular are presented.
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Characteristics of ILC Compared to IDC

Pathologic, Immunohistochemical and Genetic Characteristics. Classic ILC
was first identified and distinguished from other types of BC by the pathologists
Foote and Stewart in 1941. Based on their histopathologic descriptions, classic ILC
is characterized by slender linear strands of cancer cells in single file, which are
present diffusely throughout the tissue (4). Lobular tumor cells are also typically
small and uniform in size, and often have a signet-ring shape. Alternatively, IDC
has a more heterogeneous microscopic pathology, and unlike ILCs, IDCs typically
grow as solid masses of cancer cells.

One of the molecular characteristics of ILC that may account for its linear
growth pattern is that nearly all ILCs do not express e-cadherin, which is a cell-cell
adhesion molecule. A study comparing e-cadherin expression in 42 ILCs and 100
IDCs found that 41/42 ILCs had complete loss of expression, while all 100 IDCs
had moderate to strong e-cadherin expression (5).

Other immunohistochemical differences between ILC and IDC have also
been observed. ILCs are more likely to be both and compared to IDC
(6), and to differ with respect to the expression of a variety of other molecular
tumor markers including cyclin D1 (7), p53 (8), and vascular endothelial growth
factor (VEGF) (9, 10). Studies have also evaluated differences in genome-wide
alterations between ILC and IDC using comparative genomic hybridization (CGH)
(11,12). A study of 19 ILCs and 29 IDCs noted numerous differences between
these two types of BC in their DNA copy numbers of various chromosomes (12).
For example, 90% of ILCs had a loss of chromosome 16q compared to only 37% of
IDCs. Since the gene encoding the transcription of e-cadherin is located on 16q,
loss of 16q by ILCs may, to some extent, explain the differences in e-cadherin
expression observed in ILCs compared to IDCs. Many of these same differences
were observed in another CGH comparison of ILC and IDC (11).

Thus, beyond differences in their pathologic features, ILC and IDC appear
to have different molecular and genetic profiles, suggesting that the etiologies of
these two carcinomas are distinct.

Clinical Characteristics. Clinical differences between ILC and IDC are somewhat
reflective of their underlying pathologic differences. Since ILC tends to present as
diffuse linear slender strands of cells, rather than as the more discrete solid masses
of cancer cells that characterize IDC, ILC is more difficult to palpate on clinical
breast examination and more likely to be missed by mammography compared to
IDC (13-15). One study reported that 19% of mammograms from patients
ultimately diagnosed with ILC were initially reported as negative, 46% of which
showed no evidence of ILC when re-examined after the diagnosis of ILC was made
(16). These characteristics may partly explain why ILCs tend to be larger in size at
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diagnosis than IDC (3). Despite being more difficult to detect and being larger in
size at diagnosis, ILC does have a better prognosis than IDC (17, 18).

The proportions of women with these cancers do differ by race/ethnicity.
In the USA, compared to non-Hispanic whites, African Americans are 40%, Native
Americans and Asian Americans/Pacific Islanders are 50%, and Hispanic whites are
30% less likely to be diagnosed with ILC (19). These differences may be explained
by differences in the proportions of women exposed to factors related to ILC risk,
such as HRT (as described in detail below) by race/ethnicity. For example, in the
USA, African American women are less likely to use HRT than white women (20).

Time Trends in ILC and IDC Incidence Rates

From the 1970’s to the mid-1980’s, about 80% of all invasive breast carcinomas
diagnosed in the USA had a ductal histology, and 5-10% had a lobular histology
(2,3). However, ILC incidence rates have been increasing steadily among US
women (21,22). The most recent of these studies documented a 65% increase in
ILC incidence rates from 1987-1999, while incidence rates of IDC have remained
essentially constant, increasing only 3% over this same time period (Figure 1) (22).

Figure 1. Incidence rates of all BC cases, IDC, and ILC in the USA, 1987-1999.
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The proportion of all BC cases with a lobular histology increased from
9.6% in 1987 to 15.4% in 1999. ILC rates have also been increasing more rapidly
than those for IDC in Geneva, Switzerland (23). In Geneva, ILC rates increased
14.4% per year from 1976-1999 while rates of IDC increased only 1.2% per year.

The Relationship Between HRT and Risk of Lobular Carcinoma

As a result of the observations described above, attention has been paid to potential
risk factors that may be more strongly related to ILC risk than to IDC risk. In
particular, there is a growing interest in the relationship between combined E and P
HRT (CHRT) and ILC risk. Two main observations have driven this research.
First, CHRT use in the USA increased over the same time period that ILC rates
increased and IDC rates remained constant. From 1982-1992 the number E and P
prescriptions increased 2.3-fold and 4.9-fold, respectively (24). Among controls
from a recent USA multi-center case-control study of postmenopausal women
spanning 1994-1998, 45% were current HRT users (25). Second, CHRT use has
been shown to be associated with an elevated BC risk in numerous studies, and
more recently in the Women’s Health Initiative (WHI), a randomized controlled
trial. The pooled analysis conducted by the Collaborative Group on Hormonal
Factors in Breast Cancer of 51 observational studies found that current use of
CHRT or P alone for 5 years or longer increased BC risk 53% (26). Consistent
with this result, the WHI reported that CHRT is associated with a 26% increase in
BC risk after 5.2 years of follow-up (27). Since ILCs are also more likely than
IDCs to be hormone receptor positive, there is reason to suspect that ILCs may also
be more responsive to hormonal exposures, like CHRT, than are IDCs.

Six case-control studies have now evaluated the relationship between
CHRT use and risk of ILC compared to IDC (Table 1) (25, 28-32). Each of these
studies were conducted using different USA populations. The number of lobular
cases included in these studies ranged from 58 to 408. Three of the studies included
a broad range of postmenopausal women (29-31), two focused on younger
postmenopausal (<65 years of age) (25, 28), and the other on older postmenopausal
women (65-79 years of age) (32). Each study evaluated ever and/or current use of
ERT and CHRT separately. Three of these studies also evaluated different patterns
of CHRT use (25, 29, 32). Two defined continuous CHRT (CCHRT) use as the use
of the P component for 25+ days/month along with a daily dose of E, and sequential
CHRT (SCHRT) use as the use of the P component for <25 days/month along with
a daily dose of E (25, 32). The third study defined CCHRT use as the use of the
same number of E and P pills in each prescription, and SCHRT use as that
prescribed with different number of E and P pills in each prescription (29).

Ever Use of ERT and CHRT. Five of the six studies evaluated ever use of ERT
and CHRT and risk of ILC and IDC (Table 2) (25, 28, 30-32). In general these
studies were quite consistent. Ever use of ERT was associated with 1.1 - to 1.6-fold
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increases in risk of ILC (all of which were within the limits of chance) and 0.5- to
1.2-fold changes in risk of IDC in these studies. The two studies that evaluated
duration of use were also consistent with each other, indicating that duration of ERT
use was not associated with either ILC or IDC, including use for as long as 25 or
more years according to one of these studies (25, 32).
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Ever use of CHRT was associated with 1.8- to 3.0-fold increased risks of
ILC, but with 0.7- to 1.5-fold changes in risk of IDC. Further, CHRT appears to
increase BC risk only when used for 5 years or longer (26). In the two studies
evaluating the duration of CHRT, 5-year or longer users had higher risks of ILC
than did users for less than 5 years in both studies (25, 32).

Together, these five studies indicate that ever use of CHRT is associated with
an elevation in ILC risk, and possibly, higher risk of IDC when used longer, but
ever use of ERT was not associated with either ILC or IDC.

Current/Recent Use of ERT and CHRT. Five of the six studies also evaluated
associations between current/recent use of HRT and risk of ILC and IDC (Table 3)
(25, 28, 29, 31, 32).  In three studies, current ERT use was not associated with ILC
risk, with odds ratios (ORs) ranging from 0.9 to 1.3; while two found that
current/recent use of ERT was associated with 1.8- to 2.0-fold increases in ILC risk
(29, 31).
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However, the latter two studies included the smallest proportions of control women
who were current users of ERT of the five studies (7% and 16% compared to 24-
27% in the other three studies), and thus had limited statistical power. None of the
studies found an association between ERT use and risk of ductal, or in one study,
“non-lobular” carcinoma (29).

With respect to CHRT, these five studies reported similar findings:
current/recent CHRT use was associated with 2.1 - to 3.9-fold increases in ILC risk.
Four of the five studies also found that current/recent use of CHRT was not
associated with IDC risk (ORs ranging from 0.7 to 1.3) (25, 28, 29, 31). The one
study that found an association between current CHRT use and IDC risk (OR =1.7;
95% CI: 1.2-2.4) was the one that focused on older women with longer durations of
CHRT use (32). In that study, CHRT use for five years or longer was associated
with elevations in risk of both ILC and IDC, but use for less than five years was not
(32). As a group, these studies suggest that current/recent CHRT use is associated
with an elevated ILC risk, and that perhaps current/recent users of CHRT for more
than five years may also have an elevated IDC risk.

Regimens of CHRT Use: Sequential vs. Continuous Use of Progestin. Three of
the studies mentioned also evaluated associations between different regimens of
CHRT use and BC risk by histologic type (25, 29, 32). Such evaluations are
important because while the WHI study provided strong evidence that CCHRT is
associated with an increased BC risk, limited data on the association between
SCHRT and BC risk are available. The results of two of the studies summarized in
Table 4 suggest that both SCHRT and CCHRT use are associated with an increased
ILC risk, and with an increased risk of IDC/non-lobular carcinomas (29, 32). The
other study, which was restricted to women younger than 65 years of age, observed
that only CCHRT was associated with an increased ILC risk (25). Therefore, based
on the limited evidence from these studies, SCHRT use appears to be associated
with the same risk for ILC and IDC as is CCHRT use; however, further studies
evaluating these associations are needed.

Summary. In the aggregate, the results of the studies described here suggest that
neither ever use or current use of ERT is associated with changes in BC risk overall,
IDC or ILC. This is inconsistent with the results of the meta-analysis by the
Collaborative Group on Hormonal Factors in Breast Cancer, which found that
current use of ERT years was associated with a 1.34-fold increased risk of
BC (26). This meta-analysis was limited because data on the type of HRT used
were only available for 39% of the eligible women, and the analysis was not
restricted to women who were exclusive ERT users. As a result, some of the
associations observed may have been due to combined effects of ERT and CHRT
use, since this study and others have found that CHRT use is a stronger BC risk
factor than is ERT use (33, 34).



56 C.I. Li

In a prior meta-analysis, use of ERT years was associated with a
15%-49% increased BC risk (35). It is noteworthy that data from the Nurse’s
Health Study from 1976 to 1986, a time period prior to the widespread use of
CHRT, are consistent with more recent studies, including those described above,
indicating lack of association between ERT use and BC risk (36). Specifically, this
report found that use of ERT years was not associated with an increased



HRT and Breast Cancer Risk 57

BC risk. This dataset was not included in the meta-analysis by Steinberg, et al.
(35). They included data from the Nurse’s Health Study that were published later
(37), and included a larger proportion of ERT users who later also received CHRT.
While recent data suggest that ERT use is not strongly associated with BC risk,

completion of the ERT arm of the WHI randomized trial in the next few years will
provide additional important information regarding this association. However,
given the fact that the CHRT arm was terminated early, one could infer that any BC
risk associated with ERT in the WHI study is likely to be smaller in magnitude than
the BC risk found in the CHRT arm.

As previously indicated, there is convincing evidence from observational
studies and the WHI randomized trial, that CHRT increase BC risk. Evidence is
mounting regarding the adverse impact on BC risk by adding progestin to HRT.
This adverse impact appears to manifest within several years of CHRT use, and is
similar in magnitude irrespective of the type of CHRT (continuous or sequential
use). Given the types of CHRT used most commonly by women in the latter part of
the century, an increased incidence of BC must be tallied as a consequence.

Also, the six studies described above consistently indicate that CHRT use
is more strongly associated with an increased risk for ILC than it is for IDC (25,28-
32). Thus, CHRT use may partially account for the increasing ILC rates observed in
the USA and Europe (21-23). The biologic mechanisms underlying this association
remain poorly understood, but one potential explanation may rest on the differences
in expression between ILC and IDC, as 91 % of ILCs are compared
to 79% of IDCs, and 75% of ILCs are compared to 67% of IDCs (38).

P likely plays a key role in this association. We have observed that ERT
use was not associated with BC risk of any particular tumor profile, but
CHRT use was associated with an elevation in risk of tumors. The
magnitude of the risk increased with increased duration of CHRT use, but not for

or tumors (32). These data suggest that CHRT may promote
BC through the stimulation of both receptors, and not through alone, since
CHRT use was associated with an elevated risk for tumors, but not for
those While these findings require confirmation, they suggest that the P
component of CHRT may be particularly important with respect to altering BC risk.

The Role of Progesterone in the Etiology of Breast Cancer

While E’s role in the etiology of BC has been extensively studied, and E has been
shown to play multiple roles in BC pathways, less is known about the relationship
between P and BC etiology. Initially, P was thought to protect the breast from
cancer based on its anti-proliferative effects on the endometrium. However, several
recent studies suggest that P is involved in multiple pathways associated with BC.
In 1994, Shi, et al. (39) summarized evidence documenting the role of P in the
initiation and promotion of BC, including how P: 1. Stimulates growth in the normal
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human breast (in contrast to its effect on the endometrium). 2. Has mitogenic
effects on BC cell lines. 3. Promotes mammary tumor growth in rodents. 4.
Induces mitogenic growth factors and their receptors in hormone receptor positive
BC cells. 5. Regulates receptors for adhesion molecules involved in metastases. 6.
Tumorigenesis is inhibited by anti-progestins. Details regarding this evidence and
more recent work documenting links between P and breast/mammary gland
carcinogenesis are discussed below.

P’s central role in the proliferation and development of the normal breast
are well documented (40). In 1977, two studies evaluating cyclic variations in DNA
synthesis in breast epithelium during the menstrual cycle were published (41,42).
These studies established that DNA synthesis is low during the follicular phase (E
dominant) and high during the luteal phase (P dominant). Subsequent studies
identified that this fluctuation in DNA synthesis specifically takes place in breast
lobular epithelium, both during natural menstrual cycles (43) and in cycles regulated
by oral contraceptive use (44). These studies also demonstrated that after lobular
proliferation tapers off at the end of the luteal phase, a period of apoptotic activity
occurs. It was hypothesized that because the increase in DNA synthesis occurs
during the luteal phase, P, rather than E (long believed to be the primary promoter
of breast proliferation), was primarily responsible for stimulating lobular epithelial
cell proliferation in the breast. Experimental data ultimately substantiated this
hypothesis (45), and now there is general agreement that DNA synthesis increases
in the luteal phase of the natural menstrual cycle due to the peaking of P levels.

Developmentally, P is involved in the formation of lobular-alveolar
structures that occurs during pregnancy. A study comparing normal mice to mice
that lack the PR found that while the PR-null mice developed normal ductal
structures, they did not form any lobular-alveolar structures when exposed to E and
P (46). P’s proliferative effects appear to be mediated through its regulation of
genes associated with cell cycle progression, growth factors, and growth factor
receptors. Treatment of cells arrested in G1 with progestin stimulates them to
progress through the cell cycle and induces cyclins (including cyclin D1), cyclin-
dependent kinases, and c-myc and c-fos (protooncogenes involved in cell
proliferation) (47, 48). Further, the increases in cyclin D1 and c-myc can be
blocked by administering the anti-progestin RU 38486, indicating the key role of
P’s interactions with the PR in stimulating cell cycle progression. P induces growth
factors that stimulate proliferation, such as epidermal growth factor (EGF) (49-51)
and tumor growth factor and suppresses growth factors that inhibit
proliferation, such as Thus, there are multiple lines of evidence
suggesting that P has proliferative effects on the normal breast. However, the
mechanisms underlying these effects remain to be elucidated, and additional
research in this area is required.

Though P’s involvement in the proliferation and development of the
normal human breast is well established, its effects on BC cells remain controversial
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because depending on the model, cell type, and duration of treatment, P can act as
an inducer or represser of BC cell proliferation. A detailed discussion of this
literature is beyond the scope of this review, but it has been hypothesized by Lange,
et al. that these apparent contradictory effects can be explained if P acts as a
priming factor that mediates cross-talk between proliferative and anti-proliferative
signals (53). Thus, the timing, dose, and route of P administration can alter the
balance between these signals in different directions. However, these mechanisms
and our perception of how P is related to human BC is not well-understood.

Our understanding of P’s mechanism of action was further complicated by
the identification of two distinct isoforms of the PR-A and PR-B (54). Both are
transcribed from a single gene, but differ in that PR-A lacks the 164 N-terminal
structure present in PR-B. Although both PRs have the same affinity for P, these
two isoforms have different functions with respect to breast development and gene
regulation. Studies using a transgenic mouse model carrying additional PR-A
develop mammary glands with excessive lateral ductal branching, but lack lobular-
alveolar development (55). Alternatively, mice with additional PR-B exhibit an
excessive amount of lobular-alveolar growth, but exhibit an arrested development of
branching ductal structures (56). With respect to transcriptional activity, PR-A does
not activate transcription but is a strong represser of PR-B, while PR-B is a
transcriptional activator (57). Since PR-B is critical for lobular development and
stimulates the transcription of genes implicated in BC, one potential mechanism by
which the use of exogenous P could promote lobular, but not ductal, carcinoma is
by its PR-B mediated effects. However, further research is required to test this
hypothesis since no studies have been reported comparing the expression of PR’s
isoforms in IDC vs ILC.  A study evaluating only IDC tumors reported that 66%
expressed PR-A and 55% PR-B (58).

Conclusions

Incidence rates of ILC have been increasing steadily in the USA and Geneva, and
likely in other parts of the world, while IDC rates have remained essentially
constant. Based on its underlying pathology, ILC presents unique clinical
challenges since it is more difficult to detect by both clinical breast exam and
mammography. It is associated with better survival rates, and since the majority of
ILCs are most are amenable to treatment with anti-hormonal agents such as
tamoxifen. However, until recently, the epidemiology of ILC has been poorly
defined. Epidemiologic investigations aimed at understanding the increases in ILC
incidence rates have consistently identified that CHRT use is more strongly
associated with ILC risk rather than it is with IDC risk. CHRT may partly account
for the increases in ILC rates observed based on these findings and the parallel rise
in CHRT use and ILC incidence rates. CHRT also appears to act as a cancer
promoter given that current use, but not former use, is positively associated with
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ILC risk. P and PRs appear to play key roles in this process since ERT is not
associated with risk of either or tumors, while CHRT is associated with an
increased risk of tumors but not                tumors. P is also known to
stimulate the proliferation of lobules, but not ducts, particular through PR-B.
Moreover, P’s proliferative effects primarily target lobular rather than ductal tissue
in the breast. Thus, one would expect that P would be more likely to promote
neoplastic growth in lobular, but not in ductal, tissue, particularly through
interactions with PR-B. However, the specific mechanisms by which P is involved
in oncogenic pathways leading to the development of ILC remain poorly
understood. The fact that progestins are commonly used by women world-wide,
particularly as forms of contraception or HRT, further stress the importance of
advancing our understanding of the roles that P plays in the etiology of BC.

The studies described here indicate that beyond their histologic
differences, ILC and IDC appear to have different etiologies. Thus, it is important
to take into account the heterogeneity of diseases such as breast cancer when
assessing their risk factors. The failure to do so may result in important associations
being missed, as illustrated by the results of studies showing a differential effect of
CHRT use on risk of ILC and IDC. A greater understanding of risk factors for
different histologic types of BC may aid in the development of improved
management and treatment approaches for women with BC.
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Progestin-Regulated Genes and Breast Cancer
Risk: Good or Bad?

Henri Rochefort, Majida Esslimani-Sahla, and Dany Chalbos

Introduction

The assumed role of progesterone and progestins on mammary glands and human
breast carcinogenesis has varied between laboratories and countries and is still
controversial. Progestins inhibit estrogen (E) action in cell lines and provide
protection against the mitogenic effect of Es in endometrium, which is why they are
required to overcome the mitogenic activity of E in hormone replacement therapy
(HRT) of non-hysterectomised postmenopausal women.

The effect of progestins on mammary carcinogenesis is much less clear
since molecular and cellular studies diverge according to laboratories (1-2), and it
was even proposed that progestins protect against breast cancer (BC) (3). The
results of a large randomised NIH clinical trial in USA (4) involving post-
menopausal women treated with medroxyprogesterone acetate (MPA) and the E
conjugate, Premarin, vs placebo indicate that this association increases the risk of
BC by 30%, as previously shown in several observational studies also attained with
MPA, which is rarely used in France and other parts of Europe (5-7). Moreover,
results obtained in the 1980s on estrogen receptor and progesterone receptor

BC cell lines in our laboratory (8), and studies on pre-malignant human
mammary glands (9), could be interpreted as due to beneficial effects of progestins.
Since in France, contrary to USA, it has long been believed that progestins are
protective or at least neutral in breast, the HRT currently practiced in this country
has differed from that in the USA. In France, the percutaneous route of E
administration is more frequently prescribed, along with various progestins other
than MPA. Moreover, the proportion of French women treated for menopause with
progesterone or a progestin associated with Es, instead of E alone, is higher

 in the E3N cohort) than in USA in WHI trial) where the higher
frequency of hysterectomies allows women to take only E.
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Controversies and Discrepancies Concerning Progestin Action on
Mammary Glands

There is a relatively high consensus among laboratories on the mitogenic effect of
Es on the mammary gland, and coherence between in-vitro studies on cell lines, and
in-vivo epidemiological data, even though the detailed mechanism is not yet fully
understood. By contrast, the effects of progestins after menopause, i.e., whether
good or bad, have been extensively debated according to the laboratory and country
involved. This is mostly due to the fact that different progestins are being used and
that most controlled clinical studies have been conducted using MPA, which is
rarely prescribed in Europe. In Europe, and particularly in France, at least 15
different preparations are used, varying in their structure (natural progesterone,
synthetic pregnanes, 19 nor-pregnane, and 19 nor-testosterone derivatives), and in
their mode of administration (continuous or discontinuous, per os or
transparenteral) (10). Consequently, the receptors interacting with progestins are
not only the two PR isoforms A and B, but, in some cases, also the androgen
receptor, ER, and the glucocorticoid receptor (Figure 1). The 19 nor-testosterone
derivatives have been shown to display more estrogenic and androgenic activities
than pregnane and nor-pregnane derivatives.

Figure 1. Schematic representation of progestin action in a BC cell. The relative
importance of the pathways and end-points may vary according to the nature of the
progestin used. Pathway 1- Classical legitimate pathway via nuclear PR-A/-B and
transcriptional regulation. Pathway 2- Plasma membrane pathways activating the
tyrosine, MAP or PI-3 kinases. Pathway 3- Illegitimate pathway via other
receptors vary according to the affinity and transconformational activity of the
different progestins (nor-testosterone, pregnane and nor-pregnane derivatives).

The other difficulty is that most reported studies were performed in culture
on BC cell lines, with only a few controversial studies conducted with non-tumoral
mammary cells. The results obtained on rodent models clearly indicate that
progesterone stimulates the proliferation of lobulo-alveolar glands both in immature
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(11) and ovariectomized mice (12). Moreover, PR-B gene knock-out, but not that
of PR-A inhibits mammary gland development in mice (13, 14), and PR-B over
expression facilitates endometrial carcinogenesis (15). However, the case may be
different for aged human mammary glands exposed to hormone administered after
menopause which may already be transformed.

A review of experimental data indicates that there are almost as many
arguments favouring an adverse effect of progestins on mammary cells than those
supporting a beneficial effect. By contrast, the published clinical trials point mostly
adverse effects with MPA, which may display some androgenic and glucocorticoid
activity. In fact, the WHI randomised clinical trial of menopaused patients
undergoing HRT indicated an increased incidence of BC in women treated with
MPA compared to placebo (4). The trial involving hysterectomized women treated
by E alone is still in progress confirming additional MPA effects in mammary
carcinogenesis.

Use of Human Breast Cancer Cell Lines to Detect Specific
Receptor-Induced Proteins

Before the development of DNA micro-array and SAGE approaches, the use of
labelling of proteins synthesized in cell culture, before and after

hormone stimulation, allowed us detection of several steroid hormone specific
induced proteins, as defined by their molecular weight in SDS-PAGE, which could
then be identified and studied in tumour samples to specify their significance in
human carcinogenesis (16). Regarding progestins, using dose/response curves and
anti-hormones, we could not discriminate between MPA and R5020 (promegestone)
with respect to the induction of specific PR responses, such as the secreted 48 kD
protein (16-17) and the cellular 250 kD protein, which were both inhibited by the
anti-progestin RU486, but not by the anti-androgen flutamide (18 and D.Chalbos et
unpublished).

The two progestins were also similarly active, but at higher concentrations,
inducing a specific response to an androgen receptor such as that of a 43-kD
androgen induced secreted protein (16), which has been identified as the
glycoprotein (19). The weaker activity of progesterone on the cell lines was
probably due to its high metabolism of inactive products, while R5020 has been
shown to be more stable. Both MPA and R5020 are pregnane derivatives, and,
supposedly, both are less androgenic than 19 nor-testosterone progestins.

The Antiestrogenic Activity of Progestins: Good or Bad
Significance?

It is clear that progesterone is a natural anti-E, thus partially explaining its
protective effect in endometrium. We showed this anti-estrogenic activity on BC in
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vitro, since R5020, a pure progestin, inhibited the E-induced growth of MCF7 cells
(8). However, proposals concerning mechanism of this anti-estrogenic activity have
varied with time: Induction of dehydrogenase (9), increase of
inactive E-sulfates (20), down regulation of the ER, and inhibition of transcription
of ERE-controlled genes by squelching of limiting receptor co-factors (21). The
decrease in the level in mammary glands, after progestin treatment of pre-
menopausal women with a benign breast disease was demonstrated in a population
of 67 women by two fine needle biopsies performed before and after a 20-30 days
treatment with lynestrenol, i.e., a nor-testosterone progestin routinely used in France
to treat benign breast disease in the 1980s. In the 20 women receiving only
placebo, the concentration measured by immunohistochemistry was not
altered, while in the 47 women receiving lynestrenol, the level was markedly
reduced by this treatment in all patients (22). This finding was consistent with an
anti-estrogenic action of progestin operating also in- vivo. Whether this effect will
be good or bad in the long term remains controversial, since BC cells (both
in-situ and invasive) are more aggressive than BC cells (23). Moreover,
while the complex stimulates cell growth, it inhibits invasion of ovarian and
breast cancer cells (24, 25). This is consistent with a possible better prognosis of
BC in postmenopausal women taking HRT.

In other tissues, such as bone or endothelial vascular cells, the anti-E
activity of systemic progestins is certainly not beneficial by inhibiting the
favourable effects of Es. This might explain the increased incidence of stroke and
coronary disease observed in the WHI trial when MPA was associated with E.

The Significance of Fatty Acid Synthase: From a Marker of
Differentiation to an Enzyme Involved in Carcinogenesis

Progestin regulation of some genes (Figure 1) such as the decrease in bcl-2
facilitating apoptosis (26) or the increase in alkaline phosphatase a marker of
mammary gland differentiation (1, 2) suggest a favourable effect of. progestins.
Others have suggested a higher aggressiveness such as the induction of the EGF
receptor and VEGF (27).

We have extensively studied an abundant 250-kDa protein specifically
induced by progestin at the gene level, in BC cells, via the PR. This protein was
identified by several converging approaches (18, 28, 29) as fatty acid synthase
(FAS, EC 2.3.1.85), the cytosolic enzyme which synthesizes C16 fatty acids from
acetyl Co A and malonyl CoA (30).

The Mechanism of FAS Regulation by Progestin

The mechanism of FAS regulation by progestins was found to be direct, since it was
not inhibited by cycloheximide, and rapid, with an increase of transcription within
20 min. It is also post-transcriptional since progestins increased FAS mRNA
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stability (29,31). FAS was not induced by Es or glucocorticoids and different types
of progestins used in HRT, including the “pure” progestin R5020 and MPA, were
similarly active in the induction of FAS (18 and unpublished experiments).
Progesterone however, was only active at higher concentrations.

In BC, FAS is specifically regulated via the PR since its induction by
R5020 was inhibited by RU 486 but not by flutamide. Androgens such as
dihydrotestosterone (DHT) were only active at  concentrations. Therefore, in

and BC cell lines, progesterone was the major hormone to regulate FAS
expression. Recently, other laboratories showed that mitogens such as the growth
factors EGF, FGF-1, and HER-2/neu also induce FAS by stimulating PI-3 kinase
and MAP kinase pathways leading to induction of the sterol regulatory element
binding protein (SREBP1) transcription factor . This pathway has been
documented in two mammary cell lines: MCFl0a transfected with ras (32),
and H16 transfected with the HER-2/neu oncogene (33). In MCF7 and T47D BC
cell lines, the classical pathway following activation of nuclear PRs by progestins
was found to be the predominant or even exclusive regulation. Therefore in-vivo, in

and PR-positive BCs, FAS is most likely induced by progestins acting via their
receptors. However, in and BCs, oncogenes coded proteins and growth
factors via the PI-3, and MAP kinase pathways may be involved. Metabolic
regulation by a lack of nutrients in cells is also possible.

Interestingly, in prostate cancer, androgens rather than progesterone induce
FAS via the androgen receptor (34). Whether this effect is direct and
transcriptional or mediated by the PI-3 kinase pathway is debated (35).

The Clinical Significance of FAS

The clinical significance of FAS has evolved with time. In our laboratory, pilot
translational studies in patients, indicated that it was also associated with
progesterone regulation since its mRNA level, as measured by in-situ hybridization
(36), and the protein level, as estimated by immunohistochemistry (IHC) on frozen
sections (37), were increased at the luteal phase mostly in lobulo-alveolar glands.
In women treated for benign breast disease with synthetic progestins, FAS
expression was increased in mammary lobules and ducts at a much higher level than
that reached at the luteal phase with the endogenous progesterone (37).

Moreover, FAS staining in BC was generally greater in pre-menopausal
patients than after menopause. These results indicated that progestins also induced
FAS expression in vivo, in both malignant and non malignant mammary gland cells,
and suggested that FAS is a marker of responsiveness to progestins. Based on the
dominant paradigm concerning progestins in BC in France, we initially proposed
that FAS is a differentiation marker: First, in normal mammary glands, FAS is
known to be mostly active during lactation to produce milk lipids (30). Secondly,
we observed high accumulation of lipid droplets in R5020-treated T47D cells with
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an increased cellular level of triglycerides and phospholipids (38). In parallel,
R5020 decreased the secretion of lipids and glycoproteins (17). It was therefore
tempting to propose in this context that FAS is a marker of mammary gland
differentiation.

We did not consider that FAS was as potentially important as cathepsin D,
a marker of aggressiveness in BC, for monitoring BC patients. However,
interestingly, FAS content, as measured by IHC, was found to be correlated with the
proliferation index (histone H4) and histological criteria of hyperplasia mostly in
lobules (37), suggesting an opposite significance. This is consistent with the
physiology of progesterone, which mostly stimulates the growth of lobular alveolar
glands, and with clinical studies showing an increased proportion of lobular
carcinomas among BCs developed under HRT (39, 40).

Ten years after our studies on this progesterone-induced enzyme, FAS was
revealed to be a marker associated with high BC risk, and a potential target for
cancer therapy. Different independent laboratories using various approaches came
to this same conclusion. First, Pasternak, et al. at the John Hopkins Institute
developed antibodies to haptoglobin and found that the corresponding antigen (OA-
519) was of poor prognostic value in BC (41,42). The antibodies reacted with
contaminating FAS, which was actually the antigen responsible for the increased
staining detected in aggressive BCs. Later, Kuhadja proposed FAS as a new
therapeutic target in cancer. FAS inhibitors, such as cerulenine and C75 (43, 44),
have been proven efficient in blocking breast and ovarian cancer cell growth, at
least in vitro and in nude mice. FAS mRNA and protein were shown by other
laboratories to be increased in several solid tumour cells, including prostate cancer,
compared to normal cells. The group of Dana Farber in Boston, using the SAGE
approach, showed that among 50,000 detected transcripts, FAS was one of the most
over-expressed genes in BC as compared to normal mammary cells (45). The
cDNA micro-array approach also indicated high FAS over expression in prostate
cancer compared to normal prostate (46).

What is the Significance of FAS Over-expression in Cancer
Cells?

Is FAS over-expression a marker only associated with aggressive solid tumours or is
it actively engaged in mammary carcinogenesis? FAS activity and endogenous fatty
acid synthesis are required for normal embryonic development since FAS gene
knock-out is lethal in mice (43). In normal adult cells, except in lactating mammary
glands (30), FAS activity is low since fatty acids are mostly provided by food and
imported from local vascularization (47).

The use of our specific FAS antibodies on formalin-fixed paraffin
embedded sections of mammary tumours have shown that FAS is specifically
overexpressed in BC cells and not in adjacent normal ducts lobules or stromal cells
(M.Esslimani Sahla, et a,l in preparation).



Progestin-regulated Genes and Breast Cancer Risk 71

We hypothesize that in solid tumours the bio-availability of fatty acids
from the circulation is weak because their vascularization is generally poor, as also
indicated by the lower extra-cellular pH. BC cells overexpressing FAS may have a
growth advantage compared to normal peripheral cells in these solid tumours.
Cancer cells require nutrients to grow, and not only mitogens. In addition to
proteins, they also need fatty acids as precursors for synthesis of membranes, lipid
mediators and lipid anchors and they may use FAS for endogenous synthesis of
these fatty acids. FAS endogenous activity seems necessary for development of the
embryo (48) and for growth of cancer cells, as supported by the specific effects of
cerulenine or C75, which block proliferation of breast and ovarian cancer cells and
induce apoptosis, while normal cells are insensitive (43, 44, 49, 50). This inhibitory
effect is suppressed by adding an excess of palmitic acid, the major product of FAS
activity. This clearly indicates that cancer cells require FAS activity for their
sustained growth and suggests that FAS could be a potential target in the treatment
of hormone-dependant and independent BCs.

Concluding Remarks

On the basis of recent epidemiological and clinical data on the increased incidence
of BC in women treated with E + MPA, compared to placebo or E alone, we
reviewed data on progestin action in human mammary cells from our laboratory and
others. We propose that the increased risk of BC by progestin is due to the
induction of master genes and that FAS is one of these genes. .

This review illustrates that the same experimental results can be interpreted
differently according to the dominant hypothesis, which has varied with time in
different countries. In France, in the 1980s and 90s, it was quite logical to
concentrate our research on E action since Es were mitogenic in vitro, while
progestins were not mitogens in our conditions. The reason why in post-
menopausal women, the addition of progestins to E in HRT slightly increases the
risk of human BC, while, in vitro, progestins are rather inhibitory is not known.
FAS is induced by progestins and overexpressed in BC cells both in vitro and in
vivo. While FAS activity appears to be involved in facilitating tumor growth in
vivo, it is unknown why it does not appear to be active in vitro. This may be due to
the different BC cell culture environments as monolayers on plastic or packed in
vivo in a 3D solid tumor. The lack of other partners required for progestin
mitogenicity is also possible.

The emergence of “evidence-based medicine”, such as the large WHI
randomized trial is crucial both for guiding us in basic research directions to
understand mechanisms, and for reorienting the medical practice in this country. It
is possible, on the basis of various hypotheses, that other progestins and routes of
administration rather than oral would be better for women health. However, this
will have to be proven through controlled and large scale epidemiological studies.
The adverse role of progestins and FAS suggest new potential therapies.  In
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and resistant to anti-Es, anti-progestins - if non-toxic - could be useful, as
we initially proposed for RU486 based on our in-vitro studies (51) and a pilot
clinical trial (52).

Moreover, the most aggressive and PR negative BCs could be targeted
by inhibiting the activity of enzymes, which are largely and specifically over
expressed in these cancer cells. There is a striking parallel between estrogen and
progesterone action in BC: the two ovarian hormones induce an enormous quantity
of two enzymes, i.e., cathepsin D and FAS, both of them facilitate the sustained
growth of cancer cells in vivo by different synergic mechanisms. These two
enzymes are also overexpressed in more aggressive via growth factors and
oncogene encoded proteins. They both constitute new putative targets for cancer
therapy, as shown by Kushada, et al for FAS and by our laboratory for cathepsin D
(53). These two steroid and growth factor induced enzymes illustrate the synergy
between E and progestins to facilitate the growth of hormone dependent solid
tumors and the potential of enzyme inhibitors in cancer therapy.

Foot note added in proof: Since this review was completed (June 2003) results of
a cohort of a million of British post menopausal women taking hormone
replacement therapy with different preparations [Beral V and the MWS group
(2003) Breast cancer and hormone-replacement therapy in the Million Women
Study, Lancet 362: 419-427] confirmed the adverse effect of progestins on breast,
including the progestins currently used in Europe
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Role of Progesterone Receptors in Mammary
Development and Carcinogenesis

Gopalan Shyamala

Introduction

It is well established that signaling through estrogen and progesterone through their
cognate receptors, estrogen receptor and progesterone receptor (PR) are
essential for both the development of mammary glands and their transformation to
preneoplastic and neoplastic counterparts. Several years ago it was demonstrated
that both mouse and human mammary epithelial cells proliferate in response to
progesterone (1-3). Despite this, among the two ovarian steroids, estrogens have
been traditionally associated with an increased risk for breast cancer. In recent
years, several studies, including our own, provide compelling evidence that
progesterone/PR signaling may play a crucial role in the transformation of
mammary epithelial cells. The identity of a particular cell is established during
development and conversion of a normal cell to its malignant counterpart is
accompanied by alterations in certain fundamental mechanisms that define its
identity. Accordingly, to identify the mechanisms that trigger carcinogenesis, it is
essential to understand the processes that ensure normal development and
maintenance of this phenotype. This chapter summarizes our studies on PR during
normal mammary development and their relevance to carcinogenesis.

Regulation of PR Expression and its Role During Mammary
Development

Mammary development occurs mostly in the post natal female and is discontinuous.
The initial phase of development accompanies puberty, commonly referred to as
ductal morphogenesis, requires signaling through The second phase
of development accompanies pregnancy. It results in lobulo-alveolar development,
and requires signaling through progesterone/PR. Similar to other estrogen target
tissues, in the mammary gland, the expression of PR is regulated by estrogen (4),
whereby it serves as a marker for both estrogen and progesterone action. Therefore,
during various mammary gland physiological states, the PR expression patterns and
their role need to be evaluated within the context of both estrogen and progesterone
action.
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In the mammary gland of pre-pubertal mice, PR gene expression is
associated with the end bud cells (5), the putative undifferentiated progenitors
which give rise to ductal cells. Studies on PR-null mutant mice reveal that PR is not
essential for the ductal growth accompanying puberty (6). Thus, the expression of
PR in the end bud cells does not reflect its requirement for ductal morphogenesis,
but is indicative of the estrogenic sensitivity of these cells. In the mammary gland
of adult females, the PR steady-state levels are modulated as a function of
estrous/menstrual cycle. Estrogen regulates its expression positively which, in turn,
is counteracted by progesterone. In mammary ducts of adult females, PR
expression is heterogeneous, and the percentage of PR positive cells does not
change either after ovariactomy or exposure to estradiol, despite changes in the
steady state levels of PR (7), indicating that its expression is restricted to a subset of
epithelial cells. Since epithelial cell proliferation is promoted by signaling through
PR, which gives rise to alveolar cells, it is likely that in the adult female, PR
positive cells represent the putative progenitors of alveolar cells (6).

A paradox that emerges from studies on the developmental regulation of
PR is that while its expression is essential for lobulo-alveolar development, it is
down regulated during pregnancy and lactation. This down-regulation is evident
both at the level of mRNA and protein (4), and is accompanied by a significant
decrease in the number of PR positive epithelial cells (8). It is well known that, for
the most part, cellular proliferation and differentiation represent two incompatible
phenomena, and lobulo-alveolar development is indicative of both morphological
and functional differentiation. Thus, one of the keys for switching the epithelial
cells from a proliferative to differentiated state may be the loss of PR expression.
As such, in instances where the mechanisms that regulate PR expression are
deregulated, cell proliferation can proceed in an unabated manner and thus, trigger
transformation. Indeed, this appears to be the case, as revealed by our studies using
one of the transgenic models created by our laboratory and discussed below.

Overexpression of the ‘A’ Form of PR (PR-A) Causes
Transformation of Mammary Epithelial Cells

It is well established that PR exists in two molecular forms commonly referred to as
the ‘A’ and ‘B’ forms whose ratio varies among target tissues (9). In adult rodents,
the mammary gland ratio of the ‘A’:‘B’ forms is 3:1 (10). In-vitro studies have
shown that the ‘A’ and ‘B’ forms can have different functions in the same cell. In
addition, the PR activity of the individual form can vary among different types of
cells (11). Furthermore, depending on the cell, the ‘A’ form can either inhibit or
enhance the activity of the PR‘B’ form (11). Based on these observations, it is
believed that appropriate cellular responsiveness to progesterone is dependent on
regulated expression and/or activity of the two PR forms (12). Therefore, an
aberration in normal mammary development may result from inappropriate
progesterone signaling due to an imbalance in the expression and/or activities of the
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two PR forms. The imbalance, in turn, may have implications for mammary
oncogenesis. To test this hypothesis, our laboratory created transgenic mice in
which the native PR ‘A’:‘B’ ratio was altered by introducing additional PR ‘A’ or
‘B’ forms as transgene. A binary system was used for the expression of the
transgene as shown in Figure 1. Detailed descriptions of the constructs have been
published (13, 14).

Figure 1. Schematic representation of
plasmid construction for the binary
system. (A) Insertion of the GAL-4
gene into the CMV promoter
expression plasmid containing simian
virus (SV) 40 splice and
polyadenylylation sequences. (B) mPR
cDNA (A form with only ATG 2)
containing intron 1 and SV40 splice
and polyadenylation sequences fused
to UAS-TATA fragment containing
four GAL-4 binding sites. E, EcoR1.
(C) mPR cDNA (B form with only

ATG1) containing intron 1 and SV40 splice and polyadenylation sequences fused to
UAS-TATA fragment containing four GAL-4 binding sites.

Mammary development is abnormal in transgenic mice carrying an
imbalance in the native ratio of ‘A’:‘B’ forms by overexpressing either the ‘A’ or
‘B’ form (referred to as PR-A and PR-B transgenics, respectively) (13, 14). In
particular, PR-A transgenic mammary glands exhibit excessive ductal growth, and
morphological and histological features associated with transformed cells, i.e., loss
in basement membrane integrity and cell-cell adhesion. The aberrant patterns of
ductal growth were not restricted to the offspring of any particular founder mouse,
establishing that the phenotype was due to the transgene expression, and not due to
their integration into any unique site on the genome (15).

In a series of comprehensive studies, Medina, et al. identified certain
molecular markers unique to mammary epithelial cells at various stages of
transformation. In particular, they showed that in mouse mammary epithelial cells,
a decrease in p21 expression, without an increase in cyclin D1, is indicative of
immortalization, and precedes the onset of hyperplasia/preneoplasia (16). Among
the characteristics that distinguish the presumptive immortalized epithelial cells
from those in hyperplasia/preneoplasia are increases in cyclin D1 expression and
cell proliferation, and a decrease in expression (17).



80 G. Shyamala

Figure 2. Morphological and histological characteristics of wild type and PR-A in
adult transgenic mice. Whole-mounts (A-C) and histology (D-G) of mammary
glands from adult (10-14 weeks old) control PR-A transgene-negative (A and D)
and PR-A transgenic mice (B, C, and E-G) are shown. In B and C, open arrows
point to thick ducts, while solid arrows point to clustered buds at the tip of ducts.
Note that, in contrast to the monolayer associated with the duct from wild type mice
(D), the ducts in PR-A transgenics are composed of multilayered cells (E, F, and
G). In E, the arrow points to an indistinct epithelial-stromal boundary, and in F, the
arrow points to disorganized masses of cells at the tip of a duct.

In mammary glands of PR-A transgenics, ducts with normal histology,
displayed a decrease in p21 expression (Figure 3 A) without an elevation in cyclin
D1 (Figure 3B), or cell proliferation (Figure 3C). Similar to ducts with normal
histology, in mammary dysplasias of PR-A transgenic, there was a decrease in p21
expression (Figure 3A), but was accompanied by an increase in cyclin D1
expression (Figure 3B) and cell proliferation (Figure 3C), and a decrease in
expression (Figure 3D). Therefore, these studies establish that mammary glands of
PR-A transgenics contain at least two distinct populations of transformed epithelial
cells: one, corresponding to immortalized cells, in early stages of transformation,
present in the ducts with normal histology; and two, cells in later stages of
transformation associated with dysplasias.

An imbalance in the native ratio of PR A:B isoforms also exists in PR-B
transgenic mice, but the mammary phenotype of these mice is distinct from that of
the PR-A transgenics (14). In fact, PR-B mammary glands have impaired ductal
elongation. Analyses of these mammary glands did not reveal any detectable
changes in either the number of BrdU-positive cells or the expression of cyclin D1,
p21, or
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Aberrant Features of Mammary Dysplasias in PR-A Transgenic
Mice are Unaffected by Mifepristone

The presence of at least two distinct populations of transformed epithelial cells, in
mammary glands of PR-A transgenics, was also apparent from their sensitivity to
the antiprogestin, mifepristone. While mifepristone abolished BrdU
immunostaining in the ducts displaying normal histology, and in those of wild type
mice, it did not alter the number of BrdU-positive cells in dysplastic lesions (18).
Similarly, in these lesions, mifepristone did not effect the expression of either cyclin
D1 or Thus, it appears that deregulation of progesterone action, resulting
from an overexpression of PR-A form, may not only trigger transformation of
mammary epithelial cells, but may also dictate their phenotype in later stages of
transformation.

Progesterone/PR Signaling in Mammary Carcinogenesis

Most of the classical studies on the developmental biology of the normal mammary
gland and mammary oncogenesis have been done in rodents. Conclusions derived
from these studies have been found to be applicable to the human condition (19).
Furthermore, the pattern of PR localization in normal mouse mammary glands is

Figure 3. Cell proliferation,
cyclin-D1, p21, and
expression in mammary glands
of wild-type and PR-A
transgenic mice. Panel A
shows the expression profiles
of p21 in a mammary duct of
wild type mice (I), a mammary
duct of PR-A transgenic with
normal histology (II), an
abnormal mammary duct of
PR-A transgenic (III), and
(IV) the absence of
immunoreactivity with
irrelevant mouse IgG (top), and
deletion of primary antibody
(bottom). Scale bar represents

Panel B shows the number of cyclin D1-positive cells in normal (ND) and
abnormal ducts (AD). Panel C shows the rate of cell proliferation, using BrdU-
positive cells as index, in ND and AD. Panel D shows the number of
epithelial cells in ND and AD.
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similar to that reported previously for human breast, i.e., (a) PR expression in the
epithelial cells is heterogeneous, and (b) the connective tissue surrounding these
epithelial cells are PR free (7, 20).

In normal mammary epithelial cells, the initial impact of progesterone
signaling through PR results in an increase in proliferation. Therefore, in its
capacity as a mammary gland mitogen, progesterone has the potential to trigger
carcinogenesis. An excellent example of this P action is the animal model
developed by Lanari et al. in which the progestin, medroxyprogesterone induces
mammary tumors (21). Another example is the p53-null mutant mammary
epithelium in which progesterone alone strongly enhances mammary tumorigenesis
(22). Studies from our laboratory (as reviewed here) showed that a deregulation in
progesterone action (as in PR-A transgenics) can alter the growth potential of
epithelial cells, at least, in part, at the level of cell cycle, leading to transformation.
Recent population based studies also demonstrated that, in uninterrupted combined
hormone (estrogen + progestin) replacement therapy (CHRT), progesterone is the
contributing factor for the increased risk for mammary carcinogenesis (23). Also,
studies on normal mammary development established that the net outcome of
signaling through PR is to drive the epithelial cells towards lobulo-alveolar
development. Thus, it is noteworthy that women who are at increased risk for
mammary oncogenesis due to CHRT develop lobular carcinomas (24).

Studies from our laboratory clearly established that an imbalance in the
expression of the two PR isoforms, resulting from PR-A overexpression, may lead
to transformation of mammary epithelial cells. An imbalance in the relative ratio of
PR A:B isoforms has also been observed in certain human mammary tumors, and
has often been associated with overexpression of the PR-A form (25-27).

Concluding Remarks

Our studies on the role of progesterone/PR in the mammary gland highlight their
involvement in mammary epithelial cell proliferation during development. In
addition, they establish that appropriate expression of the two PR isoforms is
critical for normal mammary development. Finally, they demonstrate that an
imbalance in the native ratio of the two isoforms, resulting in dominance of the PR-
A form, can trigger transformation. Thus, PR-A transgenic mice can serve as an
important experimental model for dissecting the mechanisms underlying
progesterone-dependent mammary epithelial cell transformation, and progression in
vivo. In addition, they may help to devise strategies for arresting the progression of
transformation, and reversing the transformed phenotype.

Dedication

This article is dedicated to the memory of my dear friend Jane Toft, who lived a
life of a scientist/teacher and wife/mother with courage, honesty, and devotion.
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c-Myc Deregulation Promotes a Complex
Network of Genomic Instability

Sabine Mai, Amanda Guffei, Thierry Fest, and J. Frederic
Mushinski

Introduction

The oncoprotein c-Myc has been studied for decades. We have gathered important
information about the role(s) c-Myc and other Myc family proteins play in
neoplasia. PubMed, May 2003 (http://www.ncbi.nlm.nih.gov/) shows 334 citations
for c-Myc and neoplasia; 53 for N-Myc and neoplasia; and 392 for Myc and
neoplasia. This list is not complete because earlier studies dating from the 1920-
40s are not included, but it gives an idea about how prolific the study of Myc
oncoproteins in neoplasia has been.

Despite the intensive and extensive research carried out all over the world,
we still have not identified a single pathway that suffices to explain how c-Myc
initiates and promotes tumor formation, suggesting that multiple pathways must be
involved. In one of these pathways, c-Myc appears to initiate a complex network of
genomic instability that we are still deciphering. The analysis of this pathway is
very challenging and complex, for c-Myc is a multifunctional protein that is able not
only to alter the stability of the genome, but also to alter expression of genes
profiles that have an impact on apoptosis, differentiation, proliferation, and
angiogenesis, among others.

When referring to “effects on genomic stability” what do we actually refer
to? Genomic instability is a widely used term, but the term is often vague. Is it
increased mutations, aneuploidy, loss of tumor suppressors, specific genetic
rearrangements - or all of the above? Before attempting to describe the effects of c-
Myc on genomic instability, we will define the term genomic instability. Structural
genomic instability encompasses point mutations, deletions, microsatellite
instability, duplications, amplifications, translocations and inversions. Structural
genomic instability does not include alterations in the number of chromosomes.
Instead, numerical genomic instability, also called aneuploidy, is reflected in
deviations from diploid, the normal state in which each cell contains two copies of
each somatic chromosome. The terms nullisomy (absence of both copies of a
chromosome), monosomy (presence of only one chromosome), trisomy (presence of
three copies), tetrasomy (presence of four copies) or polysomy (presence of
multiple copies of a chromosome) denote specific
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forms of numerical genomic instability. Finally, the term karyotypic instability,
often also called ‘chromosomal instability’ combines structural and numerical
genomic instability and indicates the simultaneous presence of both types of
aberrations within one cell.

It is now appreciated that c-Myc induces a complex network of genomic
instability that can include several components: locus-specific genomic instability,
karyotypic or chromosomal instability, long-range illegitimate recombinations,
point mutations, and DNA breakage. c-Myc also affects the overall nuclear
structure, as documented by recent work (1). Additional effects of c-Myc on
genomic stability are very likely to be discovered as we gain greater depth of
understanding of cellular transformation in the years that lie ahead.

The History of c-Myc

c-Myc is the cellular counterpart of the viral oncogene v-myc that was identified as
the transforming factor in avian retroviruses, MH-2, MC29 (2), CMII and OK 10
(3). Subsequently, it was discovered that bursal B-cell lymphomas in retrovirus-
infected fowl were caused by retroviral integrations in or near the c-myc proto-
oncogene, which caused constitutive expression of c-myc. In some cases, these
transcripts originated at the promoter in the long terminal repeat (LTR) of the
retrovirus (4). In other cases, the nearby strong retroviral enhancer induced
constitutive expression that originated in one of the c-myc promoters, if they were
still attached to the coding region of the c-myc gene (5). Importantly, c-myc was
recognized as a transformation-initiating oncogene in mammals when B-cell
lymphomas in human beings [Burkitt lymphomas (6), rat immunocytomas in
Louvain-strain rats (7), and mouse oil-induced BALB/c plasmacytomas (8,9)] were
found to be associated with constitutive expression of c-myc mRNA and protein. In
these tumors, chromosomal translocations juxtaposed the c-myc gene to a gene that
encoded either the Ig heavy chain or one of the Ig light chains. In these cases, the
strong enhancers on the Ig-encoding genes were responsible for a constitutive
activation of transcription originating at one of the c-myc promoters. This
mechanism is analogous to the enhancer-insertion model of bursal lymphomas.
Finally, evidence of a c-myc-activating extrachromosomal translocation has been
found in extrachromosomal elements in a murine plasmacytoma (10). In this ease,
constitutive c-myc expression was initiated within the c-myc/IgH-carrying
extrachromosomal elements.

c-Myc Deregulation in Cancer

c-Myc overexpression is associated with neoplasms of different tissues, including
breast (11,12), neuroblastoma (13), cervical carcinoma (14), malignant melanoma
(15), prostate cancer (16), osteogenic sarcoma (17), and lymphoid cancer (6, 18,
19); (reviewed in 20). Thus, Myc protein overexpression is an important player in
cellular transformation (21-25).
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Figure 1. c-Myc-dependent locus-specific and karyotypic instability in neoplasia.

Locus-specific Genomic Instability. c-Myc induces the instability of some genes,
but not of others. Therefore, we generated the term ‘locus-specific’ genomic
instability (Figure 1). This type of instability was first described in the report that
the dihydrofolate reductase (DHFR) gene was amplified as a result of inducible c-
myc overexpression (26, 27). DHFR was amplified within 72 h of inducible c-Myc
deregulation in a variety of cell lines of mouse, hamster, and human origin, and in
several tissue types. The amplification of DHFR was reversible when c-Myc was
induced transiently (27). In the same cells, however, other genes, such as cyclin C,
ribonucleotide reductase R1, syndecan-1, and glyceraldehyde phosphate
dehydrogenase (GAPDH) did not show genomic instability.

Subsequently, in-vivo studies showed that DHFR was amplified in primary
mouse plasmacytomas, Myc-dependent B lymphocytic tumors that develop in
susceptible mice, such as BALB/c (28). If DHFR amplification were an early event
in c-Myc-induced tumorigenesis, one would expect to find evidence of DHFR
instability early in tumorigenesis. Indeed, plasmacytoma induction studies showed
that DHFR was amplified within the first week of c-myc deregulation (29) (Figure
2). The amplification of the DHFR gene occurred intra-and extra-chromosomally in
mouse and human cells, however only intra-chromosomally in the hamster cell line
CHO-9.

Subsequently, additional genes were shown to lose stability when c-myc
expression was deregulated. Among them are: ribonucleotide reductase R2 (R2)
(30), cyclin D2 (31), ODC (32) and CAD (33). All of these genes are amplified
intra- and extra-chromosomally in the presence of constitutive c-myc expression. c-
Myc-dependent induction of extra-chromosomally amplified genes is a novel
product of c-Myc-dependent genomic instability. Several genes can be found in
these extra-chromosomal elements. These genes carry histones and are able to
replicate, thus behaving as functional genetic units (34). The generation of these
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extra-chromosomal elements may occur via illegitimate replication, DNA breakage,
and/or DNA recombination (see additional discussion below).

Figure 2. c-Myc-dependent amplification of DHFR. Fluorescent in-situ
hybridization (FISH) demonstrates that the DHFR gene is amplified in a mouse
plasmacytoma.
A.
B.

Part of a metaphase showing a large double minute chromosome (arrow).
Same as A showing DHFR and some pieces of cyclin B1 on the double minute
chromosome. DHFR is shown in red, cyclin B1 in green. Chromosomes are
counterstained with DAPI (blue). (Figure may be viewed in color at
http://springeronline.com/0-387-23783-6)

Karyotypic Instability. c-myc deregulation also induces karyotypic instability (35,
36). This form of genomic instability was found in cell lines after prolonged c-myc
deregulation (35). In addition, when injected into nude mice, cells that
constitutively expressed c-myc developed karyotypic instability (36). The types of
instability seen in vivo were identical to those seen in vitro: aneuploidy, telomere-
centromere fusions, chromosome breakage, formation of unstable ring
chromosomes, and generation of extra-chromosomal elements.

Long-range Illegitimate Recombinations, c-myc deregulation in murine B-cell
lymphomas has been shown to induce recombination events that involved many
different chromosomes (37). These illegitimate recombinations included
translocations, deletions and inversions. DNA sequencing and spectral karyotyping
showed that a wide variety of chromosomal regions had been affected and many
different break points involved. Recent studies have also examined whether c-myc
deregulation also increased the rate of point mutations or large-scale
rearrangements. Davis, et al. (38) did not observe increased mutation rates in Myc-
induced liver cancers, and Rockwood, et al. (37) reported no significant increase in
point mutations in mouse Burkitt lymphoma with c-myc deregulation. However,
Partlin, et al. (39) described a small increase in HGPRT mutations as a result of c-
myc deregulation in Rat1a fibroblasts. The differences in these data may lie in the
different cell systems used. Further studies are needed to clarify this point.
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Figure 3. Wt MycER and mut MycER-dependent genomic instability as
examined by spectral karyotyping. A and B show karyotypes before and 48 h
after activation of wt MycER. C and D show karyotypes before and 72 h after
mut MycER activation. (Figure in color at http://springeronline.com/0-387-23783-6)

Mutant Myc proteins also induce genomic instability, but with some unique
features. The neoplastic B cells from human Burkitt lymphoma patients often
express mutated forms of c-Myc protein. Up to 60% of the patients display
mutations in the “Myc box II” motif (40). Recent analyses of both wild-type (wt)
and mutant (mut) Myc proteins were aimed at determining whether both forms of
Myc were potent inducers of genomic instability. BAF3 murine pro-B cells, stably
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transfected with constructs that constitutively expressed wt or mut MycER,
unexpectedly showed that both forms of the Myc oncoprotein induced locus-
specific gene amplification of DHFR. However, the Myc box II mutants protected
the BAF3 cells from apoptosis while simultaneously triggering polyploidization. In
contrast, wt Myc protein deregulation consistently induced apoptosis but no
polyploidization (40). Thus, mutant Myc box II proteins promote instability in the
absence of apoptosis and generate some aberrations that overlap with those induced
by wt Myc deregulation. In addition, mut Myc mediates unique numerical genomic
instability (Figure 3). A detailed analysis of the genetic changes induced by wild-
type and mutant Myc proteins in this model system is currently being undertaken in
our laboratories.

Reversible Tumorigenesis. c-Myc–dependent tumorigenesis is usually the product
of long-term overexpression of constitutive expression of c-myc. Work by several
groups has demonstrated very convincingly that c-Myc-initiated tumorigenesis is
reversible as long as no additional irreversible genetic changes occurred (41,11,17,
19), proving that these neoplasms are critically dependent on the presence of c-Myc
protein.

The understanding of how c-Myc mediates the complex network of genomic
instability is still elusive. Yet, some insight into the mechanism is beginning to
emerge.

c-Myc-dependent Induction of DNA Breaks. Important new data have identified
a hitherto unknown function of c-Myc, namely, the induction of DNA breakage.
Vafa, et al. (42) described the c-Myc-mediated formation of reactive oxygen
species, which in turn, led to DNA breakage as shown by the TUNEL assay and by
DNA repair complex formation involving hMre 11. This links c-Myc action directly
to the initiation of genomic instability, since it is known that a single DNA break
can be sufficient to induce gene amplifications, deletions, and rearrangements (43),
leading to loss of heterozygosity (44) and translocations (45). Under the above
conditions, c-Myc deregulation bypasses p53. What is more, c-Myc-induced extra-
chromosomal elements (EEs) can be formed through DNA breaks and/or
illegitimate replication and recombination (34).

c-Myc-dependent Induction of Illegitimate Rounds of Replication. Two basic
mechanisms of gene amplification dominate discussion in the literature (46, 47).
One implicates the replication-driven amplification of genes, while the other
involves segregation-driven mechanisms. It is not yet clear which mechanism is
more likely to be involved in c-Myc-dependent gene amplification. However, a
combination of the two may be the most likely scenario.

Mechanisams of c-Myc-Dependent Genomic Instability
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The replication-driven model (also termed the ‘onion skin’ model)
postulates that re-replication of a particular gene occurs within a single cell cycle,
whereas, usually, each gene replicates only once in each cell division cycle. The
advantage of this model is that it offers a mechanism to explain the formation of
intra-chromosomal amplification. However, it can also account for the formation of
extra-chromosomal DNA molecules that are released from their chromosomal
location by recombination. A well-known example of re-replication is the
amplification of chorion genes during Drosophila oogenesis (48).

The segregation-driven models include the ‘deletion plus episome’ model
and the ‘chromatid exchange‘ model (46, 47). These models require a series of
events that usually include DNA breakage, crossing-over, recombination, and
rejoining. During the segregation-driven process, genes may be deleted from their
chromosomal location (49, 50) and then become EEs, episomes, or double minutes.
This form of gene amplification is thought to be used in generating ribosomal DNA
amplicons in Tetrahymena. Ribosomal DNA amplification in this organism
involves specific breaks next to inverted repeats, which are known to facilitate
illegitimate recombination events (51). For other experimental systems, it has also
been shown that “breakage-bridge-fusion” cycles of amplification are instrumental
in the generation of drug-induced amplicons (52, 53). Data by Pipiras, et al. (43)
show that a double-strand break is sufficient to initiate gene amplification.

To describe the details of one appealing replication-driven mechanism of
c-Myc-dependent gene amplification, we will focus on a c-Myc target gene in
genomic instability, the ribonucleotide reductase R2 (R2) gene on mouse
chromosome 12 band A. As outlined above, the R2 gene has been shown to be
amplified as a result of c-myc deregulation in a mouse pre-B cell line (30). Using
EMSA, two-dimensional gel electrophoresis, FISH, and BrdU-incorporation
studies, our recent data showed that c-Myc induced the initiation of several rounds
of replication of R2 within a single cell cycle (54). These results strongly favor a
replication-driven model of amplification of R2 in the intra- and extra-chromosomal
instability induced by c-myc overexpression. We are awaiting the results of similar
studies for other c-Myc target genes in genomic instability and in other cell lines as
well as from in-vivo studies.

c-Myc Overrides a Functional Wild-type p53. It is important to note that c-Myc
triggers genomic instability while bypassing the pro-apoptotic effects of the tumor
suppressor p53, possibly owing to Myc-induced downregulation of p53 expression.
Previously, it has been shown for both c-Myc- and N-Myc-dependent instability that
a functional wt p53 protein did not affect the oncogene-induced genomic instability
of specific target genes (27, 35, 55). Recently, Vafa, et al. (42) demonstrated that
the c-Myc effect on genomic instability could override p53 despite c-Myc’s
induction of DNA breakage, a well-known signal for up-regulation of p53 (56).
This effect is critical for the persistence of cells bearing Myc-induced genomic
aberrations, such as amplification. Normally such cells would die due to apoptotic
events initiated by wt p53.
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Conclusions

c-Myc is a versatile protein that has many different functions. With respect to
genomic instability, it affects many endpoints that include gene amplification,
translocation, deletions, insertions, long-range rearrangements, DNA breakage, and
point mutations. This overall promotion of genomic instability suggests that c-Myc
may have a central role in destabilizing the genome. We propose that c-Myc is a
structural modifier of the genome and an important initiator and progressor
molecule in neoplastic transformation.
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Introduction

Cyclin E is a positive regulator of cyclin-dependent kinase 2 (Cdk2) in metazoan
species (1). In somatic mammalian cells, cyclin E is expressed periodically during
an interval extending from the latter part of G1 until mid-S phase (2-4). Consistent
with this time frame, cyclin E associated Cdk2 kinase activity is thought to mediate
S phase events, including initiation of DNA replication and histone biosynthesis.
However, elevated levels of cyclin E have been correlated with a broad spectrum of
human malignancies (5-10). A causal relationship between cyclin E deregulation
and carcinogenesis is supported by a transgenic mouse model, where cyclin E was
expressed under hormonal control in the mammary epithelium during pregnancy
and lactation and a small but significant number of animals developed mammary
adenocarinomas (11). These findings raise two significant questions. How does
cyclin E get deregulated and how does such deregulation lead to carcinogenesis?

Regulation of Cyclin E Expression

Cyclin E is transcribed in a periodic burst late in G1. Based on both western blot
analysis of synchronized cell cultures and immunofluorescence analysis of single
cells, cyclin E protein levels peak at the G1/S boundary and decline as cells proceed
through S phase (2-4). The decline of cyclin E levels, once transcription is
terminated, is linked to the short half-life of cyclin E in S phase cells (12, 13).
Cyclin E is degraded via ubiquitin-mediated proteolysis (12, 14). During S phase,
cyclin E becomes phosphorylated on T380, which targets it for poly-ubiquitination
by the protein-ubiquitin ligase and subsequent turnover (12, 14).
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Mechanisms of Cyclin E Deregulation in Cancer

The first report of cyclin E gene amplification as tumor-linked mechanism for
elevation of cyclin E expression was based on a breast cancer (BC) derived cell line
(15). Subsequently cyclin E gene amplification has been reported at varying
frequencies in a variety of different tumor types, particularly gastrointestinal and
ovarian cancer (16-18). In BC, however, cyclin E gene amplification is rare (16).
We therefore sought to determine if deregulation of cyclin E could be mediated by
defects in the cyclin E degradation pathway. First, we analyzed tumor-derived
DNA for mutations in cyclin E itself that might impair phosphorylation-dependent
ubiquitination. Single stranded conformational polymorphism (SSCP) analysis of
DNA from more than 100 tumors yielded no mutations that could account for cyclin
E stabilization. Therefore, we turned to analysis of the cyclin E ubiquitation
machinery. SCF protein-ubiquitin ligases are characterized by specificity factors,
known as F-box proteins that target specific sub-groups of proteins (19, 20). We
analyzed the F-box protein that targets cyclin E, hCdc4 (13,21,22) for mutations in
tumor-derived cell lines and in primary tumors. One out of 8 BC-derived cell lines
tested was found to have mutated hCDC4 and loss of heterozygosity (LOH) (13).
This correlated with stable cyclin E. Next, primary ovarian and endometrial tumors
were analyzed by SSCP for hCDC4 mutation. Whereas 0/40 ovarian tumors had
mutations in hCDC4 based on SSCP analysis, mutations were found in 16% (8/51)
of endometrial tumors (23). Where appropriate linked markers were available,
LOH could be demonstrated in the hCDC4-mutated tumors. These data strongly
suggest that hCdc4 is a classical tumor suppressor. Consistent with this, hCDC4
maps to chromosomal region 4q32, a site of frequent allelic loss in a broad
spectrum of human cancers. Finally, hCDC4 mutation status may have prognostic
value. Of the endometrial tumors analyzed, hCDC4 mutation correlated with higher
grade, more advanced stage, and metastasis (23). The latter parameter is significant,
since metastasis is not frequent in endometrial cancer.

hCDC4 Mutation Leads to Deregulation of Cyclin E Relative to
the Cell Cycle

Analysis of cyclin E in the breast tumor-derived cell line found to be mutated for
hCDC4 (SUM149PT) indicated that the protein was overexpressed relative to non-
transformed human mammary epithelial cells and most other BC derived cell lines
(13). However, more interestingly, when the SUM149PT cell line was analyzed by
immunofluorescence microscopy all cells in an asynchronous population were
cyclin E-positive. This is in contrast to other tumor-derived cell lines and non-
transformed cells where only 30-60% of cells stain positively for cyclin E.
Therefore, loss of Cdc4 function, presumably leading to loss of protein-
ubiquitin ligase activity, results in deregulation of cyclin E relative to cell cycle
progression.
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Cyclin E status was also determined in endometrial tumors. Similarly to
the SUM149PT cell line, endometrial tumors that had hCDC4 mutations showed a
deregulation of cyclin E relative to the cell cycle. Sections from hCDC4-mutated
tumors typically resulted in well over 60% cyclin E positive nuclei, whereas similar
analysis of non-mutated tumors always resulted in levels significantly lower than
60%. Even tumors that had extremely high cyclin E levels, but were wild-type at
the hCDC4 locus, exhibited a normal distribution of cyclin E positive and negative
nuclei. Surprisingly, cyclin E protein levels in endometrial tumors did not correlate
well with hCDC4 mutational status (23). Most tumors that had high cyclin E levels,
based on western blotting, did not have hCDC4 mutations. Conversely, most
tumors that had hCDC4 mutations had only moderate levels of cyclin E. These
results suggest that when the pathway is inactivated, other modes of cyclin
E turnover can compensate. However, these alternative pathways cannot restore
cell cycle regulation of cyclin E.

Cyclin E Deregulation Leads to Chromosome Instability

Malignant cells are often characterized by genomic instability. It is thought that
such instability allows cells to evade surveillance systems that have evolved to
prevent cancer and allows cancer cells to adapt to the environmental pressures
characteristic of malignant growth. In order to determine whether deregulation of
cyclin E confers genomic instability on non-transformed cells, we created cell lines
where cyclin E could be expressed ectopically for long periods of time. Both rodent
fibroblasts (rat-1 cells) and immortalized human mammary epithelial cells carrying
tetracycline-repressible cyclin E cDNAs were grown for four weeks in the presence
and absence of tetracycline (24). At the end of the experiment, cells were scored
for gene amplification (by screening for PALA resistant clones) and for
chromosome instability. It was found that whereas constitutive ectopic expression
of cyclin E did not lead to gene amplification, there was strong reproducible
evidence of chromosome instability (24). On a genome-wide basis, both
chromosome losses and gains were detected, although losses appeared to be more
frequent. In addition, elevated levels of polyploidy were observed. With respect to
chromosome loss and gain, events appeared to be random, rather than chromosome
specific, arguing against a selection for particular karyotypic alterations (24). The
fact that both chromosome losses and gains occur suggests that sister chromatid
non-disjunction may be occurring at elevated levels in cells with deregulated cyclin
E. Although chromosome instability may generally confer a hyper-adaptive
phenotype on malignant cells, a more specific mechanistic link may be an
acceleration of LOH at tumor suppressor loci (Figure 1). Specifically, elevated
levels of chromosome loss are expected to synergize with mutation of tumor
suppressor genes to promote malignancy.
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Figure 1. Cyclin E deregulation promotes carcinogenesis by accelerating LOH. A
hypothetical chromosome (Chromosome A) is first mutated at a tumor suppressor
locus, and then eventually experiences LOH resulting in tumor formation (upper
sequence). Since both events are rare, tumor frequency is low. In cyclin E
deregulated cell (lower sequence), tumor suppressor mutation rate is unaffected but
LOH is accelerated, leading to increase in tumor frequency.

Cyclin E Deregulation Synergizes With a Tumor Suppressor
Mutation in a Mouse Model

In order to test whether cyclin E-mediated chromosome loss could indeed synergize
with tumor suppressor mutations, we utilized a mouse model. Trangenic mice were
constructed that were heterozygously mutated at either the Rb or p53 locus and that
carried a hormone-responsive cyclin E transgene expressed during pregnancy and
lactation in the mammary epithelium. In this instance, an allele of cyclin E
refractory to ubiquitin-mediated proteolysis was used to maximally deregulate
cyclin E through the cell cycle. Female mice were subjected to two pregnancies,
aged, and monitored for mammary tumorigenesis. While the cyclin E transgene and
the heterozygous p53 mutation alone each conferred mammary tumorigenesis at a
rate of 10% or less, approximately 60% of mice carrying both the p53 mutation and
the cyclin E transgene developed mammary tumors. This strong significant genetic
interaction is consistent with the hypothesis that cyclin E-mediated chromosome
instability causes increased levels of LOH. Indeed, when tumors were analyzed for
p53 gene status, allelic loss had occurred in all cases.

No such interaction was observed between cyclin E deregulation and Rb
heterozygosity. However, there is a caveat related to this experiment in that Rb
heterozygous mice have a limited lifespan, and must be euthanized at year of age
because of a highly penetrant pituitary tumor phenotype. On the other hand,
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mammary tumorigenesis induced by cyclin E deregulation alone or in concert with
p53 heterozygosity usually occurs between 12 and 18 mo. Consequently, a
potential interaction between cyclin E deregulation and Rb heterozygosity may have
been inaccessible due to experimental design limitations.

How Does Cyclin E Deregulation Mediate Chromosome
Instability?

Cell lines deregulated for cyclin E expression exhibit several cell cycle
perturbations. Flow cytometric analysis reveals a shortened G1 phase, consistent
with cyclin E driving cells into S phase prematurely, and lengthened S and G2/M
phases, respectively. Analysis of BrdU pulse-labeled cells by immunofluorescence
microscopy demonstrated directly that cyclin E deregulation reduces the rate of
DNA replication. A hypothesis that could potentially link cyclin E deregulation to
impairment of DNA replication is that inappropriate cyclin E/Cdk2 activity at the
M/G1 boundary could interfere with pre-replication complex assembly. It has been
demonstrated in yeast and in Xenopus egg extracts that cyclin-dependent kinase
activity reduction is a prerequisite for assembly of pre-replication complexes (25).
In somatic mammalian cells, pre-replication complexes begin to assemble during
telophase (26). Therefore cells ectopically expressing cyclin E and controls were
synchronized to enrich for telophase cells, which were then analyzed for pre-
replication complex status both biochemically and by immunofluorescne
microscopy. Pre-replication complexes contain a multi-protein complex known as
Orc, to which Cdc6, Cdt1 and a hetero-hexomer consisting of Mcm2-7 are loaded in
a sequential fashion (Figure 2). For immunofluorescence analysis, detergent
extracted cells were fixed and analyzed for chromatin bound Cdc6 and Mcm
proteins. For biochemical analysis, cells were fractionated to obtain a chromatin
pellet, which was then analyzed for bound proteins by SDS-PAGE and western
blotting. Both analyses revealed that all proteins were loaded onto chromatin
equivalently in cyclin E-deregulated and control cells except for Mcm4, which was
underrepresented on the chromatin of cyclin E-deregulated cells. Treating cells
with the Cdk inhibitor roscovitine during mitotic exit reversed this effect,
confirming that impairment of Mcm4 loading is a consequence of cyclin E/Cdk2
activity. Therefore, it is likely that the inefficient S phase observed in response to
cyclin E deregulation is a consequence of a reduced number of competent pre-
replication complexes resulting from an inhibition of Mcm4 loading.

How might impaired DNA replication lead to chromosome instability?
We speculate that occasional failure of checkpoints that monitor the completion of
DNA replication will allow cells with incompletely replicated genomes to enter
mitosis, leading to chromatid non-disjunction events (Figure 3). The resolution of
these non-disjunction events in progeny cells is likely to result in chromosome gains
and losses as well as other form of aneuploidy.
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Figure 2. Sequential
assembly of pre-replication
complexes. The ORC
complex first binds defining
origins of replication. Cdc6
and Cdt1 are then loaded in
an ORC-dependent manner in
telophase. This potentiates
the loading of the Mcm
heterohexamer.

Figure 3. Incomplete DNA
replication can lead to
chromatid non-disjunction
evens and aneuploidy.
Normally, replicated sister
chromatids align at
metaphase and then are
segregated to opposite poles
at anaphase. However, an
unreplicated segment
(indicated in red) will not
allow chromatid separation
and segregation. Instead
non-disjunction will occur,

with both of the incompletely replicated chromatids segregating to the same pole
and going to the same daughter cell. This will lead to chromosome loss and other
forms of aneuploidy.

Cyclin E deregulation also leads to an accumulation of G2 and/or M phase
cells. Comparing the distribution of mitotic phases in cyclin E-deregulated and
control cells, there is an excess of metaphases and fewer anaphases. At high levels
of cyclin E expression, some cells appear to be blocked at metaphase. This is
consistent with cyclin E deregulation interfering with the metaphase-anaphase
transition. We speculate that the increase in polyploidy observed when cyclin E is
deregulated is a consequence of cells failing at the metaphase-anaphase transition
and eventually exiting mitosis without division.
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Cyclin E deregulation has been associated with an array of human malignancies.
Evidence suggests that the most critical parameter may be deregulation relative to
the cell cycle, which can occur if the normal pathway of cyclin E turnover is
inactivated. The resulting expression of cyclin E at inappropriate times of the cell
cycle can then interfere with efficient progression through both S phase and M
phase. Although not yet proven, we propose that these cyclin E-mediated cell cycle
perturbations ultimately result in chromosome instability.
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Centrosome Amplification and the Origin of
Chromosomal Instability in Breast Cancer

Jeffrey L. Salisbury

Introduction

Aneuploidy and chromosomal instability (CIN) are defining features of most
aggressive breast cancers (BC). One consequence of CIN is a constantly changing
genetic makeup of cancer cells - this in turn is a major driving force behind cancer
cell heterogeneity, tumor progression, and acquisition of resistance to
chemotherapeutics. How CIN arises in cancer and the mechanisms underlying this
process have become a topical focus of cancer research. Yet it was nearly a century
ago that Theodor Boveri first recognized that aneuploidy in cancer cells could arise
through defects in the machinery for chromosomal segregation (1). Based on
observations of abnormal chromosomal segregation in early sea urchin embryo
development following dispermic fertilization and similarities to chromosomal
anomalies seen in cancer, Boveri proposed that malignant tumors arise through
centrosome defects that result in improper cell division (1). At about this same
time, Galeotti came to a similar conclusion from his studies on tumors (2). Despite
these compelling arguments and a strident call to the medical research community in
JAMA by Maynard Metcalf a decade later (3) imploring that “Boveri’s work should
be the starting point for any studies of causes, inheritance or cure of cancer” it was
not until near the end of the last century that investigations on human tumors and
mouse models began to corroborate Boveri’s astute prescience (4-8). In this article,
a review of centrosome structure and function, and the regulation of centrosome
duplication in normal cells will be presented. Using recent studies on BC as an
exemplary model, a discussion will follow on how deregulation of centrosome
behavior can arise, result in centrosome amplification, and lead to CIN in cancer.

Centrosome Structure and Behavior in Normal Cells

The centrosome resides near the cell center (hence its name) and consists of a pair
of centrioles and a surrounding matrix of pericentriolar material (PCM) that anchor
microtubule nucleation sites and consequently determines the number and organiza-
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tion of microtubules in interphase cells. Like chromosomes, centrosomes double in
number once in each cell cycle in a process that is initiated with centriole
duplication. The centriole pair embodies an intrinsic counting mechanism that
establishes the number of centrosome equivalents in the cell such that a pair of
centrioles equals one, and two pair of centrioles equals two centrosome equivalents
(9). Centrosomes increase in size through the recruitment of PCM and centrosomes
of G2/M cells show a dramatic increase in microtubule nucleating activity. At the
time of cell division the two centrosomes (one residing at each spindle pole)
organize microtubules of the bipolar mitotic spindle. In normal cells, spindle
architecture is such that the two oppositely oriented half-spindle microtubule arrays
(each arising from one of the two spindle poles) cast microtubules outward to
engage and orient chromosomes so that sister chromatids face and can engage
microtubules originating from opposite spindle poles. When all chromosomes are
appropriately oriented and attached to microtubules originating from both spindle
poles, the sister chromatids separate and move toward opposite poles by a
molecular motor-driven process and dynamic shortening of their attached
microtubules. Two new daughter cells form by cytokinesis and each inherit a
complete complement of chromosomes along with one of the spindle poles that acts
as the centrosome in the next cell cycle.

Centrosome Amplification in Cancer

Recent studies implicate centrosome abnormalities in the pathogenesis of cancer (4,
10-14). The term “centrosome amplification” refers to centrosomes that appear
larger than normal, centrosomes that contain more than four centrioles, and/or when
more than two centrosomes are present within a cell. In addition to these structural
abnormalities, amplified centrosomes also show protein hyperphosphorylation and
altered functional properties such as an increased microtubule nucleating capacity
(4, 8, 15-17). Electron microscope studies revealed supernumerary centrioles in
centrosomes of humans and animal model tumors, including leiomyosarcoma,
neuroblastoma, glioma, and thymic carcinoid tumors (18-23). Systematic analyses
of centrosomes in human breast carcinomas and a mouse model for prostate cancer
revealed a range of abnormalities in centrosome structure including: excess number
of centrioles, increased pericentriolar material, abnormal centriole orientation, and
inverted polarity of centrosome location (5, 24). These structural centrosome
abnormalities have been implicated as a potential cause of loss of cell and tissue
architecture seen in cancer (i.e., anaplasia) through altered centrosome function in
microtubule nucleation and organization, and to result in chromosome
missegregation during mitosis as a consequence of multipolar spindle formation.
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Correlation of Centrosome Amplification, Aneuploidy, and
Chromosomal Instability

A key question is whether or not centrosome amplification leads to CIN and
aneuploidy or is a consequence of them; the proverbial chicken and egg riddle.
Aneuploidy is characterized as the state of an abnormal karyotype, having gains
and/or losses of whole chromosomes. Aneuploidy occurs early in the development
of many tumor types, suggesting that it may play a role in both tumorigenesis and
tumor progression. Indeed, aneuploidy is present in the great majority of malignant
tumors, in contrast to benign tumors, which are most often diploid. Aneuploidy can
be distinguished from the persistent generation of chromosomal variations, termed
“CIN”, which reflects the rate of change in karyotype (25). Quantitative analysis of
CIN can be determined as the percent of cells with a chromosome number different
from the modal chromosome number. Thus, tumors may show either “stable
aneuploidy” (low CIN) or “unstable aneuploidy.” Unstable karyotypes may lead to
phenotypic heterogeneity in cancer, reflecting the persistent generation of new
chromosomal variations (26, 27).

The development of aneuploidy may be a consequence of centrosome
amplification, which can lead to the formation of multipolar spindles and miss-
segregate sister chromatids during mitosis, and as a result to high CIN. CIN occur
exclusively in aneuploid tumors and tumor-derived cell lines in contrast to diploid
tumors, which contain centrosomes that are functionally and structurally normal (4,
26,28). The degree of genomic instability in aneuploid tumors parallels the degree
of centrosome abnormalities in cell lines from breast (29), pancreas (13), prostate
(30), colon (28), and cervix tumors (31), from short-term culture of mouse
mammary tumors (32), and from SV40 ST over-expressing fibroblasts (33). When
tissues were examined, centrosome abnormalities were higher in high-grade prostate
tumors (30) and high-grade cervical tumors (31) than in low-grade tumors. In
prostate cancer, centrosome amplification has been implicated in the development
of abnormal mitoses and CIN facilitating progression to advanced stages of the
disease (30, 34, 35). Strong support for a direct mechanistic link between
centrosome amplification and CIN is suggested by the significant linear correlation
between centrosome amplification and the rate of change in karyotype (CIN) seen in
human breast tumors (26). Although such correlation alone does not necessarily
imply cause and effect, these observations have led many authors to propose the
hypothesis that centrosome amplification is the primary cause of genomic instability
observed in most tumors (13, 26, 31, 33). As discussed above, Boveri first
recognized these features of cancer cells nearly a century ago and proposed that
centrosome defects could lead to mitotic and subsequent chromosomal
abnormalities (1). An alternative hypothesis has been proposed that CIN seen in
cancer cells is caused by aneuploidy, that is that aneuploidy itself destabilizes the
karyotype and thus initiates CIN leading to widespread heterogeneity in tumor cell
phenotypes (36-39).



Centrosome Amplification and Breast Cancer 109

Several independent lines of evidence support the proposition that
centrosome abnormalities drive genomic instability. In a recent study of human
breast tumors, all specimens of ductal carcinoma in-situ examined showed
significant centrosome amplification, while aneuploidy is present, on average,
suggesting that centrosome amplification is an early event that occurs prior to
invasion in breast tumors (26). Furthermore, cells transfected to express the HPV
E7 oncoprotein undergo centrosome amplification prior to developing nuclear
morphology associated with aneuploidy (40, 41). Finally, in a xenograft model of
pancreatic cancer, metastatic foci showed a higher incidence of centrosome
amplification than did the primary xenograft, and abnormal centrosome numbers
were accompanied by a higher frequency of abnormal mitoses (42). Taken
together, these studies suggest that centrosome amplification may be an early event
in tumorigenesis that can drive CIN and lead to genotypic and phenotypic diversity
of cells within a tumor.

Coordination of the DNA, Cell, and Centrosome Cycles in
Normal Cells

Because the fidelity of equal segregation of sister chromatids into daughter cells
depends on the bipolar nature of the mitotic spindle it is essential that cells maintain
a strict linkage between the DNA, cell, and centrosome cycles. Cell cycle
progression is governed by the location, activation and inactivation of the
serine/threonine cyclin-dependent protein kinases (Cdks) (43). A direct role for the
Cdks in regulating the mitotic activity of centrosomes was first suggested by the
localization of cyclin B and Cdk1 at the centrosome during mitosis, and
from experiments implicating cyclin A and B in the control of microtubule
dynamics (44-47). Additional evidence pointed to a role for Cdk2 activity in
linking centrosome duplication and the DNA cycle. Both processes are dependent
on Cdk2 activation and are blocked by the Cdk2 inhibitors butyrolactone-I or
roscovitine (48, 49). In addition, centrosome duplication was arrested by protein
inhibitors of Cdk2 (p21/waf1 or p27), or by immuno-depletion of Cdk2 or cyclin E,
and centrosome duplication could be restored by excess purified cdk2/cyclin E (49-
51). Importantly, separation of the centriole pair, an early event in the centrosome
duplication cycle, is dependent on Cdk2/cyclin E activity, suggesting that a Cdk-
mediated phosphorylation event regulates centriole pair cohesion (51-54). Finally,
DNA replication and centrosome duplication also depend on the phosphorylation
status of retinoblastoma tumor suppressor Rb, which in turn governs the availability
of the E2F transcription factor to promote S phase progression (55). Taken together
these findings establish the mechanism by which the DNA and centrosome cycles
are coordinated: both DNA replication and centrosome duplication are controlled
by the Rb pathway, both processes depend on downstream transcriptional
consequences of E2F activity, and both processes require Cdk2/cyclin activation.
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Centrosome behavior and function during the cell cycle are also regulated
by protein phosphorylation events in addition to those directly mediated by the Cdk-
cyclins (56). At the onset of mitosis centrosome protein phosphorylation increases
dramatically and then falls precipitously at the metaphase/anaphase transition (57-
60). Several protein kinases and protein phosphatases have been identified that
localize at centrosomes and affect the phosphorylation status of centrosome targets.
Importantly, certain of these centrosome-associated kinases and their target
substrates may become altered during the development of centrosome amplification
in cancer. For example, over-expression of the breast tumor amplified kinase,
BTAK/STK15 (also known as Aurora A) can lead to centrosome amplification and
CIN in breast epithelial cell lines and in mouse models for mammary tumorigenesis
(8, 16, 61, 62). Studies on human tissues have also shown that inappropriate
phosphorylation of centrosome proteins can serve as a sensitive marker for
centrosome amplification in tumors (4).

Deregulation of the Centrosome Cycle in Cancer

G1/S and G2/M checkpoints enforce the orderly completion of cell cycle events,
and when triggered, they inhibit the formation and/or activation of Cdks and thereby
induce cell cycle arrest (63,64). Cell cycle checkpoints operate through the action
tumor suppressor proteins p53 and Rb, and their downstream activation target
Cdk2. Interestingly both p53 and Cdk2 may also physically reside at the
centrosome, albeit only transiently (65,66). The physical presence of key proteins
involved in checkpoint control at the centrosome has led to the suggestion that the
centrosome itself may provide an important structural context for coordinating cell
cycle regulation (56, 65-70).

Centrosome abnormalities in cancer are correlated with loss of p53
function in carcinomas of the breast, head and neck, and prostate, and in
neuroectodermal tumors (14, 34, 71). In tumors that retained wild-type p53,
amplified centrosomes were frequently associated with overexpression of MDM2,
which abrogates p53 function by promoting its degradation (71). Furthermore,
gain-of-function p53 mutations and p53 null mice can result in deregulation of
centrosome duplication leading to the generation of functionally amplified
centrosomes and aberrant mitoses (72-74). Interestingly, in some cancers p53
mutations and cyclin E overexpression may act synergistically since together they
increased the frequency of centrosome defects in cultured cells and in mouse
models (75).

Centrosome homeostasis is controlled at the G1/S and G2/M checkpoints
(Figure 1) through transcriptional regulation by p53 of several downstream targets
including the Cdk inhibitor p21/waf1 (76, 77). As discussed earlier, p21/wafl
blocks centrosome duplication through inhibition of Cdk2/cyclin E activity. This
conclusion is supported by experiments in which anti-sense targeting of p21/wafl in
human cell lines resulted in endoreduplication and centrosome amplification (78).
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Figure 1. (a) Model illustrating the centrosome and DNA cycles in cells with
normal and with defective checkpoint controls as discussed in the text. (b) Electron
micrograph of an amplified centrosome with five centrioles from a human
mammary tumor (courtesy of Wilma Lingle, Mayo Clinic).

Interestingly, while introduction of wild-type p53 into mouse
embryonic fibroblasts re-established centrosome homeostasis, overexpression of
p21/waf1 only partially restored control of centrosome duplication in p53-null
fibroblasts, suggesting that alternative downstream p53 targets may also be involved
in the regulation of centrosome homeostasis (79, 80). In this regard, GADD45,
another downstream product of the p53 pathway, has been implicated in activation
of the G2/M checkpoint and regulation of the centrosome cycle (81-83).
Alternative mechanisms, independent of p53 function, may also lead to deregulation
of centrosome homeostasis (25, 26, 84, 85). For example high-risk human
papillomavirus (HPV) v-oncogenes, E6 and E7, have been implicated in the
induction of centrosome amplification in human cell lines (86). HPV E6 and E7
interfere with centrosome homeostasis by targeting different pathways. Whereas
E6 may operate through inactivation of p53 function resulting in accumulation of
excess centrosomes by failure of the G2/M checkpoint leading to defects in
cytokinesis, E7 may lead to centrosome amplification through inactivation of the Rb
and G1/S checkpoint resulting in abnormal centrosome duplication (86). In
addition, as discussed above, centrosome amplification can be induced by over-
expression of the centrosome kinase BTAK/STK15 (8), mutations in the BRCA1
and BRCA2 tumor suppressor genes (87-92) or by over-expression of the PCM
structural protein pericentrin (30). Thus, centrosome defects and consequent
genomic instability may result from inactivation of cell cycle checkpoints,
inappropriate activation of key centrosome kinases, or alterations in structural
proteins of the centrosome itself. These observations suggest several regulatory
pathways operate in parallel to ensure linkage between the DNA, cell, and
centrosome cycles. In the development of cancer, centrosome defects may result
from an imbalance between negative and positive regulators that converge on G1/S
and G2/M checkpoints, or directly on components of the centrosome itself.
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Centrosome Amplification as Potential Indicator of Tumor
Aggressiveness

Can centrosome amplification be utilized as an indicator of tumor progression, the
potential to develop aggressive tumor phenotypes, and to serve as a prognostic
indicator of clinical outcome? Centrosome amplification is not only characteristic
of aneuploid tumors in general, but also is more pronounced in advanced stage
malignancies, in recurrent tumors, and in cell lines that show more aggressive
malignant phenotypes in xenograph animal models (10, 11, 16, 29). These
observations suggest that centrosome amplification might be useful in monitoring
tumor progression and phenotypic diversity in cancer. In association with other
established prognostic factors, centrosome amplification may be helpful in
predicting outcomes and survival of patients with cancer. And finally, because the
centrosome may serve as a structural context for the action of key cell cycle
regulators, it may also represent a critical target for therapeutic intervention.
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Premalignant Breast Disease:
Anatomic Lesions and Hormonal Associations

David L. Page

Introduction

Breast cancer (BC) risk associations are many, and specific patterns of hyperplastic
lesions, as revealed in biopsy tissue, are among the most widely accepted. A review
of these lesions is presented in this chapter, along with their magnitude of BC risk
and regional implications in women. In this chapter, the term “premalignant’ is
used broadly, and indicate by the term ‘disease’ that the risk implications are of a
magnitude that may have possible practical importance for an individual woman.
Many of the risk associations that are well-known are just above 1.0. An age-
corrected relative risk (RR) of 50% elevation in a period of 10-15 years after
biopsy, has been adopted as a reference point to make suggested quantitative
references (1) (i.e., slight = 1.5-2.0 x; moderate = 4.0-5.0 x). Particularly important,
and not recognized in the initial, formal epidemiologic studies of hyperplastic
lesions in the breast, is the varied implication for site(s) and type of later BC
presentation.

Available information concerning tissue and estrogen receptor (ER)
expression in breast and various lesions will be reviewed. Finally, epidemiologic
associations of BC risk will be presented that offer insight into possible interactions
between hormonal milieu and hyperplastic lesions.

Estrogen Receptor and Normal Cell Cycle in Breast Tissue

ER protein, particularly the more widely studied has varied associations in the
specific hyperplasic and atypical in-situ lesions of the breast (2). Although these
have yet to be linked in the way of predicting later BC risk in the decade after
biopsy. However, this association of and hyperplastic epithelial lesions
promises to add to the estimation of both BC risk, and perhaps in indicating
responsiveness to hormonal elements in the prevention setting (3). Estrogen,
mediated through the has a central role in normal growth and development of
the breast (4) as well as a well-developed and proven role in the evaluation of
established neoplastic disease (5). Cell proliferation involving E is also central to
the expression of other genes, including most prominently, progesterone receptor
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(PR) (6). PR mediates the mitogenic effect of progesterone which further stimulates
proliferation (4). This latter effect has now been demonstrated epidemiologically in
that hormone replacement therapy (HRT) after menopause has only a mild effect on
BC risk if it involves estrogen only (7), whereas the addition of progestins adds
significantly to the likelihood of later BC development in the post-menopausal
woman (8-10)

Most of the studies of expression in normal ducts and lobules, as well
as in-situ neoplasia, are immunohistochemical studies focused on the although
the potential cross reactivity for the much more recently discovered is not
currently clear (11). Normal terminal duct-lobular units express approximately
90% of the time, and in perhaps a third of these the expression is quite limited and
only seen in a minority of cells. During the childbearing years (12), the number of

positive cells varies with the menstrual cycle and is much higher during the
follicular phase. Proliferation however peaks during the luteal phase (13),
suggesting that the mitogenic effect of estrogen is either delayed or indirect, and
mediated by other interactions, probably mostly with progesterone (14, 15) and
prolactin. In post-menopausal women, the expression of is relatively high (2)
and stable in the absence of HRT.

Hyperplastic and Premalignant Lesions: Precursors and
Markers of Increased Risk of Breast Cancer

The various identified breast lesions of interest are listed in Table 1 and 2 along
with their major known associations. The precise separation of these lesions in
practical histopathology has evolved over time, and as a practical matter in clinical
medicine, there remain some differences in application in the clinical arena.
Basically, most of the studies presented in this review have been accepted by major
pathology associations in North America and Britain.

The ductal carcinomas in-situ (DCIS) are well accepted as precursors
lesions. They probably have a magnitude of risk in the range of 50% over a ten
year period with some variation in both size at time of diagnosis and risk differing
between the low and high grade varieties. Presentation of DCIS raises the very
important consideration not frequently discussed, the nature of the subsequently
developing invasive lesion. The majority of the invasive carcinomas developing at
least in the short period of several years after initial identification of an inadequately
removed low grade DCIS are low grade invasive cancers, and many of these lesions
may have prolonged periods without invasion (16, 17).

Whilst, the high grade DCIS are associated with subsequent high grade
invasive tumors with metastatic and death dealing capacity (18), the subsequent
invasive carcinomas after low grade DCIS are largely local. The invasive tumors
developing after identification atypical ductal hyperplasia (ADH) after biopsy may
occur anywhere in either breast (19, 20), and their type is probably randomly
distributed amongst those ordinarily seen.
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Lobular Neoplasia: Atypical Lobular Hyperplasia/Lobular
Carcinoma In-situ

First described in 1941, this series of characteristic lesions have had perceptions of
their implications changed frequently. The lobular neoplasia series includes lesions
identified as atypical lobular hyperplasia (ALH) and lobular carcinoma in-situ
(LCIS) with some variety of individual authors using different terms and concepts.
However, in studies rigorously performed with specific criteria, the ALH lesion (21)
is both dominant and best studied using specific criteria. With more extensive
density of local disease, LCIS has a slightly greater increased risk that may not be of
great clinical importance (22).

While ALH has been long considered a risk indicator along with LCIS, it
is now quite evident that subsequently developing carcinomas tend to be regional,
favoring the breast in which the ALHs was originally diagnosed (23) rather than the
model for clinical-decision making accepted for many years which was one of equal
risk of later cancer in each breast. Studies by Rosen, et al. published in 1981 (24),
showed a very low risk for later invasive carcinoma in the contralateral risk of
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women with LCIS, especially of biopsy samples taken from the contralateral breast
had shown no lobular neoplasia. Also, Page, et al. demonstrated that after ALH,
70% of subsequent invasive carcinomas develop in the same breast with only 30%
in the contralateral breast (23). There is a favored association of these later
carcinomas having lobular and tubular features, but this association is not terribly
strong (22). However, the association of the type of invasive carcinoma having
some lobular features further support that the ALH lesions and LCIS are true
precursors with a model certainly intermediate between general increased risk of
ADH and most risk indicators, and local increased risk precursor model evidenced
by DCIS.

Precursors and increased BC risk markers are usually considered as quite
separate elements. However, it is quite evident that if one has many individual
lesions with low but greater risk than normal tissue that, as a practical matter,
multiple increased risk lesions may actually serve more as markers of increased risk
as a practical matter than precursors. Thus, the magnitude of increased subsequent
risk of individual lesions as well as their numbers and distribution in the breast
become important considerations (23). The various lesions with risk implications
also have important variations in incidence related to age and reproductive factors
(25).

Estrogen Receptor Evidence in Breast Tissue with Risk
Associations

The DCISs have been relatively well-characterized with regard to Its presence
in varying degrees in up to 75% of cases, with the higher grade lesions with
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extensive necrosis being regularly negative (26). It is likely that estrogen exposure
is important during the prolonged period of BC development where this
proliferation stimulus may allow random genetic alterations to accumulate.

Other molecular biomarkers, which have a role in well-developed invasive
lesions and high grade DCIS, include erbB2 (also known as HER-2/neu) which is
regularly present in high grade DCIS, (certainly over 70%) (27), and is regularly
absent in lower grade lesions. This is also true for the tumor suppressor gene p53
(28,29), and other molecular markers that have more similarity between histologic
grade in-situ and invasive cancers than they have differences between invasive and
in-situ lesions in aggregate (30). Thus, DCIS is proven to be a local precursor of
later invasive BC, unique and most important among the precursor lesions of
invasive BC (16). The great majority of so called precursor lesions with the
acceptance and exception of high grade DCIS express often in seeming
increased density. These observations support the possibility that increased
susceptibility to estrogen hormonal stimuli to these precursor lesions is an important
element in the evolution of BC. This must be understood against the background of
complexities in the biologic variability and age-dependence of breast epithelial
proliferation (31) that includes variations among individual lobular units in breast
(12).

Figure 1. Moderate hyperplasia without atypia decorated
for in nuclei. Note that some of the hyperplastic cells
in the center of the lumen are positive. Also, some of
the luminal cells elsewhere are positive, but the
myoepithelial cells adjacent to the deliminating basement
membrane are negative.

However, preliminary studies quantitating in individual lesions
(Figure 1) of usual pattern hyperplasia [epithelial hyperplasia lacking atypia
(EHLA)] were not successful in demonstrating that higher levels were
associated with a higher BC risk in a follow-up study design (32). Within this set of
lesions that indicate a later increased RR of BC development of 1.5 to 2.0 x, cancer
risk was not further stratified by varied levels. In the same cohort of patients
(33), the absence of in these same EHLA lesions indicated a further
increased RR over that of women having the lesions alone.

The Nature of Subsequent Invasive Carcinoma

Although not widely accepted or utilized in clinical decision making, it is quite
evident that there are some important associations between hormonal manipulation
and the nature of the subsequently developing invasive BC (34). Simply, many
BCs, particularly in the post-menopausal age range (35), are of low grade, low
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stage, and high content indicating not excellent survival in the absence of
treatment. Furthermore, excellent survival is further fostered by treatment with
tamoxifen and other anti-estrogenic compounds.

Several studies have recently indicated that the carcinomas developing or
diagnosed in women on HRT are of increased incidence of these particularly good
prognosis lesions. Exactly the mechanism involved is unknown, but it is likely that
growth of these lesions is fostered, and they are able to be in greater number than in
women not on HRT, and diagnosed before they might become more advanced.
Indeed, the increased number of genetic alterations associated with poor prognosis
carcinomas may well develop during the progression of these lower grade
proliferative lesions.

A corollary bit of evidence is the type of carcinomas developing in women
on tamoxifen in the prevention setting. The P-1 prevention trial of the National
Surgical Adjuvant Breast Project demonstrated quite clearly that tamoxifen
treatment selectively decreased the incidence of BC, strikingly so, in women who
recalled that their previous breast biopsy (IES) had either atypical hyperplasia, or
LCIS, or possibly other atypias. However, in the relatively short period of this
study, it was remarkable that the percentage and incidence of higher grade,
negative carcinomas was similar in both the treated and untreated group (36).
Therefore, this study did not demonstrate a survival advantage, both because of the
relatively short nature of the study as well as because of the great difference
between good and bad prognosis of subsequent lesions. Thus, it becomes important
to consider the nature of the hormonal milieu as well as the lesional sub-strata upon
which it is acting (37).

The relation between the presence of increased risk indicators in tissue
biopsies and modulation of later BC risk by classic epidemiologic milestones such
as parity have been reported in a large cohort of women from Nashville, TN (38,
39) (Dupont+). The interactions were striking and correlated with magnitude of
each factor’s influence on cancer risk. Thus, nulliparous women with various risk-
associated lesions experienced a further elevation in BC risk in each category above
that of parous women (38). Most striking, the protective effect of pregnancy prior
to the age of 20 interacted with the usually moderately high magnitude of risk
associated with atypical hyperplasia to a risk for women with early pregnancy and
atypical hyperplasia closer to unity (38).

Conclusions

This review emphasized the role of individual varieties of cellular and tissue
changes in the human breast and their relation to BC risk. Further, any identifiable
associations with hormonal relationships are emphasized. Therefore, much of this
evidence from tissue based studies and epidemiologic studies of subsequent BC
risk, as well as concurrent associations of and other hormone substances in
various lesions. There are very few follow up studies, therefore, most of these
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relationships must remain as implications derived from concurrent association in
breast tissue (40) associated with developed carcinomas (41). The cancer
implications and associations of hormone expression in premalignant lesions are
few but promising because of the obvious importance of the lines of evidence for
each element. However, the integration of hormone expression with varied lesions
in the prospective evaluation of BC development and progression awaits further
experience.
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Aromatase Overexpression: Effect of Tissue
Estrogen on Phenotypic and Biochemical
Changes in Aromatase Transgenic Mice

Rajeshwar Rao Tekmal, Nameer Kirma, Usha Mandava, and
Roopa Luthra

Introduction

The etiology of breast cancer (BC) is thought to involve a complex interplay of
genetic, hormonal, and environmental factors that influence the physiological
status of the host. Epidemiological studies indicate estrogen (E)-dependent
physiological changes can increase a women’s risk of developing BC (1). These
findings implicate the involvement of steroid hormones, especially E, in BC
development. E exerts its mitogenic effect on mammary tissue through its
interaction with estrogen receptors Several studies have shown that
the proliferative effect of E on epithelial cells is indirect and may involve a
paracrine regulatory mechanism (3, 4). The observation that E-dependent
tumors eventually lose this E-dependence suggests the presence of other factors
such as growth factors and others are involved in cellular proliferation and
tumor maintenance. The role of some of these factors and their E regulation in
normal mammary gland (MG) development as well as tumorigenesis has been
the focus of several studies (5-8).

The source of sex steroids differ between pre- and postmenopausal
women. Es is synthesized by the ovary or by extra-glandular tissues, and
delivered, via the endocrine route, to breast tissue. E synthesis is catalyzed by
an enzyme complex known as aromatase (ARO), whose activity results in
aromatization of the A ring of androgens, to form the phenolic ring
characteristic of Es (9-11). The capacity of certain BCs to synthesize Es
because of the presence of intratumoral ARO has been established for almost 20
years (9). The potential clinical importance of this intracrine mechanism has led
to widespread clinical and laboratory investigations with aromatase inhibitors
(AIs) have been used to treat women with hormone dependent BC (11). This
chapter will focus on the possibility that Es may initiate, as well as promote BC,
and that these processes occur in breast tissues that overexpress ARO.
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Aromatase Transgenic Model and Aromatase Expression

To address the importance of tissue E, we developed a mouse transgenic model
overexpressing ARO (12). Transgenic mice overexpressing ARO under the
control of mouse mammary tumor virus long terminal repeat (MMTV-LTR)
were generated using standard transgenic methodology. To date (over 40
generations), all females have had normal pregnancies, and are able to
successfully nurse their young. However, homozygous males are infertile. In
general, ARO expression is very low or undetectable in non-transgenic virgin
MG tissue. Figure 1 shows the expression of ARO transgenic MG tissue. It is
expressed both in epithelial and stromal cells. Although, ARO is overexpressed
in MGs, and tissue E concentration is higher than in non-transgenic littermates,
the circulating levels in female transgenic mice are not significantly different.

Transgenic virgin female MGs, even at very young age, show extensive
terminal branching with localized alveolar growth. No such changes are present
in virgin female non-transgenic littermates. Histological observations show the
presence of hyperplastic and dysplastic lesions. Some hyperplastic legions are
surrounded by excess stromal tissue like fibroadenomas. This suggests that
early estrogenic activity due to ARO overexpression is sufficient for these
preneoplastic changes to occur in MG epithelial cells of these transgenic mice.

Figure 1. Aromatase expression in transgenic (ARO) and nontransgenic (NT)
MG. Densitometric examination of aromatase expression by RT-PCR and
Western blot analysis.

Compared to involuted MGs from non-transgenic females, those of
transgenic females show persistent ductal and alveolar hyperplasia throughout
the MGs; in addition, persistence of ductal hyperplasia is evident even after
several months of MG involution. Hyperplasia increases with age and appears
similar to ductal carcinoma like changes; however, no tumors appear even after
two years of age (Figure 2). Furthermore, the development of hyperplasia and
other changes are persistent even without circulating ovarian Es in
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ovariectomized transgenic mice, suggesting that the E present in the MG has
direct effects on the induction and maintenance of these changes in the MGs.

Figure 2. Representative histological MG
sections from aromatase transgenic female
mice. A. Ductal hyperplasia and
dysplasia, and B. Ductal carcinoma-like
changes in aged aromatase transgenic
female MGs.

Biochemical Changes in Aromatase Transgenic Females

Previous studies (12) have shown that ARO overexpression, leads to
hyperplastic, dysplastic, and other premalignant changes in ARO transgenic
mice MGs. Increased levels of expression of and in transgenic MG tissue
suggest that both ER isoforms may play an important role in the mediation of
the estrogenic response resulting in MG preneoplastic development in this
transgenic animal model. In addition, we have reported an increase in
progesterone receptor (PR) levels in the transgenic MGs (13). The expression of
both and and PR in the absence of ovarian E, and their upregulation
underscore the relevance of ARO overexpression in increased estrogenic
activity, and the regulation of these receptors in MG tissue.

We have identified several growth factor genes with altered expression
in the ARO transgenic MG (Figure 3). Our results support the notion that
estrogenic action results in the overexpression of cellular factors responsible for
the suppression of apoptosis and promotion of cellular proliferation during
tumorigenesis, including cyclin D1 and E1, and PCNA (13). Interestingly, the
levels of EGFR expression and its ligand, EGF, were lower in the transgenic
MG tissue. Yarden, et al. (6) have shown that estrogenic action is bimodal in
respect to the regulation of EGFR expression. The first phase is a transient
induction that is not dependent on protein synthesis, while the second phase is
repression dependent on protein synthesis. The latter observation suggests that
the synthesis of an additional factor is required for E repression of EGFR (6).
Surprisingly, showed increased overexpression in the transgenic MG as
compared to the non-transgenic control. is known to play a negative role
in cellular proliferation by promoting cell cycle arrest at G1 (14, 15). However,
recent studies (16) suggest that is a pleiotropic protein that exhibits
positive effects on cellular growth and may, under normal conditions, be
involved in maintaining homeostasis. Recent evidence has shown that the
cyclin-dependent kinase inhibitor (CDKI), p27, induced by prevents the
progression of the cell cycle past G1 by interfering with the activity of
cyclin/CDK complexes (17). Consistent with the previously observed induction
of p27 by our results also show an increase in p27 expression levels in
the MGs of ARO transgenic animals. Despite the increase in the CDKI p27



Aromatase Expression 133

expression, the observed net effect exerted by ARO overexpression in our model
results in abnormal cellular proliferation in the transgenic MG tissue.

Figure 3. Schematic
representation of various
biochemical changes in
ARO transgenic females.
Increased estrogenic
activity mediated by ARO
overexpression in MGs of
transgenic females results
in a change in the
regulation of certain E-
dependent genes.

Estrogenic stimulation of BC cell lines results in increased cellular
proliferation, and expression of cyclin D1 and CDKI p21 as well as
sequestration of p27 (and/or p21, depending on the cellular context) away from
cyclin E/CDK2 complexes, giving rise to the release of the inhibitory effects of
cyclin E/CDK2, phosphorylation of Rb, and its inactivation (17, 18). Our data
demonstrate that the ratio of p27 bound to cyclin D1 to that bound to cyclin E is
several folds higher in the transgenic MG as compared to that of the non-
transgenic tissue. Taken together, our data are consistent with the evidence (13)
suggesting that increased cyclin D1 levels sequester more p27 from
cyclinE/CDK2, leading to increased cellular proliferation. In addition to the
possible regulation of Rb phosphorylation, the expression of Rb mRNA is
downregulated in the ARO transgenic mice MG. This may contribute to the
reduction of Rb activity and the inhibition of cell cycle progression. Also, the
expression of p53 is decreased in the ARO transgenic MG. However, increase
in BRCA1 expression in ARO mice is consistent with recent studies (19, 20).

Aromatase Transgenic Mice are Susceptible to Carcinogens

To test the hypothesis that tissue E-induced preneoplastic changes induced may
be susceptible to carcinogens like DMBA, and that exposure to these
carcinogens may result in acceleration and/or increase in the incidence of BC
(21). Exposure to a single sub-threshold concentrations of DMBA

 resulted in development of MG tumors in 25-1 of the transgenic
animals and non in wild type mice. All the DMBA-exposed transgenic females
had microscopic evidence of tumor formation/neoplastic progression. When the
ARO transgenic female animals were exposed to a higher DMBA dose

 more than 50% developed palpable MG tumors
within 4.0 mo, while 100% show microscopic evidence of tumor formation
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within the same time period, compared to non-transgenic littermates (Table 1).
Increased EGFR expression and its ligands, most notably in DMBA-
induced MG tumors, suggest a synergistic role of these growth factors in tumor
progression and consistent with other studies showing the involvement of
increased levels of EGFR and its ligands in BC (23, 24).

Previous data (6, 13, 22) suggest that the has a negative regulatory
effect on EGFR expression and its ligands. These results are consistent with the
clinical observations that loss of in BC results in the upregulation of
growth factors like leading to a more aggressive progression of the
disease. We e observed changes in expression between DMBA-treated and
untreated ARO transgenic mice. These findings exclude the possibility that the
increased is due to the downregulation of One possible explanation
is the alteration of other factors involved in regulation, leading to
the loss of negative control on expression. Another explanation to
consider is that the levels of and consequently activated ER, may
be possibly decreased due to the metabolic conversion of to catechols and
OH-Es as part of the carcinogenic process.

High-doses of exogenous Es are associated with experimental BC (25).
Exogenous Es significantly enhance or promote the carcinogenic effects of other
chemical carcinogens, such as DMBA, and consequently, they may enhance MG
carcinogenicity. This synergy between E and DMBA in the development of MG
tumors was also observed in these studies. Tumors were observed only in
DMBA-treated ARO-overexpressing mice, but none in similarly treated non-
transgenic or in untreated ARO transgenic mice. Only preneoplastic changes,
i.e., ductal hyperplasia, were observed in the untreated ARO transgenic mice
(12, 13). These observations point to the involvement of ARO overexpression,
and the resulting increase in E levels, in the development of MG hyperplasia.
DMBA may act at this stage, with a larger population of epithelial cells
susceptible to mutagenesis, further enhancing the observed estrogenic effects in
the DMBA-treated ARO-overexpressing mice. On the other hand, DMBA may
act as the initiator in the MGs of the treated ARO-overexpressing mice, and that
the continuously elevated E levels promote tumor development in these mice.
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Recently, several lines of evidence (26-28) suggested a role for (non
ER-mediated) and its metabolites in genotoxic effects leading to carcinogenesis,
which includes oxidative stress and adduct formation. Since no changes were
observed in expression in the DMBA-treated ARO transgenic mice, it is
possible that the observed changes were mediated by the metabolic conversion
of to its quinone derivatives, resulting in mutagenic DNA adduct formation
(26-28). The increase in tissue levels alone in the untreated ARO transgenic
mice does not seem to have carcinogenic effects. However, through these
mechanisms, E metabolism may result in increased DMBA carcinogenicity (29)
in the treated ARO transgenic mice. DMBA is a ligand for the aryl hydrocarbon
receptor (AhR), a transcription factor that induces the expression of the
oxidative P450 enzymes, CYP1-A1 and -B1 (30). DMBA treatment enhances
MG AhR and CYP1B1 expression in a rat model system (30). Conversely, AhR
is drastically increased in the DMBA-treated ARO transgenic mice as compared
to the other mice groups. These studies suggest that E may act as a mitogenic,
thus providing an expanded target population for subsequent initiating events.

Aromatase Overexpression Results in Gynecomastia and
Leydig Tumors in Male Transgenic Mice

Overexpression of ARO in male transgenic mice results in increased MG
epithelial growth as early as 3 mo of age with well-organized ductal structures
and lobulo-alveolar growth. We did not observe further progression of
hyperplastic and dysplastic changes in the ARO transgenic mice with age (31).
In addition, our data demonstrated that the Overexpression of ARO plays a
significant role in the formation of Leydig cell tumors, and that these cells are
targets for estrogenic action and are involved in E-mediated tumorigenesis (32).
The presence of ERs in human testicular Leydig cell tumors indicate that these
cells are the source of E in both rodents and human testis (33-36). Our studies
show that the level of ER expression and ARO are higher in the testicular tissue
of these mice compared to that of non-transgenic mice, and that the serum
levels are significantly higher in transgenic mice vs non-transgenic littermates.
Therefore, we suggest that an enhanced ER phenotype of Leydig cells and
increased peripheral aromatization may contribute to Leydig cell tumorigenesis.
The studies described above demonstrate that tissue Es play a direct role
inducing gynecomastia and testicular cancer in male ARO transgenic mice and
are consistent with recent observations with ARO knock out mice (37).

Effect of Continuos Estrogen on Expression in MMTV-
x MMTV-Aromatase Transgenic Cross

Whether synergistic action of E with growth factors leads to MG tumors. To
test this hypothesis, we crossed the ARO transgenic mice with a
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overexpressing transgenic strain (22). We expected to observe synergistic
interactions in the cross strain leading to enhanced changes that
would lead to increased MG tumor formation in these mice. However, in the

double transgenic mice, we did not observe any MG tumor
formation or histological changes beyond those we have observed in the parental
ARO strain, even at age > 2 years. Our previous results have shown a decrease
of EGFR and expression in the MG of ARO transgenic mice as compared
to the nontransgenic MG (13). Consistently, other studies have suggested that
EGFR expression, the receptor for is negatively regulated by Es via the
ligand-activated and that the loss of correlates with an increase in
EGFR expression in BC (6). The decrease in EGFR and expression in
the cross strain as compared to the parental strain is in
agreement with our previous data (13), suggesting a negative regulation of
EGFR expression as a result of ARO overexpression. Our previous results have
shown that the increase in expression in the ARO MG corresponds to an
increase in the expression of cyclin D1 and PCNA, cell cycle progression and
proliferation markers, respectively. The observation that cyclin D1 protein
levels are drastically decreased while the levels of the inhibitor p27 are
unchanged in the double transgenic animals, as compared to the parental strains,
suggests that more p27 molecules can bind and inactivate the cyclin E1-CDK2
complexes (13, 14, 38, 39). Our results demonstrate that continuous MG E
exposure, due to ARO overexpression, counteracts the mitogenic effects of MG

overexpression of double transgenic mice, presumably due
to the negative regulation of EGFR. Interestingly, cyclin D1, and PCNA
levels are also decreased in the double transgenic strain. This is probably due to
an antagonistic relationship between E and The decrease expression of
these cellular proliferation genes may account for the absence of MG tumor
formation of the cross.

Use of an Aromatase Inhibitor as a Chemopreventive Agent

AIs are effective blockers of this enzyme, and may serve as therapeutic agents
for hormone-dependent BC (10, 11). Our studies on the efficacy of AIs to
abrogate ARO-induced preneoplastic/neoplastic changes in transgenic mice
indicated that AIs could completely abrogate or reduce ARO-induced
hyperplastic and other changes in breast tissue (41-43). We have also shown
that low doses of letrozole (0.25 or completely abrogate
ARO-induced preneoplastic changes. These doses did not affect the uterus, the
ovary, or and FSH circulating levels. No difference was found in the
expression of and PR in the uterus of the treated animals. The data suggest
that very low doses of letrozole may eliminate E-mediated BC in transgenic
mice without affecting normal uterine and ovarian functions. Subsequent
studies (44) have demonstrated that letrozole, at low doses, is effective in
abrogating ARO-induced breast hyperplasia. Moreover, mice were



Aromatase Expression 137

physiologically normal after treatment as indicated by normal pregnancy and
lactation, and lack of birth defects in the pups born to letrozole-treated mothers.

Although, letrozole inhibited ARO-induced MG hyperplasia in the
ARO transgenic mice, the presence of some MG proliferation in aged animals,
previously treated with letrozole, suggests that inhibition of MG growth is not a
permanent. The slight increase in expression, and other proliferation
markers in aged animals were in agreement with the morphological changes
expected. Furthermore, the decreased ductal branching in letrozole-treated mice
and continued low levels of PR is consistent with the importance of in
MG ductal branching (45).

Concluding Remarks

Studies summarized herein demonstrate that overexpression of ARO leads to in
increased tissue estrogenic activity, induction of MG hyperplastic and dysplastic
lesions, gynecomastia, and testicular cancer in male ARO transgenic mice. The
preneoplastic lesions induced due to increased tissue estrogenic activity are
susceptible to carcinogens. The ARO overexpression-induced MG changes
were inhibited with very low letrazole doses, an ARO inhibitor without any
effect on normal physiology. The potential clinical importance of this intracrine
growth support may provide future clinical and laboratory investigations.
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Prostate Epithelial Carcinogenesis:
Putative and Controversial Precursor Lesions

Cristina Magi-Galluzzi and Angelo M. De Marzo

Introduction

Prostate cancer (PCA) is the most common non-skin malignancy diagnosed in men
in the USA and the second leading cause of cancer deaths among North American
and Western European men. The incidence of PCA and the rate of death due to the
disease increase with age. Less than 1% cases of PCA are diagnosed under the age
of 40, although small PCAs have been detected in up to 29% men 30 to 40 years of
age in autopsy series (1). The incidence and mortality rates are highest among
African American men, being 2.0-fold higher than in Caucasian Americans, whereas
lower rates are characteristic of the Asian population (2).

Etiologic factors associated with PCA are varied and comprise both
genetic and environmental influences. Among the genetic factors aging, family
clustering, race, and hormonal influences seem to play a major role. A diet high in
animal fat and red meat and poor in fruits and vegetables, and the preventive use of
antioxidants associated with a high intake of tomatoes are also critical factors (3,4).

Accumulating data suggests that normal and neoplastic prostate cells may
be subjected to multiple genome-damaging stresses, and that both diet and male sex
steroids may modulate the level of threatening insults. A model of carcinogenesis
and progression similar to colon cancer has been proposed for PCA (Figure 1) (5).
This model predicts multiple steps in the process from normal prostatic epithelium
to invasive cancer through the intermediate step of prostatic intraepithelial neoplasia
(PIN) and/or proliferating intermediate luminal cells. The most important feature of
such a model is the gradual accumulation of changes in critical genes rather than
their order of occurrence.

PIN, in particular the high-grade form, has been extensively studied and
considered as the major morphological identifiable putative precursor of PCA (6,
7). However, it is likely that PCA might also arise from precursor lesions other than
PIN, some not yet identifiable with certainty at the present time. PCA develops in
two different regions of the gland, with the majority of the lesions (approximately
80%) found in the peripheral zone (PZ), and most of the remaining cancers in the
region surround the peri-urethral region, termed the transition zone (TZ).
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Figure 1. The molecular pathogenesis of prostate cancer.

Prostatic Intraepithelial Neoplasia (PIN)

PIN represents the neoplastic transformation of the epithelial lining of the prostatic
ducts and acini without invasion of the basal layer (6). In high-grade PIN (HGPIN),
the glandular units of the prostate are lined by cytologically malignant, enlarged
epithelial cells with a high nuclear cytoplasmic ratio. HGPIN has been extensively
studied and is thought to be the precursor lesion of PC A, particularly for the lesions
occurring in the PZ.

PIN and PCA foci have similar genetic changes. In early carcinoma
lesions, McNeal has demonstrated that foci of HGPIN are often directly merging
with cancer (8). This supports the hypothesis that PIN is a likely precursor lesion to
PCA. The concordance of DNA content between PIN and PCA (9); the over-
expression of the oncoprotein Bcl-2 (10), the expression of PCNA, MIB1, AgNOR
(11,12) and androgen receptor (AR) (13,14) similarly to PCA are all supportive of
the above hypothesis.

Racemase (AMACR) or protein P504S is an enzyme
involved in of fatty acids. It is over-expressed in PCA (15), and in its
putative precursor lesion PIN (15-17), further supporting the link between the two
entities. Glutathione S-transferase (GSTP1) is an inducible phase II detoxifying
enzyme for reactive oxygen species and organic electrophiles. It is inactivated by
promoter hyper-methylation in human (18-20). GSTP1 promoter hyper-methylation
occurs in at least 70% of HGPIN (18, 21), and in 90% of PCA cases. GSTP1 is
involved in protecting cells against carcinogens and is the most somatic DNA
alteration in PCA and PIN. It could predispose PIN cells to further mutations.

The most common genetic alterations found in HGPIN are the loss of
sequences from chromosome 8p and other chromosome arms (22), with less
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frequent gain of sequences from chromosome 8q. Inactivation of tumor suppressor
genes and over-expression of oncogenes in those regions may be important for the
initiation and progression of PCA.

In 1941, McClintock suggested that telomere dysfunction is one potential
mechanism of chromosomal instability (23). Telomeres are specialized structures
that cap the ends of linear chromosomes, essential for maintaining chromosomal
stability. Natural shortening with each cell division serves as a mitotic clock.
Shortening has been hypothesized as a protective mechanism against proliferation.
As compared with normal prostate tissue, telomere shortening had previously been
reported in PCA (24-26). More recently telomere shortening was shown to occur
very commonly in HGPIN (27,28). Significant telomere shortening is associated
with increased levels of chromosomal aberration. These findings support the
possibility that telomere erosion may be an important feature in PCA oncogenesis.

Proliferative Inflammatory Atrophy (PIA)

Since chronic inflammation of long-standing duration has been linked to the
development of carcinomas in several organ systems, such as liver, stomach and
esophagus (29, 30), inflammatory cell-mediated oxidant stress may be a key
pathogenetic mechanism driving PCA (31). In prostate, chronic inflammation is
associated with focal atrophy.

Atrophy of the prostate is identified as a reduction in the volume of pre-
existing glands and stroma and can be divided in two major patterns: diffuse and
focal. Diffuse atrophy results from a decrease in circulating androgens and involves
the entire prostate in a relatively uniform manner (32). In contrast, focal atrophy is
not related to decreasing circulating androgens, and it occurs as focal areas of
atrophic epithelium within a background of surrounding normal appearing non-
atrophic epithelium. Franks (33) indicated that focal prostatic atrophy lesions occur
predominantly in the ‘outer portion of the prostate’ referred also as PZ by McNeal
(34). These lesions increase in frequency with advancing age. Others confirmed
these findings (35-38). Prior to the widespread study of PIN, various atrophic
lesions were described as potential PCA precursors. Franks in 1954, and Liavag in
1968 also suggested an association between PCA and atrophy (33, 37). However,
other authors did not find an association between PCA and atrophy (1, 4, 5, 44).
While most focal prostatic atrophy lesions have been considered to be quiescent
(46), cells in some of these lesions appear proliferative (37,41,42). Ruska, et al.
recently demonstrated that although there is no increase in the apoptotic index,
between benign non-atrophic epithelium and focal prostatic atrophy, atrophy lesions
exhibit a markedly increased immunohistochemical staining index for the
proliferation marker Ki-67 (42). These findings support the hypothesis that focal
atrophy represents either a de novo proliferative lesion or a regenerative lesion
resulting from replacement of cellular loss (43).
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Since atrophic lesions are proliferative and usually associated with an
inflammatory component, predominantly chronic, they have been termed
proliferative inflammatory atrophy (PIA) (43). The term designates discrete foci of
proliferative glandular epithelium with the morphologic appearance of simple
atrophy or post-atrophic hyperplasia occurring in association with inflammation.
The key features of these lesions are the presence of two distinct cell layers,
mononuclear and/or polymorphonuclear inflammatory cells in both the epithelial
and stromal compartments, and stromal atrophy with variable amounts of fibrosis.
Atrophic lesions occur predominantly in the PZ, but can also be present in the TZ,
but rarely in the central zone. Morphologic transitions within the same
acinar/ductal unit between HGPIN and PIA occur quite frequently. PIA is often
found near small cancers, and at times have genetic alterations similar to those
detected in high grade PIN and adenocarcinomas (5,44).

Most cell divisions in the normal human prostate epithelium occur in the
basal cell compartment (45-47). Yet HGPIN, and adenocarcinoma cells possess
phenotypic and morphological features of secretory cells. The cell proliferation has
been shifted up from the basal into the secretory compartment in high-grade PIN
and in PCA (45, 47). Based on these findings, as well as patterns of cytokeratin
expression from two different groups, it has been postulated that the prostatic cell
type that is the target of neoplastic transformation is an intermediate cell, with some
features of basal cells and some of secretory cells (43,48,49). To better elucidate
the cell types and to explore the feasibility that focal atrophy may be related to PCA
and HGPIN, the expression of both basal cell-specific and secretory cell-specific
markers together with few molecular markers implicated in PCA have been
examined (43,48).

is a cyclin-dependent kinase inhibitor whose expression is reduced
in the majority of PCA and in HGPIN (50, 51). is down-regulated in
prostatic atrophy, consistent with its proposed role as a repressor of prostatic
epithelial cell proliferation (52). The increased expression of Bcl-2 in atrophy as
compared to the adjacent normal epithelium, is also consistent with the observed
very low level of apoptosis (42). A striking increase in the expression of GSTP1
was found in many of the atrophic cells, suggesting a stress-induced response. The
atrophic luminal cells consistently stained intensely with the monoclonal antibody
CAM5.2 that recognizes cytokeratin 8 and 18. These proteins are expressed in
normal secretory cells, with somewhat weaker expression in basal cells. Many of
the atrophic luminal cells also stain positively for keratin 5, which is distinct from
normal secretory luminal cells which are negative for this marker (48). Many of the
luminal atrophic cells also stain positively for nuclear AR, with the majority of the
cells staining weakly, however some the cells show intense staining. As further
evidence of partial secretory cell differentiation in PIA, positive staining for PSA
and prostate specific acid phosphatase (PSAP) was found in the luminal layer of
cells, although the staining of these cells was generally weak in intensity as
compared to surrounding normal gland cells (43). The atrophic lesions showed a
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variable, yet marked, increase in staining for proliferation markers as compared to
normal appearing epithelium. In normal, non-atrophic prostatic epithelium, GSTP1
was expressed predominantly in basal cells. The data related to the elevated levels
of GSTP1 in proliferative atrophy is highly suggestive of a stress-induced response
in these cells. Some of the proliferative secretory type cells that lack expression of
GSTP1 may be targets for genetic alterations and neoplastic transformation. In
view of these data, it has been suggested that PIA may indeed give rise to PCA
directly or indirectly via PIN development. Different findings provide supportive
evidence for the hypothesis that PIA may represent a PIN precursor. The shift in
proliferation occurring in atrophy, the phenotype of many cells in PIA being
consistent with that of an immature secretory type cells similar to HGPIN and PCA,
and the fact that PIA, HGPIN, and PCA all occur with high prevalence in the PZ,
but low in the central zone of the prostate support this hypothesis. Moreover, in
randomly sampled PIA lesion from radical prostatectomy patients, approximately
30% of the cases show areas of atrophy merging directly with areas of HGPIN
within the same glands (44). In view of these findings we have proposed to
integrate the atrophy and PIN hypothesis into PCA. The interpretation of atrophy
together with additional studies using animal models of inflammation and atrophy
may help to further understand the progression of PCA.

Atypical Adenomatous Hyperplasia (AAH) or Adenosis

The data that exist on the prevalence of atypical adenomatous hyperplasia (AAH)
also known as adenosis (53,54) is controversial. The vast majority of adenosis foci
are found in the TZ. They are usually associated with benign prostatic hyperplasia
(BPH) nodules and may share some morphologic features with well-differentiated
carcinoma (55). The prevalence of AAH in the literature is highly variable (from
1.6% to 19.6%) (56). A study of a series of needle biopsy specimens reported a
lower prevalence, approximately 0.8% (57). Data reporting higher numbers of TZ
cancers in African Americans than in Caucasians may imply a higher prevalence of
adenosis in the former (58). The relationship between adenosis and PCA remains
somewhat disputed and ill defined, although adenosis lesions may at times express
elevated levels of racemase (59) and show genetic alterations characteristic of PCA
(60, 61).

Benign Prostatic Hyperplasia (BPH)

Interestingly, the virtually ubiquitous process of BPH originates in the TZ of the
prostate (62), and approximately 20% of all PCA occur in the TZ.
Adenocarcinomas originating in the TZ are usually well-differentiated tumors with
Gleason score generally lower than tumors from the PZ (63), and with architectural
features that closely resemble foci of BPH. Over the years, the findings of BPH and
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PCA together in standard transurethral resection of the prostate (TURP) specimens
has led to speculations that carcinomas may arise from hyperplastic lesions (64-66).
Leav, et al. recently reported the possibility to define areas of transition from
hyperplasia to carcinoma in six BPH nodules using AMACR (P504S), p63, or

antibodies (67). They reported enhanced AMACR expression in benign
glands within cancer-containing nodules, as well as in BPH lesions adjacent to
carcinomas and suggested that the up-regulation of the enzyme may precede
morphological evidence of neoplastic transformation. Further studies are needed to
confirm the possible relationship between BPH and PCA.

Conclusions

Rapid advances in technology provide a good platform for the systemic cataloging
and characterization of the normal and cancerous phenotype and underlying
genotype of PCA. This should set the stage for the development of new prognostic
and therapeutic strategies. The understanding of genetic events which occur during
the progression of PIN and other preneoplastic lesions to PCA would be useful for
prevention, early detection, and treatment of this common disease.
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Introduction

Breast cancer (BC) is the most common cancer in women worldwide. The
estimated incidence of BC in the USA, in the year 2003 is approximately 211,300
with 40,200 deaths in women (1). In spite of better screening, earlier diagnosis, and
improved therapeutic procedures, there is as yet no cure for metastatic BCs. BC
incidence is very high in developed countries and is increasing rapidly in
developing countries.

Attempts at prevention of BC are important areas of clinical and
experimental investigations, and many different approaches are being used for such
studies (2). Currently, there are only three clinical procedures for BC prevention.
Women at high risk for BC can opt for risk reduction by bilateral mastectomy
and/or oophorectomy, as well as chemoprevention using long-term treatment with
the anti-estrogen, Tamoxifen (2). Neither of these procedures is universally
acceptable, all have serious side effects, causing physical and psychosocial
problems. These are severely anguishing choices for women.

There is a fourth choice for BC prevention in women. It involves
undergoing multiple pregnancies along with prolonged nursing beginning at a
relatively early age (3). Thus, pregnancy- and nursing-related protection from BC is
a universal phenomenon, common to women of all ethnicities, worldwide. Although
pregnancy and nursing are the only natural phenomena with few adverse side
effects, it appears unlikely that many of the Century women would choose this
option. An acceptable alternative would be to determine the reasons for this
protective effect, and to introduce it to nulliparous women, preferably by a short-
term, safe, non-invasive procedure. Therefore, this universal protective effect of
pregnancy is clearly of major consideration in devising experimental strategies for
BC prevention.

Rats and mice (4-9) that undergo a full-term pregnancy also have a greatly
reduced susceptibility to chemical carcinogen-induced mammary carcinogenesis
(MC) compared to nulliparous rats and mice. Our current research goals are to
develop safe, short-term hormonal prevention procedures that will mimic the
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protective effect of pregnancy against MC in nulliparous rats exposed to potent
chemical carcinogens. In order to accomplish this goal, it is absolutely essential to
characterize the parous phenotype of women, mice, and rats in relation to their
refractoriness to MC. This chapter is divided into two parts. First, we summarize
the current status of our knowledge of the parous phenotype in these three species.
Second, we will describe studies of our published and unpublished results in
attempts to develop a non-invasive, safe, and short-term hormonal treatment in
nulliparous rats, mimicking the protective effect of full-term pregnancy.
Surprisingly, in nulliparous rats, short-term exposure to high pregnancy levels of

mimics the protective effect of pregnancy against mammary
cancer (10, 11). Recent comparisons of pregnancy levels of hormones between
Chinese and Caucasian women with low and high BC risks, respectively, have
observed significantly higher levels of in the low risk Chinese women (18).

Parous Phenotypes

Human. International studies by MacMahon, et al. (12,13) suggested that women
undergoing a full-term pregnancy before the age of 18, with or without lactation,
have about one-third the risk for developing BC compared to women undergoing a
first pregnancy after the age of 35. Recently, meta-analysis of BC risk reduction
related to breast feeding has been performed based on data from 47 epidemiological
studies from 30 countries (3). Their analysis shows that breast-feeding is associated
with a substantial risk reduction. The risk for developing BC decreases by 4.3% for
each 12 mo of nursing in addition to a decrease of 7% for each birth.

In a series of reports, Musey, et al. (14-16) studied the long-term effects of
a first pregnancy on the hormonal environment. They observed a persistent
reduction in serum levels of prolactin (PRL), but not of luteinizing hormone, follicle
stimulating hormone, estrone, or Wang, et al. reported that increasing numbers
of pregnancies were associated with a step-wise reduction in plasma PRL levels
(17). A step-wise decrease in circulatory PRL levels with increasing parity fits well
with the current finding that increasing parity causes a step-wise decrease in risk for
developing BC. Therefore, all these data are supportive of Musey’s (14-16)
suggestion that parity protection against BC is likely due to a permanent reduction
in the promotional hormone environment.

Mice. Marchant (4, 5) reported that virgin mice of the IF strain and their F1
hybrids, highly susceptible to chemical carcinogen-induced MC, became almost
completely refractory to the same agent following full-term pregnancy and lactation.
Medina and Smith (9) reported a significant reduction in mammary cancer
incidence in parous BD2fF and C3H/Sm mice compared to virgin mice treated with
7,12 dimethylbenz[a]anthracene (DMBA). Our studies (19) demonstrated that
parous BALB/c mice are highly refractory to N-methyl-N-nitrosourea (MNU)-
induced MC. However, they become highly susceptible to MC by the same
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carcinogen when exposed to high levels of PRL during initiation and promotion.
To our knowledge, this is the first conclusive demonstration that refractoriness to
MC in parous mice can be reversed by increasing the endogenous levels of PRL by
isografting pituitaries before carcinogen exposure. Additionally, these studies also
suggested that mammary glands containing secretory lobules and lacking terminal
end buds (TEBs) are fully susceptible to carcinogenesis (19, 20). Thus,
refractoriness of parous mice to carcinogenesis is likely due to the pregnancy-
induced permanent reduction in secretion of the mammogenic hormone, PRL, a
situation similar to that observed in parous women (14-17).

Rats. In the rat, Dao, et al. (6,7) reported that treatment with 3-methylcholanthrene
failed to induce mammary cancers in pregnant or post partum lactating Sprague
Dawley (SD) rats. Moon (8) reported that SD rats that had undergone a full-term
pregnancy, followed by involution of their mammary glands, were more resistant to
DMBA-induced MC than their age-matched nulliparous controls. He observed that
mammary glands of parous rats required twice as much estrogen compared to the
glands of nulliparous rats to induce the equivalent amount of growth. Chakravarty
(21) found that the splenocytes from parous rats had cytolytic activity against
mammary cancer cells weeks after pregnancy, and the effect decreased with time.

In the 1970s Russo, et al. have been the premier investigators of studies
dealing with the characterization of the rat parous phenotype and the reason for
their refractoriness to MC. Their morphological, biochemical, and endocrinological
studies have resulted in some of the most widely accepted conclusions regarding the
refractoriness phenomenon. They are of the opinion that quantitative differences in
TEBs, especially in TEBs in the process of differentiation to alveolar buds account
for the differences in susceptibility between nulliparous and parous rats. According
to this view, TEBs are the site of origin of MCs in rats (22), they undergo full-
differentiation during pregnancy, become secretory during lactation, and are totally
absent in the mammary gland following post-lactation involution. They concluded
that structural changes in the mammary gland, and not the transitional hormonal
milieu during pregnancy and lactation, are the reason for the protective effect seen
in parous rats. They have also reported that parity in the rat results in a phenotype
where the mammary epithelial cells (MEC) show decreased proliferation, increased
DNA repair capability, decreased carcinogen binding, activation of genes
controlling apoptosis, and increased inhibin expression (23). All of these parity-
associated characteristics insure refractoriness of these rats to carcinogen-induced
MC.

In contrast, studies by us and our colleagues (24, 25) have led us to the
conclusion that parous rats are not protected from carcinogen-induced initiation, but
are protected from promotion. This protection results from a pregnancy-induced
persistent reduction in circulatory levels of mammogenic hormones (26). As in
mice (19), the refractoriness of parous rats to chemical carcinogen-induced MC can
be overcome by treatment with exogenous ovarian hormones, with or without
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progesterone (P) at initiation and promotion (25). Again, as in mice, the mammary
glands of parous rats with full lobulo-alveolar development can give rise to a high
incidence of MCs following exposure to MNU.

Following is a summary of the rat parous phenotype: 1) Parous rats,
lacking TEBs, exposed to MNU, give rise to a very low incidence of palpable MCs,
but a high incidence of microscopic cancers (latent MCs) (24). 2) The refractoriness
of parous rats to the development of palpable MCs, following exposure to MNU,
can be overcome by treating rats during initiation and promotion with
These studies have also shown that the mammary glands of parous rats with full
lobulo-alveolar development are highly susceptible to carcinogen-induced MC (25).
3) Parous rats, compared to nulliparous rats, have reduced circulatory levels of
growth hormone (GH) and PRL, and a decrease in the expression of estrogen
receptor and epidermal growth factor receptor (EGFR) in the mammary
gland (26, 27).

Thus, studies in parous rodents, by us and our colleagues seem to indicate
that pregnancy-induced protection from MC in rats and mice, exposed to
carcinogens, is likely due to persistently reduced levels of mammogenic hormones
in their circulation. As mentioned above, human studies have also indicated a step-
wise decrease in the secretion of PRL with each successive pregnancy. Recent
prospective studies by Hankinson, et al. (28) have shown a correlation of high
plasma PRL levels with high BC risk in post-menopausal women.

Hormonal Prevention of Breast Cancer:  Mimicking the
Protective Effect of Pregnancy

Hormonal prevention strategies have used exogenous hormonal treatment to mimic
the protective effect of pregnancy against BC. Huggins, et al. (29) reported that
high levels of and P given for 30 days beginning 15 days after DMBA
administration inhibited MC in SD rats. They proposed that treatment with high
levels of these hormones destroyed the potential cancer cells. Grubbs, et al. (30,
31) and McCormick and Moon (32) demonstrated that treatment of SD rats with
high levels of and P, or alone following treatment with MNU, a direct acting
chemical carcinogen, was as effective as ovariectomy in preventing MC. Grubbs
(31) suggested that the primary action of the hormones was to cause differentiation
of the pre-neoplastic cells. Recent studies have reported on persistently altered
expression of genes in the mammary glands of parous rats (33). They reported that
certain genes involved in growth promotion are persistently down regulated in
mammary glands. They also reported that and several of its transcriptional
targets were up regulated. Other investigators studying protection induced by

treatment have found persistent alterations in the expression of several known
genes. Specifically, they have identified persistent changes in and
retinoblastoma binding protein (RbAp46), a gene implicated in the regulation of cell
proliferation and differentiation following hormone treatment (34, 35).
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Russo, et al. (36-39) reported that human chorionic gonadotrophin (hCG)
administration before or after DMBA treatment resulted in protection from
mammary cancer in SD rats. In 1990 (36), they reported that pregnancy or hCG
(100 IU/day) treatment (50-71 days of age), followed by DMBA exposure
significantly reduced the incidence of carcinomas compared to controls. Srivastava,
et al. (23) reported that rats exposed to DMBA on day 45 of age followed by no
treatment or hCG treatment from days 65 to 105 resulted in the occurrence of
carcinomas in 100% of the controls (3.5 cancers/rat), and in 81% of the hCG treated
(0.9 cancers/rat). This hCG treatment also significantly lowered the incidence of
microscopic mammary lesions, intraductal proliferations, and ductal carcinomas in-
situ (DCIS). Russo, et al. (36) concluded that hCG treatment, like pregnancy,
caused lobular differentiation and that both procedures can efficiently prevent
chemically-induced MC.

In an attempt to mimic the protective effect of pregnancy against MC, we
have used a modification of the treatment, begun earlier by Huggins (29) and
confirmed by others (30-32, 40). We were attracted to this mode of treatment
because very high levels of are a common feature of pregnancy in all three
species. Our modifications included the use of steroids in silastic capsules resulting
in sustained constant levels of steroids in the circulation for a short period (7-21
days; gestation period in the rat is 21 days), and assays of the blood levels of these
hormones at the completion of the treatment. We also determined the incidence of
palpable overt carcinomas, and the incidence of latent mammary cancers by
microscopic examination of mammary gland wholemounts.

On the basis of our and our colleagues’ studies, we have arrived at an
entirely unexpected set of results which have allowed us to generate the following
hypothesis regarding the nature of parity protection, and the reason for this
protection against mammary cancer in parous rats.

First, our results show that the protective effect of pregnancy is unlikely
due to terminal differentiation of TEBs, considered to be the target cells for
mammary cancer (10, 11). We now hypothesize that parous females are protected
only against promotion-progression and not against initiation. Parous females,
treated with carcinogens develop latent microscopic cancers that normally do not
undergo promotion-progression to frank carcinomas. A full-term pregnancy results
in a persistently reduced promotional environment in parous females which prevents
latent cancers from progressing to frank cancers.

Causative Factors for Refractoriness of Parous Rats to Mammary
Carcinogenesis

Parous Rats Treated with MNU Have a High Incidence of Latent Mammary
Cancers. In collaboration with Dr. Airo Tsubura, the role of parity before and after
MNU treatment was studied (24). Pregnancy and lactation before (22%) or after
(25%) MNU treatment reduced the incidence of frank MCs compared to age-
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matched nulliparous females (72%) and (94%), respectively. At termination, rats
that underwent pregnancy prior to MNU (67%) or after MNU (50%) both had high
incidences of microscopic latent mammary cancers. These findings suggest that
MCs are initiated at a fairly high incidence in parous rats, but many of these cancers
do not progress to frank MCs during the 12 mo after MNU treatment. Thus, these
studies indicate that the MEC are highly susceptible to initiation of carcinogenesis
and are not completely refractory to the carcinogenic process.

Refractoriness to Frank Mammary Carcinogenesis in Parous Rats can be
Overcome by Hormone Treatment. In a separate study, MNU was given to
parous rats or parous rats treated with or 20 mg P or in silastic
capsules for 7 days followed by continuous promotional treatment with P, or

in silastic capsules (25). 10% of parous rats not treated with promotional
hormone developed MCs. 67% of those treated with 50% of the rats treated with
P, and 92% of those treated with developed MCs. These results show that the
parity refractoriness to MNU can be reversed by treatment with ovarian steroids that
increase proliferation in the mammary gland.

The Promotional Environment for Mammary Carcinogenesis is
Decreased in the Parous Rats Compared to that of Nulliparous
Rats

Transplantation Studies. The tumorigenicity of MNU-treated MEC transplanted
to virgin or parous Lewis rats was tested (41). The objective of these studies was to
determine whether the systemic environment in the parous rat is supportive of
tumorigenesis. Young nulliparous Lewis rats (50-60 days of age) were treated with
MNU. One month after treatment, the treated mammary glands were removed and
enzymatically dissociated. The purified epithelial cells were transplanted per
site) to the subscapular fat pads of parous or age-matched virgins (AMV) hosts.
MCs were found in 9/16 virgin hosts and in only 1/7 parous hosts within 6 mo of
transplantation. These preliminary findings suggest that transformed MEC are
capable of producing carcinomas when transplanted into virgin hosts, and that the
systemic factors in the parous host have a decreased ability to support the
promotion of transformed MEC to frank carcinomas.

Parous vs. Nulliparous Rats: Mammogenic Hormones and Mammary
Epithelial Cells. Administration of MNU to 50-60-day old nulliparous rats, 120-
day-old nulliparous rats, and 120-day-old parous rats, resulted in a high incidence of
mammary cancers in the nulliparous rats (97 % in 50-60 day old rats; 75 % in 120
day old rats), no MCs developed in the parous rats (26). The concentrations in the
serum of mammotropic hormones were measured at the time of MNU treatment.
GH concentration was reduced in parous rats (16.1 ng/ml) compared to young
nulliparous (59.3 ng/ml), and age matched nulliparous (38.6 ng/ml). PRL levels
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were 14.6 ng/ml in parous, 25.7 ng/ml in young nulliparous, and 25.5 ng/ml in age-
matched nulliparous. Levels of P, corticosterone, and thyroxine were not
different in the three groups. The concentrations of and EGFR were decreased
in the mammary glands of parous rats (3.5 fmol/mg protein, 3,500 cpm/mg)
compared to young nulliparous (12.1 fmol/mg, 5000 cpm/mg), and age-matched
nulliparous (7.9 fmol/mg, 5000 cpm/mg). Concentrations of GH receptor were not
significantly different among the 3 groups. These studies led us to hypothesize that
protection from mammary cancer induced by pregnancy is not due to the loss of
target cells for carcinogenesis but is due to a decrease in the systemic promotional
environment.

Development of Short-Term Hormone Treatments for Prevention
of MNU-induced Mammary Carcinogenesis in Rats

The Protective Effect of Parity can be Mimicked by Short-term Treatment
with or Pregnant rats are exposed to very high circulatory levels of
and P that induce lobulo-alveolar differentiation in the mammary gland. To mimic
this protective effect of pregnancy, we treated 7-week-old virgin rats with MNU
followed by treatment with or perphenazine (PPZ, dopamine receptor
inhibitor) for 3 weeks beginning at 9 weeks of age (10). Both of these treatments
caused late pregnancy-like lobule development in mammary glands. 90% of the
control rats, 73% of the PPZ-treated, and only 9% of the rats treated with sustained
exposure to in silastic capsules developed mammary cancer during the 9 mo-
period of observation following MNU treatment. The rats developed
93% fewer MCs compared to controls not receiving hormonal treatment. Both PPZ
and treatments induced, similar to pregnancy, lobular growth, secretory
differentiation, and involution after cessation of treatment of the mammary gland.
Assays of blood levels of and P indicate that after PPZ treatment, only the P
levels (P = 101.5 ng/ml, pg/ml,) were increased to pregnancy levels.
There was no increase in circulating levels compared to untreated control virgin
rats pg/ml, P = 12.7 ng/ml). Treatment with resulted in pregnancy
levels of (168.8 pg/ml), and lower than pregnancy levels of P (25.8 ng/ml).
These circulating steroid levels are highly protective from MC. These studies
suggested that pregnancy levels of are the likely reason for the protective effect
of pregnancy against mammary cancer, and that lobular differentiation alone is
insufficient to confer protection.

Alone but Not P Induced Protection from Mammary Carcinogenesis. We
tested the effect of or P administered singly for their ability to induce protection
from MC (10). Rats were treated with MNU at 7 weeks of age. A silastic capsule
containing 30 mg of or 30 mg P was implanted at 9 weeks of age and removed 3
weeks later. 100 % of the control rats developed mammary cancer by 9 mo (2.9



MCs/rat) after MNU treatment. treatment alone provided protection from MC,
3 8% of rats developed mammary cancer (0.5 cancers/rat). In contrast, P
treatment enhanced MC in terms of cancer load compared to controls. 100% of the
rats treated with P developed mammary cancer (3.6 cancers/rat). Treatment with a
combination of 30 mg of and 30 mg of P had the lowest incidence of mammary
cancer (11%, 0.1 cancers/rat).

Pregnancy Levels of Alone Induce Protection from Mammary
Carcinogenesis. We have demonstrated that alone or in combination with P is
effective in preventing mammary cancer, while P alone is not. We determined the
lowest dosage of given alone that would be effective in preventing mammary
cancer (11). Rats were injected with MNU at 7 weeks of age. Two weeks later, the
rats were treated with 30 mg, or of in silastic capsules for
three weeks. Blood levels of immediately after treatments were 144,95,68, and
50 pg/ml, respectively. Untreated control rats had blood levels of 8-14 pg/ml of
The blood levels from the 30 mg-, and rats were in the
range found during pregnancy. Control rats had 100% mammary cancer incidence,
9.0 mo after treatment, while rats treated with 30 mg, or of had a
cancer incidence ranging from 15 to 20%. The cancer incidence was not different
from controls at the lowest dose, but the multiplicity was reduced. The
multiplicity of mammary cancers was 0.2 (30 mg), 0.3 0.6 1.2

and 3.0 (controls). These results demonstrate that short-term treatments
with doses of equivalent to levels during second half of pregnancy or
higher) are highly effective in preventing mammary cancer. Treatment with
equivalent to low pregnancy levels does not induce full lobulo-
alveolar differentiation, yet it is highly effective in conferring protection. Studies
have also shown that 1 or 2 weeks treatment with pregnancy levels of
and P (30 mg) in silastic capsule is highly effective in reducing the mammary cancer
incidence in MNU-treated rats (11).

Short Term Protective Hormone Treatment has No Adverse Effects on the
Health and Reproductive Physiology of Treated Rats. We examined whether
short term treatment had any significant effects on the health and
reproductive capabilities of treated rats. Nulliparous rats were treated with

mg P in silastic capsules from 9 to 12 weeks of age, and compared to age-
matched controls treated with empty silastic capsules. This treatment is highly
effective in preventing carcinogen-induced BC. All the hormone treated rats had
regular estrous cycles 4-6 weeks after removal of the hormone treatment. Treated
and control rats were mated at 16 weeks of age. Control rats had an average of 8
pups at birth and hormone-treated rats had 9. The weight of the pups was 5.9 and
6.0 g for control and treated rats, respectively. The weight at weaning was 35 g and
33 g for pups from control and treated rats, respectively. There were no significant
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differences in the monthly body weights of control or hormone-treated rats. The
animals were necropsied at 600 days of age showing no difference in body weight,
or pathology between control vs. the treated rats.

Comparisons of Parous and Hormone Protected Rats: Similar or
Different?

Parous rats are susceptible to carcinogen-induced initiation and develop a high
incidence of latent mammary cancers. However, these rats are protected from
promotion and develop a very low incidence of overt mammary cancers. We
determine whether the phenotypes of rats receiving protective hormone treatment
mimic the protective effect of parous rats. That is, whether or not protective
hormone treatments result in phenotypes susceptible to carcinogen-induced
initiation, and develop latent mammary cancers, but remain protected from
promotion/progression by failing to develop overt mammary cancers.

Previously, we described two protective treatments for the prevention of
mammary cancers in carcinogen-exposed rats. Both treatments used at
pregnancy levels for 7-21 days, either alone or in combination with P. Acronyms
for these treatments are short-term treatment (STET) and short-term
treatment (STEPT). Our data indicate that as in parous rats, STET/STEPT rats,
exposed to MNU, develop a high incidence of latent mammary cancers and a low
incidence of overt cancers. In both situations, exposure to prolonged hormonal
promotion results in a high incidence of overt mammary cancers.

In a typical experiment, nulliparous control rats exposed to MNU at 7
weeks of age had a 100% incidence of both latent and overt mammary cancers.
Similar rats receiving STET with three different doses of 30 mg
in silastic capsules) for 21 days developed less than 20% overt mammary cancer,
and a 100% incidence of latent mammary cancers (42). These results indicate that,
as in parous rats, STET rats are protected from promotion, but fully susceptible to
initiation.

In a separate study, parous rats and rats receiving STEPT before or after
MNU exposure developed a low incidence of overt mammary cancers and a high
incidence of latent cancers. However, the rats receiving promotional hormonal

treatment for a prolonged period developed a high incidence of overt
mammary cancers (25, 43). Thus, as in parous rats, the refractoriness of STEPT
rats to chemical carcinogen-induced overt MC is completely reversible with
increased promotional environment.

A decreased promotional environment appears to be the major reason for
the protective effect seen in parous and STET/STEPT rats against carcinogen-
induced MC. We found that all three phenotypes (parous, STET, STEPT) have
persistently reduced circulatory levels of GH and PRL (26, 44) as well as reduced

and PR expression in the MEC. These results provide conclusive evidence
that STET/STEPT rats, like parous rats, are highly susceptible to carcinogen-
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induced initiation. The mammary glands of all three phenotypes, completely
lacking TEBs, contain target cells fully capable of giving rise to latent mammary
cancers. Our recent unpublished studies show that latent mammary cancers in
MNU-exposed parous and STET/STEPT rats have significantly reduced
immunohistochemically detectable cyclin D1 positive cells compared to those in
nulliparous rats (42). Analogous phenomena have been observed between Japanese
men in Japan with a low incidence of prostate cancer (PCA) and Caucasians in USA
with a high incidence (45). Men from both countries have a similar incidence of
latent PCA. The lower incidence of overt PCA in Japanese men is likely due to an
inadequate promotional hormonal environment.

Summary

Our data, based on the MNU-exposed parous studies and STET/STEPT rats,
indicate that these three phenotypes are alike in terms of their susceptibility to MC.
All are: susceptible to initiation and development of latent cancers; have a
drastically reduced incidence of overt mammary cancers; have a decreased
promotional environment with persistently reduced circulatory levels of GH and
PRL, as well as a decreased expression of and PRs in the MEC. Finally, all
protocols can develop a high incidence of overt mammary cancer with increased
promotion with

Together, all these data provide strong evidence in support of the notion
that STET/STEPT phenotypes can mimic the protective effect of pregnancy, and
that high pregnancy levels of may be the chief reason for the protective effect
against MC. Sustained exposure to high pregnancy levels of resets the
hypothalamic-pituitary axis resulting in a persistent reduction in the secretion of
circulatory PRL and GH, involved in the promotion and progression of the initiated
latent MC cells to overt carcinomas. Based on this hypothesis, we have succeeded
in developing two hormonal intervention strategies, using pregnancy levels of for
the prevention of carcinogen-induced MC in nulliparous rats. These treatments
(STET/STEPT) require sustained exposure to hormones for only 7-21 days. These
treatments are as effective as ovariectomy or full-term pregnancy and lactation
without any loss of ovarian function, reproductive ability, longevity, or any other
parameters, compared to normal controls. Understanding the biology and the
mechanism of the persistent reduction in circulatory mammogenic
hormones is likely to lead to better ways for BC prevention in women who choose
to remain nulliparous.
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Aromatase Inhibition and Breast Cancer

William R. Miller

Introduction

There is compelling evidence that estrogens (Es) both increase risk of developing
breast cancer (BC) and maintain the growth and progression of established tumors
(1). Recently, drugs have been developed which specifically and potently block E
biosynthesis (aromatase inhibitors). These agents now occupy a central role in the
treatment of postmenopausal patients with BC, and are being considered as
preventative agents in women at high risk of the disease. The success of these drugs
is founded on: (A) The peripheral production of Es in postmenopausal women. (B)
The key role of aromatase in the pathway of E synthesis. (C) The unique
endocrinology of postmenopausal BCs. (D) The evolution of different types of
aromatase inhibitors. (E) The mechanisms whereby Es initiate and promote BC.
Therefore, the objectives of this chapter are to review (i) the pivotal role of
aromatase in maintaining E within the breast and its tumors, and agents which have
been developed as inhibitors of this enzyme, (ii) the anti-tumor responses which
may be observed in hormone sensitive BCs following treatment with aromatase
inhibitors, and (iii) the biological rationale for using aromatase inhibitors to prevent
BC.

Sites of Estrogen Production

The major sites of E production differ in pre- and postmenopausal women. Before
the menopause, the ovary is mainly responsible for circulating levels of E.
However, peripheral synthesis of E is of greater importance in postmenopausal
women when ovarian E biosynthesis ceases. The postmenopausal ovary along with
the adrenal cortex produces substantial amounts of androgen (2,3) that can be used
as substrate for synthesis of  E at peripheral sites such as fat (4), skin (5), muscle (6),
liver (7), and BC (8), all of which possess aromatase activity.

Aromatase

The pathway of E biosynthesis is summarized in Figure 1. The first step of
cholesterol side-chain cleavage is rate-limiting but the last step catalyzed by
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aromatase is unique to E biosynthesis. Aromatase removes the methyl group
between the steroid A and B rings, and the A ring becomes aromatic. NADPH is
required as a cofactor, being generated by a NADP reductase and a transfer of
electrons via a specific CYP 19 p450 arom (9).

Figure 1. Classical pathway of E biosynthesis from cholesterol

Aromatase Inhibitors

E production may be reduced by inhibiting any step in the biosynthetic pathway but
blockade of aromatase (the last step in the sequence) is less likely to affect other
steroid classes. Consequently, there has been an impetus to develop selective and
potent inhibitors of the aromatase enzyme.

Aromatase inhibitors can be subdivided into steroidal (Type I) and non-
steroidal (Type II) agents (10) (Figure 2). Type I agents are androgen analogues
that bind to the enzyme, competing with the natural substrate. Inhibitors such as
formestane (11) and exemestane (12) are thought to be metabolized by the
aromatase enzyme into reactive intermediates resulting in tight or irreversible
binding. Because the enzyme is inhibited as an outcome of its own metabolism, the
drugs have been termed “suicide inhibitors” (13) or “inactivators”. A consequence
of such “inactivation” is that the inhibition is usually specific and long-term. Unlike
other reversible agents, continued presence of drug is not required for inhibition
(14), and duration of inhibitory effects is dependent upon de novo synthesis of
aromatase.

The development of Type II inhibitors followed the recognition that the
anti-epileptic drug, aminoglutethimide, inhibited aromatase (15).
Aminoglutethimide lacks specificity but newer second and third generation non-
steroidal aromatase inhibitors have greater selectivity and efficacy and less toxicity.
The lead third generation type II inhibitors are anastrozole (16) and letrozole (17).
Both are triazoles that bind reversibly to the aromatase enzyme, interacting with the
heme iron in the cytochrome p450 and occluding the substrate binding site (18).
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Figure 2.  Different classes of aromatase inhibitors. Type I, steroidal inhibitors are
androgen analogues. Type II, non-steroidal inhibitors, i.e., aminoglutethimide,
letrozole, and anastrozole are azoles.

Potency has been tested in a variety of model systems (19) including
placental microsomes, particulate fractions of BC and whole-cell systems such as
cultured fibroblasts. The effects of anti-aromatase agents in these three types of test
systems are summarized in Table 1. Aminoglutethimide, anastrozole, letrozole,
formestane, and exemestane all inhibit aromatase activity in each of the systems, but
the newer agents are orders of magnitude more potent than aminoglutethimide.
Thus, whereas concentrations are required for aminoglutethimide, only
nanomolar concentrations are needed with letrozole, anastrozole, exemestane, and
formestane. In general, the newer Type II inhibitors (anastrozole and letrozole) are
more potent than Type I inhibitors (formestane and exemestane). Amongst Type II
agents, letrozole appears most effective. Letrozole and exemestane are more active
in whole-cell cultures than in disrupted-cell preparations (20). The newer anti-
aromatase agents also have great specificity. For example, exemestane only affects
other steroid hydroxylases at concentrations that are at least 2,500 times higher than
those affecting aromatase.
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Endocrinology of Aromatase Inhibitors

Effects of aromatase inhibitors have been assessed on in-vivo peripheral aromatase
activity and circulating Es. To measure peripheral aromatase levels, radioactive
androgen precursors are given to women, and conversion to Es assayed by
measuring the radioactivity in Es purified from either urine or plasma (21 -23). Such
studies have shown that aminoglutethimide, 4-hydroxyandrostenedione, and
fadrozole achieve 90-92% inhibition of aromatization (23-25), whereas anastrozole,
letrozole, and exemestane suppress all in-vivo aromatization by >96% (21-23,26-
28).

These effects on peripheral aromatization translate into decreased levels of
Es in the circulation. Thus, daily anastrozole (1 mg), letrozole (2.5 mg), and
exemestane (25 mg) reduce circulating E in postmenopausal women to levels often
below the detection amount of current assays (21,28). Additionally, differences in
potency between inhibitors that are apparent on whole body aromatase can also be
detected at the level of circulating Es. Thus, exemestane will reduce E levels in
patients relapsing on the first-generation inhibitor aminoglutethimide (29).

These dramatic effects produced by the third-generation aromatase
inhibitors on Es are invariably achieved without measurable effects on the synthesis
and levels of other circulating steroid hormones (16, 17, 35).

Breast Endocrinology

The postmenopausal breast is unusual in that (i) steroid hormone levels, in
particular those of estradiol, may be substantially higher than those in circulation
(30), (ii) the breast is able to accumulate E from the circulation against gradient
(31), and (iii) both mammary adipose tissue (8, 9) and BCs (8) are capable of E
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biosynthesis. The relative contribution of uptake into the breast and local
biosynthesis of endogenous Es within breast tumors can be assessed from infusion
studies. These suggest substantial inter-subject variation; in some breasts, E levels
are largely accounted for by uptake, whereas in others by synthesis (31, 32).
However, tumors with highest levels of E are invariably those with the greatest in-
situ synthesis (32, 33). It has therefore been important to monitor the efficacy of
novel aromatase inhibitors on aromatase activity within breast tumors themselves.

Accurate assessment of the inhibitory potential of aromatase inhibitors
requires in-situ methodology. These protocols provide evidence of potent effects
within the breast (34). Thus, marked decreases in tumor in-situ aromatase activity
are observed in the majority of BCs, although occasional cancers appear resistant to
inhibitors (Figure 3). Inhibitory effects are also associated with changes in tumor
Es which decrease markedly with treatment (34).

Figure 3. The effect of neoadjuvant treatment with aromatase inhibitors on in-situ
tumor E synthesis. One patient in the letrozole (2.5 mg), two in the letrozole (10
mg), two in the anastrozole (1 mg), three in the anastrozole (10 mg), and three in the
exemestane groups had no evidence for tumor in-situ synthesis either before or after
treatment. Pre: Measurements performed immediately before treatment. Post:
Measurements performed after 3 mo treatment.

Aromatase Inhibitors and Treatment of Breast Cancer

Neoadjuvant protocols in which therapy is given with the primary cancer remaining
within the breast allow tumor responses to be assessed in individual patients by
monitoring changes in tumor volume during treatment. Impressive anti-tumor
effects have been observed in selected groups of patients with estrogen receptor

rich cancers. (19, 35) (Table 2). Marked reduction in tumor size provides
clinical benefits, and many patients who initially required mastectomy or were
inoperable can be treated by more conservative breast surgery (19, 35) (Table 3).
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Effects on tumor morphology and histopathology may also be monitored
by examining sequential biopsies before and during neoadjuvant therapy (36, 37).
The latest generation of aromatase inhibitors is capable of producing marked
changes in tumor morphology; clear reductions in cellularity/increases in fibrosis
are observed in most tumors following treatment (38, 39).

Therapy with aromatase inhibitors also produce a marked and consistent
reduction in the proportion of tumor cells staining positively with the Mib1
antibody, a useful surrogate marker for proliferative activity (40). Similarly,
following treatment, staining for progesterone receptors (PR), a marker of E
response, are significantly reduced (often to zero) in over 90% of the tumors studied
(40). These results are consistent with anti-estrogen and anti-tumor effects of
aromatase inhibitors.
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Estrogens, Aromatase and Risk of Breast Cancer

Many of the etiological factors associated with BC have a hormonal component (1).
Additionally, high BC risk has been related to increased E exposure from either
endogenous (41-46) or exogenous sources (47, 48). Polymorphisms in the
aromatase gene in women at high BC risk (49,50), and enhanced aromatase activity
in the breasts of women with BC (51, 52) have been reported. Conversely, E
deprivation may protect against the disease (53,54). For example, ovarian ablation
before the age of 35 years is calculated to reduce subsequent BCs by two thirds
(53).

These observations provide the rationale for the use of endocrine therapy
as preventative measures against BC in women with high risk of the disease. Four
trials using tamoxifen have been published (55-57), as has a fifth trial using
raloxifene (58). Although there are differences among studies, a recent meta-
analysis of the tamoxifen trials indicated that results were compatible with a 42%
reduction in short term incidence of breast cancer with tamoxifen use (59).

These studies provide the impetus to use aromatase inhibitors as
preventative agents and determine whether they may be more effective than
selective ER modulators (SERMs).

Differences Between SERMs and Aromatase Inhibitors

SERMs and aromatase inhibitors are often thought of as being equivalent; however
differences in mechanism of action may lead to variations in biological and clinical
effects. For example, aromatase inhibitors reduce endogenously synthesized Es; in
contrast, SERMs generally do not inhibit synthesis, and E levels remained unaltered
(60), or, in the case of pre-menopausal women, may increase (61, 62). This
difference may be important because metabolites of natural Es can have influences
independent of ER (63). Although aromatase inhibitors reduce levels of Es
synthesized endogenously, they will not diminish the activity of exogenous Es and
adrenal androgens that interact with the ER (64-66). In contrast, SERMs will
interfere with ER signaling irrespective of ligand. However, as the third generation
aromatase inhibitors appear more effective than tamoxifen (67-71), it is unlikely
that exogenous Es are responsible for the induction and growth of most BCs (64).

Finally, in contrast to tamoxifen, aromatase inhibitors are without E
agonist activity. This is illustrated by the effects of treatment on the expression of
markers of estrogenic activity such as PRs. Whilst aromatase inhibitors reduce the
tumor expression, tamoxifen’s most common effect is to increase expression (39)
(Table 4). The phenotype of an aromatase inhibitor-treated tumor is ER+/PR-,
whereas that of tamoxifen-treated is ER-poor/PR–rich.
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Role of Estrogens in the Development of Breast Cancer

The mechanism by which Es increase risk of overt BC is still the subject of debate
(Figure 4). Es can stimulate the proliferation of breast epithelial cells, leading to
genetic mistakes and a transformed cellular phenotype (72). Additionally, Es can
accelerate the growth of occult cancers resulting in increased incidence of overt
disease (73). These promotional properties of Es appear to be largely mediated
through ER signaling system. Consequently, both SERMs and aromatase inhibitors
should attenuate such promotion.

Figure 4. Mechanisms whereby E may
cause breast cancer: (1) via the ER, (2) via
metabolism of E. Note that anti-estrogens
block only ER-mediated events, whereas
aromatase inhibitors block both ER and
metabolic pathways

However, evidence is accumulating that E metabolites are genotoxic (74).
In particular, metabolism of Es via catechols (2-/4-hydroxyestradiol or
hydroxyestrone) may produce reactive quinones which can directly interact with and
mutate DNA, initiating carcinogenesis (75-77). Furthermore, these reactions also
generate reactive oxygen metabolites that may also damage DNA. The enzymes in
this metabolic pathway may be raised in women at risk of BC (72, 75, 76, 78).
These genotoxic processes appear independent of ER signaling. SERMs are
therefore unlikely to reduce genotoxic damage (Figure 4): in contrast aromatase
inhibitors which reduce E levels would. Indeed, it has been shown that BC cells
metabolize androgens into E-guanine adducts, and the aromatase inhibitor,
letrozole, is capable of inhibiting their formation (78).

Aromatase Inhibitors and Prevention of Breast Cancer

The above rationale and positive results with SERMs underpin the case for trials of
aromatase inhibitors in the preventative setting. However, the potent endocrine
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effects of third generation inhibitors make long-term monitoring of bone and lipid
profiles mandatory. Ongoing adjuvant trials with aromatase inhibitors provide
information on the incidence of new contralateral BCs and side-effect profiles. The
large ATAC trial shows a significant reduction in contralateral cancer in the
aromatase inhibitor (anastrozole) group compared with tamoxifen (35 vs 20, p =
0.007, compared with an expected 85 cases with no treatment,) (79). Aromatase
inhibitors also have not been successful in premenopausal women (80-82) because
of the high levels of aromatase activity in the premenopausal ovary and
compensatory feedback loops (13). However, the new aromatase inhibitors may be
sufficiently powerful to produce effective blockade, but they are not yet used
routinely in premenopausal women

Pilot chemoprevention studies which target high risk women, using third
generation aromatase inhibitors are being planned or underway. One study has
identified a small cohort of women with either DCIS or benign breast disease who
were treated for 3 months with letrozole, the primary objective being to measure
surrogate biomarkers of BC risk, and bone and lipid metabolism (83). The WISE
trial aims to recruit women at risk on account of high circulating Es and randomize
to either letrozole (1 year) or placebo. The National Institute of Canada is
conducting double blind, multicentrer trials to evaluate the effect of letrozole,
exemestane, or placebo on postmenopausal women with high breast density (84).

There are plans for two large Phase III trials. One will compare
anastrozole with placebo in 6,000 postmenopausal women (IBIS II), the other will
randomize 5,100 women to receive either exemestane or placebo or exemestane
plus a COX-II inhibitor (NCIC CTL MAP3).

Summary

The latest generation of aromatase inhibitors comprises highly potent and specific
endocrine agents. They have a central role in the management of hormone-
dependent BC, and their potential as preventative agents in women at high risk of
the disease is currently being explored in clinical trials.
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Androgens and Prostate Cancer Etiology:
Sorting Through the Evidence

Ronald K. Ross, Leigh Pearce, Juergen K.V. Reichardt, and
Gerhard A. Coetzee

Introduction

Prostate cancer (PCA) is by far the most common cancer in USA men. 221,000
cases were diagnosed in 2003, far exceeding lung cancer, the second most common
cancer, for which 92,000 cases occurred (1). In fact, PCA is the most common
cancer in either gender, exceeding even female breast cancer for which
approximately 211,000 cases were diagnosed. Although some PCA is curable when
detected at an early stage, and other PCAs follow a somewhat indolent clinical
course, PCA is, nonetheless, also the second leading cause of cancer deaths in USA
men, with nearly 29,000 in 2003.

The epidemiology of PCA is complex and effective treatment of PCA, at
least for advanced stage disease, has remained elusive. While there remain many
important unanswered questions regarding both prevention and therapeutic
strategies for PCA, a complete understanding of three important and possibly
interrelated issues would likely pave the way to substantial control of this ever
growing epidemic. 1) PCA is among the most internationally and racial ethnically
variant of all cancers. African-Americans have by far the highest rates of PCA in
the world, whereas Asian populations in their native countries (i.e., Japanese,
Chinese, and Koreans) have by far the lowest. Historically, there has been as much
as a 100.0-fold difference in PCA risk between these extremes (2). The reasons for
this remarkable difference remain poorly understood. 2) While the difference in
incidence of clinically detectable PCA among different countries and among various
racial-ethnic groups is extraordinary, differences in the underlying prevalence of
“occult” or clinically non-detectable disease across these same populations is
substantially less (3). Moreover, the prevalence of occult disease, as determined by
autopsy, approaches 30% for men in their early 50’s, which far exceeds the lifetime
incidence of clinical PCA even among very high risk groups such as African-
Americans (3). It is likely, though unproven, that clinically detectable disease
evolves from these occult lesions. If so, it is clear that only a fraction of these
lesions progress, and at highly variable rates among different individuals and across
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populations. The reasons for this variability are unknown. 3) Nearly all advanced
PCA responds initially to androgen ablation therapy, but after a variable period of
remission, every PCA becomes refractory to such treatment, and then progresses
incessantly to eventual death in nearly all patients. (4). Why PCA becomes hormone
refractory remains a mystery.

We believe that understanding why there exists such extraordinary
variation in incidence across racial-ethnic groups, what controls the varying rates of
progression from occult to clinically relevant disease between individuals and
across populations, and what causes PCA to escape androgen ablation therapy, are
the three keys to effectively controlling the disease.

The pioneering work of Huggins in the 1940’s showing that androgen
ablation therapy was an effective, albeit temporary, treatment for early metastatic
PCA (5), combined with the longstanding knowledge that normal prostate growth is
under androgen control (6), has led to a large body of research devoted to
understanding fully the role of androgens in PCA etiology, progression and therapy.
In fact, our research program at the Keck School of Medicine at USC has focused
on androgen signaling pathways in trying to further our understanding of the three
crucial questions posed above. We  focus here primarily on the etiologic question.

Major Risk Factors

PCA is probably the leastunderstood epidemiologically of all major cancers. In
fact there are still only three fully established risk factors: 1) Age. PCA is the most
age-related of all epithelial cancers. Historically, it has been extremely rare prior to
age 40 (more cases are now being diagnosed with the introduction of prostate
specific antigen (PSA) screening to detect pre-clinical disease), but thereafter the
increase in incidence with age is greater than for any other cancer (incidence
increasing at approximately the power of age) (7). 2) Family History. The
strong familiality of PCA has been fully recognized only during the past decade or
so (8). Men with a first degree relative (brother or father) with PCA have
approximately a 2.0-3.0-fold increase in risk compared to men with no such family
history. Risk is greater if the relative had PCA at a relatively young age or if
multiple relatives have been affected (8). 3) Race-ethnicity/International
Variation. As noted above, there exists extraordinary racial-ethnic and across
country variation in PCA risk, with African-American men having the highest risk
worldwide and Asian populations the lowest. Asian-American men have PCA rates
that are substantially higher than those in their homelands, but even among highly
acculturated Asian-Americans, such as Japanese in Los Angeles (LA), rates never
approach those of whites much less African-Americans. Unfortunately, we are
unaware of any truly comparable data on PCA incidence rates among blacks in
Africa with which to compare the rates in African-Americans. PCA rates in most
areas of the USA showed marked secular trends following the implementation of



large scale use of PSA testing in the late 1980s. In LA, this led to rapid increases in
incidence which began to taper and decline in the mid 1990s, but rates remain well
above those of the pre-PSA era. Noteworthy, these increases and subsequent
declines occurred somewhat in parallel among different racial-ethnic groups with
the peak among African-Americans and Latinos offset about two years compared to
whites (Figure 1).

Figure 1. Time
trends of prostate
cancer incidence
rates by
race/ethnicity, LA
Co., CA, 1972-
1997. All rates are
age-adjusted to the
1970 USA
population.

Overview: Androgens and Prostate Cancer

Our initial interest in the role of androgens in PCA pathogenesis and progression
was stimulated by our more general interest in the role of cell division in
carcinogenic transformation (9), and the recognition that androgens are essential for
such division to occur in prostate tissue (6). Other work which supported the
possible importance of androgens further stimulated that interest, in particular that
all existing animal models of adenocarcinoma of the prostate development have an
absolute requirement for androgens (10). In some instances, androgens alone are
sufficient to cause the disease (11).

In the late 1980s and early 1990s, we initiated a series of studies to
determine whether there was any evidence of underlying differences in the androgen
milieu among populations at widely varying risk of  PCA, i.e., African-Americans,
USA whites, and rural Japanese, that might suggest an androgen role in this
variability. We found that African-American men have substantially higher
testosterone levels at a young age than young men in the other two groups (12), and
that Japanese men, while not having lower testosterone than whites as anticipated,
have substantially lower circulating levels of androstanediol glucuronide (13). This
hormone is a whole body index of the enzyme required to bioactivate
testosterone in prostate cells through irreversible conversion to dihydrotestosterone
(DHT) (6). Our research, while focused entirely on healthy populations,
nonetheless suggested the possibility that there are differences in testosterone
biosynthesis and metabolism across racial-ethnic groups that might help explain
their varying rates of PCA. Of course, demonstrating that testosterone or
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testosterone metabolite levels in healthy men predict their subsequent risk of PCA
would provide more direct evidence for a role of androgens in PCA etiology.
Although several such prospective studies have been published with inconsistent
results (10), the best-designed study to test this hypothesis in terms of laboratory
rigor and adequate statistical power, the Physicians Health Follow-up Study, found
that men in the highest quartile of circulating testosterone had 2.6 times the
likelihood of developing PCA compared to men in the lowest quartile (p = 0.004 for
trend) (14).

We have been exploring whether these observed racial-ethnic differences
in androgenic milieu might have a genetic basis; in particular, whether there might
exist genetic variants in androgen metabolism, transport or activity genes that
impact PCA risk within and between racial-ethnic groups. Initially, we have
explored two genes–the androgen receptor (AR) and steroid type II
genes – and these investigations have proven helpful in understanding the possible
connection of candidate genes to PCA generally, and have also helped us lay out a
more global strategy for future investigations.

The Androgen Receptor Gene

The AR is a member of the superfamily of steroid receptors and like most receptors
in this family has a DNA binding domain, a hormone binding domain and a
transcription modulatory domain which for the AR is completely encoded by the
large exon 1 of the AR gene (15). The AR gene maps to the long arm of the X
chromosome (15). Within exon 1 are two highly polymorphic tri-nucleotide repeats

and We became interested initially in the CAG repeat with
the recognition that an expansion of that repeat from the normal size range of
approximately 8-33 to 36 or greater, was the cause of an uncommon adult onset
motor neuron disease, spinal and bulbar muscular atrophy, or Kennedy’s disease
(16). Men with Kennedy’s disease have evidence of hypoandrogenization,
including gynecomastia, low sperm counts, and sub-fertility (17). In-vitro studies
have demonstrated that ARs with an expanded glutamine tract encoded by this
repeat, bind androgens normally but transactivate androgen responsive genes
substantially sub-optimally (16). As the expansion of this repeat is the sole cause of
Kennedy’s disease and the apparent sole cause of the hypoandrogenization in such
men, we hypothesized that there might be altered androgen activity related to the
size of the CAG repeat within the normal range of repeats, i.e., that androgen
transactivation activity is reduced with increasing number of repeats (18). We
further hypothesized that shorter repeats, if they are associated with higher androgen
transactivation activity, might also be associated with PCA risk. Consistent with
this hypothesis, African-American men have the shortest average repeat length,
Asians the longest, with whites intermediate, as expected from their respective PCA
rates (19).
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This hypothesis gained additional credibility when it was shown in
transfection assays that transactivation activity is negatively correlated with repeat
length within the normal range (20), just as it was in the expanded repeat range seen
in Kennedy’s disease. We proceeded to explore this hypothesis directly in a small
population based case-control study in LA County, in which the case group was
comprised of white men under age 65 at PCA diagnosis and the control group was
comprised of a comparably aged group of healthy white men from the
neighborhoods in which the cases lived at the time of diagnosis. We showed in this
study that men with CAG repeat length under 20 had a 2.0-fold increase in PCA risk
compared to men with a repeat length of 20 or more. This effect was particularly
pronounced for advanced disease (OR = 2.36, 95% CI = 1.02, 5.49) (21). This
hypothesis has been among the most investigated of all molecular epidemiologic
hypotheses of PCA to date (22). Many of these investigations are summarized in
Table 1. Not all of these studies are of the same quality, some suffering from low
statistical power, others from cases chosen from convenience samples or from
controls drawn from non-representative populations. Nonetheless, while there is
considerable inconsistency in findings across studies, most find some inverse
relationship – either overall, limited to advanced disease or for early onset PCA
only – between PCA risk and CAG repeat length.

It is interesting to think about how changes in androgen activity due to
incremental changes in CAG repeat length might be expected to alter PCA risk.
Cancer rates increase as a logarithmic function of age; for PCA, the most age-
related of all cancers, incidence increases by age raised to approximately the
power. For most epithelial cancers, including PCA, the relationship between
incidence, I, with age, t, can be represented by the equation which
produces a straight line of slope k when the logarithm of incidence is plotted against
the logarithm of age (39). The fundamental idea is that “aging” of a tissue relates to
its cell kinetics, i.e., its effective mitotic rate. When the tissue is not undergoing
cell division, the rate of aging is zero, whereas aging is maximal when the mitotic
rate is maximal.

Under this model if a single repeat increment results in a 10% increase in
androgen activity and, therefore, in prostate tissue “aging,” this would translate into
potentially as much as a 2.4-fold lifetime increase in PCA risk; a 2% increase would
translate into a 20% increase in risk, whereas a 1% increase would translate into a
9% increase, and a 0.5% into a 5% lifetime increase (Table 2).

We have done additional work to understand better mechanistically how
CAG repeat length affects androgen activity, and also have begun preliminary
studies of how this genetic effect might interact with other genetic variants in the
androgen signaling pathway to modify PCA risk. Coetzee, et al. have shown, for
example, the importance of co-activator proteins in realizing the full impact of CAG
repeat length on transactivation activity. His lab has shown that members of the
p160 family of co-activator proteins (A1B1 and GRIP1) bind to the region of the
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poly-glutamine tract encoded by the repeat and that, in-vitro, ligand alone
(i.e., DHT) is insufficient for any impact of CAG length on transactivation activity
(40). Adding A1B1 or GRIP1 together with DHT not only substantially increases
transactivation activity in this system, but also clarifies the substantial impact of the
length of the poly-glutamine tract on such activity (40). On average, there is
approximately a 0.5%-2% decline in activity with each additional poly-glutamine in
these in-vitro systems. Based on Table 2, under reasonable assumptions regarding
PCA incidence, this would result in a 4% or greater change in lifetime PCA
incidence.
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Although the full set of genes under various conditions that are activated
by the AR are still poorly understood, the PSA gene is one whose expression is
consistently tied to androgen receptor activity. We have found some evidence that
PSA levels are correlated with size in the AR gene. A non-silent SNP

has been described in the androgen response element of the PSA gene (41).
We explored preliminarily the relationship of that SNP with PCA risk in
conjunction with CAG size in the AR gene. The GG PSA genotype was associated
with advanced PCA regardless of AR CAG genotype and CAG genotype was
associated with risk regardless of PSA genotype. However, the strongest
relationship with PCA risk was for the combined PSA GG, AR CAG short
genotypes (OR = 9.6, 95% CI = 2.0, 45.5) (Table 3) (42).

Our research activity related to the AR gene has been useful from several
perspectives. It has illustrated the potential importance of focusing on polygenic
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origins, the critical importance of combining functional studies with epidemiologic
analyses in understanding genotype/disease relationships, and the potential for
transcribing knowledge gained in understanding the genetic origin of one disease to
understanding others.

The Steroid                        Type 2 Gene

The other gene that our research program has focused on is the steroid reductase
type 2 (SRD5A2) gene. There are at least two reductase isozymes encoded by 2
genes on different chromosomes (43). Although early work suggested that only the
type II enzyme was expressed in prostate tissue, more recent work suggests that the
more ubiquitous type I enzyme is as well (44). We began our work with the
SRD5A2 gene by systematically sequencing the gene in a group of men with very
high or very low circulating levels of androstanediol glucuronide, an index of whole
body reductase activity. We identified initially 25 single nucleotide
polymorphisms (SNPs) in the protein coding region – 10 missense and 15 silent
(i.e., third base pair substitutions) (45). We have subsequently identified 11
additional SNPs in the putative promoter region and 5’ and 3’ UTRs. We have
reconstituted each of the missense coding region SNPs by site directed mutagenesis
in the SRD5A2 cDNA, and then overexpressed these and assayed them
biochemically and pharmacogenetically (Table 4). We found an apparent 200-fold
range in enzyme activity, measured as the apparent and a 60-fold
pharmacogenetic variation as measured by finasteride inhibition (46). Several of
these SNPs looked particularly interesting based on these in-vitro studies, in
particular the A49T (alanine replaced by threonine at codon 49) polymorphism
which was associated with an apparent substantial increase in enzyme activity, and
the R227Q (arginine at codon 227 replaced by glutamine) polymorphism which was
associated with almost non-detectable enzyme activity. Subsequently, we showed
that both African-American and Latino carriers of the T allele of A49T had
substantial and statistically significant increases (approximately 5.0-6.0-fold) in
advanced PCA compared to men with wild type genotype (47). We have found
among such carriers to date in either whites or Japanese-Americans. Hsing, et al.
found an increase in risk in Chinese men carrying the T allele (48), but other
investigations of A49T have yielded inconsistent results (49). The R227Q
polymorphism has been found only in Asian, especially Chinese men, but never as a
homozygous variant. In fact, the R227Q mutation has been reported in Chinese
with male psudo-hermaphroditism consistent with both the observed low in-vitro
activity, and to our inability to find this mutation in a homozygous state among
either healthy individuals or PCA cases (50).

As with our work on the AR, the SRD5A2 work has also proven valuable
in developing strategies for understanding genotype/disease relationships. In
particular, this work has provided a useful paradigm of proceeding from targeted
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biochemical studies to detailed gene studies to SNP-based functional studies to
epidemiologic association studies. The biochemical and molecular epidemiologic
studies of reductase and PCA led directly to the ongoing USA PCA
chemoprevention trial of finasteride, a specific reductase type II inhibitor (51).
There exists the distinct possibility that trial efficacy might depend strongly on
underlying SRD5A2 genotypes, as we have demonstrated strong pharmacogenetic
variation in-vitro (Table 4).

Future Research Agenda

Androgen signaling pathways in the prostate are, of course, exceedingly complex
and include roles for products of genes involved in androgen biosynthesis,
transport, bioactivation and metabolism, as well as various coactivator proteins and
the products of various downstream genes. Additional complexity relates to the role
of intersecting pathways [i.e., obesity-insulin-insulin like growth factor signaling
pathway (52)], and to the recent recognition that AR transactivation can occur both
through alternative ligands, as well as through non-classical ligand pathways (53).
While androgen-related genes other than the AR and SRD5A2 have been
preliminarily investigated in relationship to PCA, none have been extensively
studied (49). It is clear that a full understanding of the contribution of genetic
variants to this etiologic pathway overall will require a fuller understanding of the
complexity of the pathway, and of variation and functional relevance of this
variation in the genes themselves.

To date, the general approach to candidate gene association studies for
PCA, as well as most other chronic diseases, has been primarily a SNP genotype-
based approach with a somewhat arbitrary, in many cases, selection of SNPs.
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Although utilization of biochemical correlate or in-vitro studies has reduced the
randomness of this process in some instances (as with the AR and SRD5A2 work
described above) there is a clear need for a more systematic pathway driven
approach. Investigators in our Epidemiology Program at USC have been
collaborating with molecular geneticists at the Whitehead Institute Center for
Genomic Research at MIT to fully characterize SNP variations in a large series of
candidate genes including many known to be involved in androgen signaling
pathways. The goal of this research is to conduct disease association studies
utilizing a SNP haplotype-based, rather than the traditional SNP genotype-based
approach. The pattern of linkage disequilibrium (LD) varies widely across the
human genome, but discrete regions of high LD (blocks) exist across populations
(54). Within these blocks haplotype diversity is limited. Due to the high degree of
LD within these blocks, a subset of haplotype tag SNPs (htSNPs) can be selected to
efficiently identify the common haplotypes (55). While empirical data that this
SNP haplotype-based approach is superior to SNP genotype-based methodology in
disease association studies are limited, this approach provides the huge potential
advantage of characterizing variation across an entire genomic locus in a highly cost
efficient manner. Importantly for PCA, our collaborative effort with the Whitehead
is conducting these detailed characterizations across racial-ethnic groups.
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Id-1 Protein as a New Marker for PCA

YC Wong, MT Ling, XH Wang, XS Ouyang, ALM Cheung,
Franky L Chan

Introduction

Prostate cancer (PCA) is one of the most common cancers and is the second killer
among men in the USA. Despite extensive research in the last two decades, the
mechanism of prostate carcinogenesis remains not well understood. In order to
study the process of prostate carcinogenesis in a systematic fashion, we employed
an approach modified from Noble’s original design by implanting a combination of
testosterone and estrogens capsules subcutaneously for a period of up to12 mo (1).
The hormone capsules were replaced every 3 mo to ensure that a high level of
serum hormone was maintained. In this model, hyperplasia/dysplasia was detected
as early as 2-3 mo, and fully developed prostate adenocarcinomas first appeared~ 5
mo post-treatment. After 10-12 mo, almost all rats developed PCA. During the
process of carcinogenesis, there were changes in expression of a number of growth
factors, including IGF-1, VEGF, HGF, and their receptors together with a
change in secretory protein profiles (1 -4). Concurrently, there was also a change in
stromal structural organization involving derangement as well as dedifferentiation
of smooth muscle to fibroblastic cells (2, 5).

Detection of Id-1 Over-expression in PCA in the Rat Model

Using this model, we studied the gene expression profile during prostate
carcinogenesis using a cDNA array method. The results were confirmed by RT-
PCR, western blotting, and immunohistochemical (IHC) analyses. Seventeen genes
were differentially expressed, and three of them with the highest level of over-
expression were selected for further analysis. They included: Testosterone-
repressed prostatic message-2 (TRPM-2), matrix metalloproteinase-7, (MMP-7),
and inhibitor of differentiation or DNA binding (Id-1) (6). Increased expression of
TRPM-2 and MMP-7 was observed in both pre- and malignant samples after sex
hormone treatment, indicating their role in the early stages of  hormone response and
PCA development. In contrast, Id-1 was expressed at relatively low levels in all
pre- malignant samples, but its level of expression increased in malignant
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cells, suggesting its potential role as a PCA biomarker. More significantly, we
found that the level of Id-1 expression was higher in poorly differentiatedlesions
than in well-differentiated carcinomas (Figure 1), suggesting that the levels of Id-1
expression may be correlated with tumor malignancy (6).

Figure 1. IMH study of Id-1 protein expression. Sections from normal LPs,
hyperplasia, dysplasia, and carcinoma regions were stained with specific Id-1
antibodies. Note absent to weak Id-1 expression detected in normal LPs and in non-
malignant lesions, while PCA cells exhibit high Id-1 immunoreactivity (400 x).

Nature of Id-1 Protein

Id proteins belong to a protein family with molecular weights ranging from 13-20
kDa and helix-loop-helix (HLH) domains. There are four family members; Id-1 to
Id-4. Their function is to inhibit basic HLH transcription factors from binding to
DNA by heterodimerization with basic HLH proteins, thus, inhibiting the
transcription of differentiation associated genes (9,10). Id-1 was first discovered as
a negative regulator of DNA binding and an inhibitor of cell differentiation in
myoblasts (7). It is expressed in a variety of cell types including epithelial cells.
Recently, Id-1 expression has been reported in many tumor types, i.e., breast and
pancreatic cancers. Increased expression of Id-1 has been associated with
proliferation potential and invasion ability (11-13). In addition, Id-1 expression
does not only restore the ability of DNA synthesis in senescent human fibroblast
cells, but, in addition, results in the immortalization of human keratinocytes (9,14),
indicating its positive role in cell proliferation and carcinogenic process. Moreover,
Id-1 appears to be an essential factor promoting G1 /S cell cycle transition in certain
cell types (14-16). In human breast cancer (BC), Id-1 is more commonly expressed
in invasive carcinomas compared to ductal carcinomas in-situ (DCIS) (11).

Role of Id-1 in Human PCA

Since in the Noble rat model, the levels of Id-1 expression correlate to those of
PCA, we hypothesize that Id-1 over-expression occur in human PCA. In addition, if
Id-1 levels are positively correlated with tumor malignancy, Id-1 may serve as a
useful PCA prognostic marker. To test our hypothesis, we examined the expression
of Id-1 protein and mRNA by IMH and in-situ hybridization analysis in human
normal prostate, benign prostatic hyperplasia (BPH), and cancer biopsies (Figure 2)
(17). In addition, we correlated the difference in Id-1 expression with PCA grade
using the Gleason classification (17).
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Figure 2. Id-1 in-situ hybridization in
normal prostate, BPH, and malignant
prostate specimens. (A). Normal
prostate. Note the absence of Id-1
mRNA expression (200 x). (B). BPH.
Note the very weak to undetectable
Id-1 mRNA expression (200 x). (C).
Well-differentiated PCA showing
moderate levels of Id-1 mRNA
expression (200 x). (D). Moderately
well- differentiated PCA. Note the
relatively strong Id-1 mRNA
expression (200 x). (E) and (F).
Poorly differentiated PCA. Note
strong Id-1 mRNA expression (100 &
400 x). (G). Negative control using
sense probe to determine non nonspecific staining (100 x).

In normal and BPH tissue samples, we observed negative to weak Id-1
expression. In contrast, all PCA biopsies displayed substantial Id-1 expression in
tumor cells at both the mRNA and protein levels. Furthermore, Id-1 expression was
highly prominent in poorly differentiated (high Gleason grade) than in well-
differentiated (low Gleason grade) carcinomas, suggesting that its level of
expression may be associated with tumor malignancy (17).

Functional Studies of Id-1

In order to determine the effect of Id-1 expression on human PCA cell growth, we
transfected an Id-1 expression vector into a PCA cell line, LNCaP, which exhibited
undetectable levels of Id-1 in the absence of fetal calf serum (FCS).

Ectopic Id-1 Expression and its Effect on PCA Growth. Id-1 expression in
LNCaP cells was high in the presence of 10% FCS; it decreased with lower FCS
concentrations, and became undetectable after culturing in serum free media (SFM)
for 48 h. To determine the effect of ectopic Id-1 expression, a retroviral vector
containing the full-length human Id-1 cDNA (pBabe-Id-1) was transfected into
LNCaP cells, and 10 stable clones were selected (18). In the absence of FCS, 7/10
clones expressed Id-1 at different levels in the absence of FCS (Figure 3). The
remaining 3 clones remained Id-1 negative. The effect of Id-1 in PCA cell
proliferation was determined in the transfectant clones. The results showed that the
introduction of  Id-1 increased LNCaP cell proliferation and Id-1 expression (Figure
4). These data indicate that ectopic expression of  Id-1 gene activity enhances the
growth of transfectant clones in the absence of FCS.
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Figure 3. Id-1
expression in parental
LNCaP and stable
transfectants. (A)
Serum-dependent-Id-1
expression in LNCaP
cells. Cells were cultured
in RPMI 1640 medium
containing different FCS
concentrations for 24 to
48 h before Western blot
analysis. Note that Id-1
expression declines as the
level of FCS decreases.
(B) Id-1 expression levels in stable transfectant clones (Id-1-C1-10), vector control
(pBabe), and parental LNCaP cells cultured in SFM for 48 h. Note that 7/10 clones
express different levels of Id-1 protein, while Id-1 expression is undetectable in the
controls. Expression of actin was used as an internal loading control.

Effect of Id-1 Expression on DNA Synthesis and Cell Cycle Distribution. Next,
we determine whether Id-1-induced cell growth was due to its ability to initiate
DNA synthesis in PCA cells in SFM (18). Cell cycle analyses showed an increased
number of S phase cells in Id-1-expressing cells (Figure 5). In addition, the
increase in S phase cells was correlated with the levels of Id-1 expression; i.e.,
higher Id-1 expression levels, higher S phase number, thus higher cell proliferation
rate. This finding was confirmed by the analysis of DNA synthesis by BrdU
incorporation (Figure 6). The DNA synthesis rate in clones with higher Id-1 levels
was similar to those of control LNCaP-pBabe cultured in 10% FCS. These data
indicate that the increased cell growth involves shortening of the cell cycle with a
concurrent increase in DNA synthesis (18).

Figure 4. Growth rate of LNCaP
and Id-1 transfectants cells,
cells were cultured in 24-well
plates in SFM. Every 24 h, cell
number was determined using
Trypan-blue. Values represent
the mean ± SD of three
experiments. Note that the cell
growth rate is associated with
increased Id-1 expression.
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Figure 5. Cell cycle distribution of  Id-1 transfectants. Cells cultured in
SFN for 48 h, unless indicated. Flow cytometry was performed on an EPICS
profile analyzer and analyzed using the ModFit LT2.0 software (Coulter) (18).
Note the increased number of S phase cells in cells expressing Id-1.

Figure 6. BrdU incorporation. Cells cultured in SFM for 48 h before testing. At
least 500 cells/experiment were counted. Values represent the mean ± SD of three
separate experiments (18).

Effect of Id-1 Expression on Pathway. To investigate the
mechanisms involved in Id-1-induced LNCaP cell proliferation, we determined the
expression levels of CDK2, and Rb in Id-1
expressing clones (18). The results showed that the expression of was very
low or undetectable in all of the Id-1 expressing clones, while a 2.0-3.0-fold
increase in expression levels was observed in the controls and the Id-1
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negative clones (Figure 7). These data demonstrate that Id-1 expression reduced
the levels of protein expression in LNCaP cells. In addition, we found that
the phosphorylated forms of CDK4 and 2 were apparent in all of the Id-1 expressing
clones, but not in the controls or Id-1 negative clones (Figure 7). No significant
changes were found in the levels of expression of or in the Id-1
expressing clones. Further phosphorylated Rb was found in all of the clones;
however there was no evidence of Rb phosphorylation in the controls or Id-1
negative clones (Figure 7). Our results indicate that Id-1 induced inactivation of the

pathway may be responsible for the increased cell proliferation
observed in PCA cells.

Figure 7. Western
blotting analysis of

CDK4,
CDK2,

and Rb expression in
Id-1 transfectants and
controls. Cells were
cultured in SFM for 48
h before harvesting.
Aliquots
were immunoblotted
with Santa Cruz
Biotechnology
antibodies Id-1 (C20,
1:200), (N20, 1:500), (1:1000, N20), (1:1000),
Transduction Laboratories CDK4 (1:250), Oncogene CDK2 (1:2000) and pRb
(1:500, Ab-1). The relative amounts of each protein were quantified as ratios to
actin (1:500, Amersham). Results represent three independent experiments.

Id-1 Activity and MAPK Signaling Pathway

Earlier, we have shown that expression of Id-1 may be associated with advanced
stages of PCA (17). This implicates that Id-1 may function as an oncogene. Our
earlier studies further suggest that one of the oncogenic functions of Id-1 may be
through inactivation of leading to the dysfunction of tumor
suppressor pathway (18). Recently, Id-1 has been shown to facilitate human
fibroblasts escaping senescence through the Ras-Raf-MEK signaling pathway (19).
In addition, one of the downstream effectors of the MAPK pathway, early growth
response-1 (Egr-1), has been reported to interact with Id-1 (20). Since activation of
the MAPK pathway and the over-expression of one of its downstream effectors,
Egr-1, are associated with advanced cancer (21, 22), we investigated the
involvement of MAPK in Id-1-induced PCA cell proliferation.
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Figure 8. Effect of ectopic Id-1 expression on Raf-1, MEK1/2, and Egr-1
expression in LNCaP cells. Stable Id-1 tansfectants and the vector control pBabe
were generated as previously described (18). Cultured cells in SFM RPMI 1640
medium for 48 hr. AandC: Protein aliquots immunobloted with phospho-
Raf-1 (Ser259), phospho-MEK-1/2 (Ser 217/221), MEK-1/2; Id-1, Raf-1, Egr-1,
and B: RT-PCR analysis of Egr-1 mRNA expression (25, 26).

Effect of Ectopic Expression of Id-1 on Raf-1, MEK1/2 and Egr-1 Expression.
Using four stable transfectant clones (C1-C4), we determined the possible
contribution of MAPK in Id-1-induced serum independent cell proliferation in
LNCaP cells (23). Western blotting data showed, in the absence of FCS for 48 h,
there were no detectable levels of Id-1 expression in the control, pBabe, and LNCaP
cells, while the Id-1 protein was expressed in all four transfectant clones. In
addition, there was an increase in expression of the phosphorylated form of Raf-1
and MEK1/2 proteins in all the Id-1 clones (18). The level of expression of the
phosphorylated Raf-1 and MEK1/2 was much lower in the controls. However, there
was no increase in total levels of each protein among the controls and the Id-1-
expressing clones (Figure 8).

Since activation of Raf-1 and MEK1/2 signaling is through
phosphorylation, these data indicate that exogenous Id-1 expression in LNCaP cells
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resulted in a direct activation of Raf/MEK1/2 kinases. The expression of Egr-1, one
of the downstream effectors, was also increased both at the protein and mRNA
levels (Figure 8). These results strengthen our views on the involvement of MAPK
signaling pathway in Id-1 -induced serum independent LNCaP cell growth (23).

Figure 9. Effect of MEK1/2 inhibitor PD098059 on the expression of MEK1/2 and
Egr-1 in Id-1 transfectants and their controls. Culture cells in SFM for 48 h were
treated with different concentrations of PD098059 for 24 h (24). A and C: Western
blotting analysis of MEK1/2 and Egr-1 expression before and after treatment with
PD098059. B: RT-PCR analysis of Egr-1 expression. Note that in Id-1-expressing
clones treated with PD098059 there is a decrease in the expression of MEK1/2
phosphorylation and Egr-1.

Effect of MEK1/2 Inhibitor PD098059 on the Expression of MEK1/2 and Egr-
1 in Id-1 Transfectant Clones. In order to determine whether activation of the
MAPK signaling pathway played a role in Id-1-induced serum-independent cell
proliferation, all Id-1-expressing clones and the controls were treated with
PD098059, a selective inhibitor of MEK1/2 (24). The data showed a decrease in
phosphorylated MEK1/2 protein levels after the inhibitor treatment. This decrease
in expression concentration dependent, and was not detect in the control pBabe and
parental LNCaP cells (Figure 9). On the other hand, the basal levels of MEK1/2
protein (both the none and the phosphorylated forms) remained unchanged under
the same conditions. When the treated cells were analyzed for Egr-1 expression,
both the protein and mRNA levels were also affected. The decreased levels were
again dependent to the concentration of the inhibitor (Figure 9). These data indicate
that inhibition of MEK1/2 phosphorylation by PD098059 leads to inactivation of
MEK1/2 kinase, thus resulting in a decreased MAPK signaling transduction activity
(23).
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Figure 10A. Effect of PD098059 on cell cycle distribution. Cells were
plated in 5% PCS culture medium. After 24 h, the medium was replaced by SFM
for 48 h, and PD098059 or DMSO (solvent control) was added. Cells were
harvested 24 h later by trypsinization, and fixed in ice cold 70% ethanol for at least
1 h. Flow cytometric analysis was performed on an EPICS profile analyzer and
analyzed using the ModFit LT2.0 software. Note the decreased % of S phase cells
shown in the Id-1 transfectants after exposure to PD098059.

Effect of PD098059 on Id-1 Induced Serum Independent PC A Cell Growth. In
order to investigate the effect of the inhibition of MAPK signaling pathway on Id-1-
induced cell proliferation on LNCaP cells, we examined the cell cycle distribution
and growth rate after exposure to PD098059 and compared to the untreated controls
(23). The results showed that in untreated cells, the % of S phase cells in pBabe
and parental LNCaP controls was small (1 -2%), while in the four transfectant clones
increased 8-13% (Figure 10). Upon PD098059treatment, a MAPK inhibitor, at 50

for 48 h, the % S phase cells of the four transfectant clones was reduced to 1.5-
4.5%, similar to the controls (Figure 10A).

In addition, the data on cell growth were compared to the cell cycle
studies. In the absence of inhibitor, the Id-1-expressing clones showed an increased
growth rate compared to the controls. After PD098059 treatment, the growth rate
of Id-1-expressing cells was reduced with increasing concentrations of the inhibitor.
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At a concentration of the growth rate was similar to that observed in the
controls (Figure 10B). These results indicate that inhibition of Raf/MAPK
signaling pathway leads to inhibition of Id-1-induced cell proliferation in LNCaP
cells (23).

Figure 10B. Effect of
PD098059 on Id-
1 -induced PCA cell
growth. Cells
were plated in SFM 48 h,
and PD098059
or DMSO (solvent
control) was added.
Values represent the mean
± SD of triplicate

wells/experiment, and each experiment was repeated at least three times. Note that
PD098059 treatment in the Id-1-transfectants results in decreased cell growth.

Effect of Treatment of Id-1 Anti-sense on Expression Id-1 and Egr-1 Proteins
in PCA Cell Lines Constitutively Expressing Id-1. In order to confirm further
the association between Id-1 and MAPK signaling pathway, we treated PC3 and
DU145 cell lines that express relatively high levels of Id-1 protein, with anti-sense
oligonucleotides complementary to Id-1 mRNA and a control oligomer (14). No
change was detected in the controls. However, in the Id-1 anti-sense-treated cells,
the expression of both Id-1 and Egr-1 proteins was decreased (Figure 11). The
decrease in expression of Id-1 and Egr-1 proteins was associated with a decrease in
cell proliferation rate. These data further strengthen the view that MAPK signaling
pathway activation is essential for Id-1-induced serum-independent cell growth in
PCA cells (23).

Figure 11. Reduction of Id-1
and Egr-1 protein expression
by antisense oligomers
complementary to Id-1 mRNA
in PC-3 and DU145 cells.
Western blotting analysis of
Egr-1 from cells cultured in
SFM for 48 h and treated with control oligomer or Id-1 antisense
oligonucleotide (10 or for 48 h (14). Note that inactivation of Id-1 by
antisense oligonucleotides leads to decreased Egr-1 expression in both cell lines.

Summary and Conclusions

Several conclusions can be reached from the data presented. (1). Id-1 protein is an
important biomarker for PCA. (2). The level of its expression is related to the
malignancy of the PCA. (3). Id-1 expression levels in PCA tissue samples has the
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potential to be used as a prognostic marker since high Id-1 expression is related to
poor prognosis; and low expression to good prognosis. (4). One of the possible
pathways for Id-1 gene action is through the inactivation of the p16/Rb tumor
suppressor pathway. (5). The activation of the MAPK signaling pathway is a cell
proliferation pathways induced by Id-1. (6). Activation of the Id-1 gene may be an
important step in the transition stage of PCA cells from androgen-dependent to
androgen-independent state, the most malignant form of PCA.
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Four Stages of Prostate Cancer: Suppression
and Eradication by Androgen and Green Tea
Epigallocatechin Gallate

Shutsung Liao, John M. Kokontis, Chih-pin Chuu, Stephen Hsu,
Junichi Fukuchi, Mai Dang, and Richard A. Hiipakka

Introduction

We have shown that prostate cancer (PCA) cells can exist in four stages of
progression in culture media or in experimental animals based on their androgen
(A) dependency or sensitivity. This is in contrast with the common
characterization of prostate tumors as occurring in two forms, simply based on
whether the tumors are A-dependent or A-independent. Recognition of four
different forms of PCA strongly suggests that the current design of hormonal
therapy by anti-androgenic agents requires revision; otherwise the practice may be
very harmful to patients. In this chapter, we summarize our effort in understanding
the four forms of PCA cells and show that their growth or proliferation can be
suppressed or eradicated in culture or in athymic mice by selectively utilizing
anti-androgen, A, or green tea (-)epigallocatechin-3-gallate (EGCG).

Androgens and Green Tea Catechins are Two Groups of
Ancient Medicines

As and green tea are ancient medicines that have been in use for many thousands
years. More than 2,000 years ago, in China, androgenic crystals were prepared
from urine and organs by sublimation and used to treat individuals lacking
‘maleness activity’. In oriental culture, tea beverage was used for prevention and
treatment of many diseases for over 3,000 years, although scientific and medical
evaluation of tea started only very recently (1).

In this chapter, we summarize our effort in establishing models of human
PCA progression in culture and in athymic mice to understand how the process of
the PCA progression may occur in patients. We have used these model systems to
explore novel methods for control and eradication of PCA by As and the green tea
catechin, epigallocatechingallate (EGCG).
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Control of Androgen Action and Medicinal Applications

In the early 1960s, we found that As can rapidly enhance RNA synthesis in target
organs, such as the ventral prostate of rats, suggesting that As act by modulating
gene expression in target cell nuclei (2-4). Subsequently, we (5, 6) and
Bruchovsky and Wilson (7) showed that, in many target organs, testosterone, the
major A produced by testis and circulating in blood, is converted by
to is the active A that binds to a
specific nuclear androgen receptor (AR) (8-12). The complex,
apparently in conjunction with other chromosomal proteins (13), then regulates
specific transcription of genes and production of specific proteins that modulate
cellular activities and organ functions. Cloning and sequence determination of the
genes for AR (10, 11) and (14) have shown that mutations of these
genes are responsible for A-insensitivity syndromes, including
pseudo-hermaphroditism.

The molecular steps required for A action in target cells provide two
effective methods for control of testosterone-regulated responses: (a) the use of
a inhibitor to suppress production, and (b) the use of
anti-androgens to block the interaction of with AR (12). Both methods
are now being utilized as therapies for A-related disorders including PC A, prostate
enlargement, as well as male pattern baldness. As will be described below, both

inhibitors and anti-androgens are useful in the study of PCA
progression and treatment.

Inhibitors

Since testosterone activation is dependent on synthetic inhibitors of
the reductase have been prepared by pharmaceutical companies. The synthetic
4-aza-steroid, finasteride, is now prescribed as Proscar for benign prostate
hyperplasia (BPH), and as Propecia for male pattern baldness.

Many natural compounds that inhibit have been described.
In 1992 (15), we demonstrated that acid [C18:3 (cis-9,12,15)] (GLA)
(Figure 1), an essential fatty acid in many plant oils was an inhibitor of

We also found that EGCG (Figure 1) was a inhibitor
(16, 17). Other gallated catechins are also active, but non-gallated catechins are
inactive. The gallate group is important for the inhibitory activity. However,
gallic acid and the methyl ester of gallic acid are inactive. Curcumin and alizarin
(Figure 1) are also inhibitors (17). The biological activity of these
inhibitors has been tested in-vivo using flank organs of male hamsters as an animal
model. Topical application of these inhibitors suppressed testosterone-dependent
growth of the flank organ (18, 19).
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Two isozymes of have been
identified (14). The specific roles of the
individual isozymes are not well
understood. Finasteride is a selective
inhibitor of the type 2 isozyme of

whereas GLA, curcumin,
alizarin, can inhibit both the type 1 and
type 2 isozymes. EGCG was a better
inhibitor of the type 1 isozyme than of
type 2. The biomedical significance of
this difference is unclear. While oral
Proscar has been shown to be effective in
treating BPH, the effectiveness of natural inhibitors for benign or cancerous
prostate growth has not been demonstrated.

Figure 1. Structures of natural
inhibitors of

Establishment of Models for Studying Prostate Cancer Cell
Progression

Because PCA is initially dependent on As for its growth, hormonal therapy (A
deprivation), pioneered by Charles Huggins 60 years ago (20) using castration or
more recently anti-androgens, has been a standard PCA therapy. Although over
70% of patients may benefit from this therapy, PCA recurs in most of these
patients in one to three years as tumors that do not need A for growth
(A-independent). For lack of effective therapy, patients die from this
A-independent PCA.

We believe that a better understanding of the process of PCA cell
progression is very important for establishing better methods for PCA treatment.
To investigate PCA progression, we established a model system (Figure 2) using
a clone derived from the human PCA cell line, LNCaP, whose growth was
dependent on the presence of nanomolar concentrations of testosterone,
or (R1881) (21-23). The
original cancer cell (named LNCaP 104-S) population was cultured through
weekly passages and after about 40-70 passages in A-depleted culture medium,
these cells progressed to A-independent cancer cells that we named LNCaP
104-R1 cells. These cells can grow well in culture without A. After continuous
culture of 104-R1 cells in A-depleted medium for 60-120 additional passages,
these 104-R1 cells were transformed into faster-growing cells, named 104-R2
cells. This transition of A-dependent 104-S cells to A-independent 104-R1 and
104-R2 cells is accompanied by dramatically increased AR expression apparently
without new mutations in the ligand binding domain of AR gene. Despite an
increase in cellular levels of AR, we found that the growth of both 104-R1 and
104-R2 cells in culture are suppressed by physiological concentrations of A. In
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the presence of a high A concentration (>20 nM), some 104-R1, but not 104-R2
cells, can revert back to A-dependent cells (104-R1Ad) that behave like 104-S
cells.

Recently, we found an alternative method to generate A-repressed cells
from 104-S cells by using the anti-androgen, Casodex (bicalutamide), to suppress
the growth of 104-S cells and isolate cells that can grow in the presence of
anti-androgen. These cells, called CDXR cells, behave like 104-R2 cells and can
not revert back to A-dependent cells. These A-independent cells also contain high
levels of AR and their growth is suppressed by low A concentrations (<1 nM).
When CDXR cells were cultured further in the presence of A, we were able to

isolate A-insensitive cells,
named IS cells. IS cells
express very low levels of AR
and are not stimulated or
suppressed by A in the culture
medium (Figure 2). These
cells resemble human prostate
PC-3 cells, since they do not
have AR and can grow in the
absence or presence of A.Figure 2.  Four stages of PCA progression

and treatment.

Growth Suppression of Prostate Cancer Cells in Culture by
Androgen

The cellular level of AR mRNA was 2-3 fold higher in the LNCaP 104-R1 and
104-R2 cells than in LNCaP 104-S cells. AR protein level increased 10-20 fold
during this transition from A-dependent 104-S cells to A-independent 104-R1 or
104-R2 cells. The growth of both 104-R1 and 104-R2 cells, as well as CDXR cells
in culture was suppressed by physiological concentrations (<1 nM) of
testosterone, or R-1881. Non-androgenic steroids, such as

medroxyprogesterone, and cortisol, did not suppress 104-R tumor
growth (24). AR in 104-R (R1and R2) cells was functional, since A induction of
prostate-specific antigen (PSA) mRNA increased up to 20 times in these 104-R
cells.

A suppression of 104-R cells is apparently due to a G1 arrest during cell
cycling. In 104-R cells, R1881 at 0.1-1 nM repressed cell growth and induced the
cyclin-dependent kinase (cdk) inhibitor, (23). The same concentrations of
Rl 881 that promote the growth of 104-S cells, reduced the cellular level of
in 104-S cells. CDXR cells also behave like 104-R cells; A increased level
in CDXR cells, and caused G1 arrest and suppress CDXR cell proliferation.
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The effect of testosterone on c-myc gene expression correlated well with
the proliferative activity of both 104-S and 104-R cells. R1881, at 0.1 nM, induced
c-myc mRNA level in 104-S cells but repressed the mRNA level to less than 20%
of the control value in 104-R cells. At high concentrations (~20 nM), R1881
inhibited both proliferation and c-myc expression in these cells. The retroviral
overexpression of c-myc could block the A repression of LNCaP cells (21). A also
suppresses c-myc in CDXR cells.

Androgen Specific Suppression and Eradication of
Androgen-independent Prostate Tumors in Athymic Mice

A-dependent 104-S tumors grew very well in normal but not in castrated athymic
mice. In contrast, A-independent LNCaP 104-R cells (24) or CDXR cells grew as
tumors in castrated athymic mice but not in normal athymic male mice.
Administration of testosterone, or R1881 to castrated mice prevented
the growth of these A-independent tumors, and suppresses 104-R prostate tumors
already present in these animals. As in cell culture, non-androgenic steroid
hormones (progesterone, cortisol and did not suppress the growth
of these tumors in athymic mice. In many animals, testosterone caused regression
of 104-R1, 104-R2, and CDXR tumors to less than 10% of the original tumor size
within 30 days. In fact, in some mice, testosterone administration actually
eradicated 104-R or CDXR tumors, and no tumor re-growth was observed
thereafter for more than five mo. Testosterone did not affect the growth of
A-insensitive human PCA cell PC-3 tumors or IS tumors in athymic mice.

Testosterone treatment of mice bearing 104-R tumors reduced c-myc
mRNA in the tumors, but increased PSA mRNA in tumors and PSA level in serum
before tumor regression (24). The inhibitor, finasteride (Proscar) or
anti-androgens, such as Casodex, blocked the repressive effect of testosterone on
these xenografts and stimulated the tumor growth, suggesting that the growth
suppression required conversion of testosterone to and binding of

to AR (24). This observation suggested that if, in patients, testosterone
can suppress PCA growth, the use of these drugs may enhance the growth of
A-independent PCAs.

As in the cell culture system, A-independent 104-R1 cells can adapt to
the presence of A and become A-dependent cells in normal mice (24). Adapted
tumors behaved like A-dependent tumors. These cells in culture and tumors
grown in mice not castrated can then be again controlled by anti-androgens or

inhibitors, such as Proscar. Adaptation to A was not observed with
104-R2 or CDXR tumors in mice.
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EGCG Suppression of Prostate and Breast Tumors

Green tea consumption has been linked to lower incidence of some cancers in
humans and animals. Epidemiological studies, however, have not provided
consistent evidence about the anti-tumorigenic effect of green tea in humans.

For a better understanding of the ability of green tea to control different
forms of prostate tumors, we produced tumors in athymic mice by subcutaneously
inoculating athymic mice with AR positive and A-dependent LNCaP 104-S cells,
AR positive LNCaP 104-R2,104-R1 or CDXR cells whose growth is repressed by
A, or AR negative PC-3 or IS cells whose growth is neither stimulated or repressed
by A. We found that green tea EGCG (>98% pure, 1 mg/20g body weight daily),
injected intraperitoneally (ip), significantly inhibited the growth and rapidly (in
1-2 week) reduced the size of all types of human prostate tumors in athymic mice.
Structurally-related catechins, such as epicatechin gallate (ECG) that lacks only
one of the eight hydroxyl groups in EGCG, were inactive. Epicatechin (EC) and
epigallocatechin (EGC) were also inactive (25).

Since both A-dependent and A-independent prostate tumors respond to
tumor suppression by EGCG. EGCG action was not related to modulation of A
activity or due to inhibition. In addition, the growth of human breast
tumors in athymic mice produced by human breast cancer MCF-7 cells, were also
clearly inhibited by ip injection of EGCG.

It is possible that the low clinical incidence of prostate and breast cancer
in some Asian countries is, in part, related to high green tea consumption. The
frequency of the latent, localized PCA does not vary significantly among
geographically different populations, but the clinical incidence of metastatic PCAr
varies considerably among countries (low in Japan and high in the USA). If
consumption of green tea beverage is related to this difference, EGCG may play
an important role in preventing the progression or metastasis of PCA cells.

EGCG Modulation of Food Intake and Endocrine Systems

The mechanism by which EGCG suppresses prostate tumor growth may be very
complex. Many in-vitro effects of EGCG, including inhibition of cancer cell
mobility, inhibition of key enzymes and protein factors, induction of apoptosis,
and inhibition of angiogenesis, have been shown (1). It is very difficult to assess
whether these in-vitro observations are related to in-vivo effects because EGCG
and other catechins can interact non-specifically with enzymes or other
macromolecules as well as cellular membranes.

We have studied the effects of EGCG on endocrine systems (1, 26, 27)
We found that EGCG, given to rats by ip injection, could within one week reduce
body weight by about 20%. Other structurally related catechins, such as EC, EGC,
or ECG were not effective at the same dose. Reduction of body weight appeared
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to be due to EGCG-induced reduction in food intake. EGCG, therefore, may
influence neuropeptides and cause the loss of appetite.

After 7 days of daily ip treatment with EGCG, circulating levels of
testosterone are reduced by about 75% in male rats and levels by
34% in female rats. The weights of A-sensitive organs, such as ventral prostate
and seminal vesicles and estrogen-sensitive organs, such as the uterus and ovary
were reduced by about 50%. Other catechins were not as effective as EGCG. We
also found that the serum level of LH is reduced by 40-50%, suggesting that low
LH production led to the reduced blood levels of sex hormones. In both male and
female rats, we observed significant reduction in blood levels of leptin, IGF-I, and
insulin (1, 26). Some of these peptide hormones may modulate the levels of sex
hormone and indirectly alter tumor growth in the animals.

In male rats treated with EGCG for one week, the serum level of protein,
fatty acids, and glycerol were not altered, but significant reductions in serum
glucose (-32%), lipids (-15%), triglycerides (-46%) and cholesterol (-20%) were
observed. Based on proximate composition analysis, there was no change in %
water and protein content, a moderate decrease in carbohydrate content, but a very
large reduction in fat content, decreasing from 4.1% in control to 1.4% in
EGCG-treated group. EGCG treatment also decreases subcutaneous fat by 40 to
70%, and abdominal fat by 20 to 35% in male rats (1, 26). Reduction of body fat
may also influence the hormonal levels in animals and influence tumor growth.

Although orally administered EGCG is not as effective as ip injected
EGCG (26), probably due to poor intestinal EGCG absorption, long-term oral use
of green tea beverage or EGCG-containing drinks may mimic the effects of ip
injected EGCG. This was clearly shown by Gupta, et. al. (28) who used a
transgenic adenocarcinoma of the mouse prostate (TRAMP) model that mimics
progressive forms of human PCA. When these mice were orally infused with green
tea polyphenols, in an amount equivalent to six cups of green tea per day in
humans, PCA development was significantly inhibited and mice survival was
increased. The green tea polyphenol infusion almost completely inhibited distant
site metastasis.

Concluding Remarks

Our studies revealed that our current understanding of PCA progression is very
inadequate, especially for designing clinical treatment of PCA after the initial
hormonal therapy has failed and A-independent tumors reappeared. The four
stages we have identified take a long period of time, over years, for progression,
which resembles the PCA patient situation. Based on our findings, at the initial
stage after recurrence of A-independent tumors (R1-form), As at physiological
concentration can suppress the growth of R1-tumors or promote some of these
cells to revert back to A-dependent tumors (S-form).
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These tumors may then be treated again with anti-androgenic agents
including natural or synthetic inhibitors and anti-androgens.
Repetitive cyclic treatment by an A and an anti-androgen may be appropriate at
this stage and may delay and reduce the number of cancer cells progressing to
cancer cells (R2-form) that cannot revert back to the S or R-1 form. R1 and
R2-form tumors can be treated with As, but inhibitors or
anti-androgens should not be employed for treatment of the R1 or R2-form tumors
since they can interfere with the A suppression of these tumors. R2-tumors after
A treatment eventually lose the ability to produce AR and become IS-form tumors
that cannot be stimulated or suppressed by As. Fortunately, green tea EGCG is an
effective treatment for the A-insensitive tumors and may be used at this final stage
of PCA progression. In fact EGCG is effective for suppression of all forms of
prostate tumors regardless of their A sensitivity. Therefore, infusion of
EGCG-rich green tea beverage or polyphenol products may be advisable for
patients with prostate tumors at any stage. Since we have shown that rodents may
gradually adapt to the continuous use of EGCG (1), possibly due to induction of
enzymes or proteins that can degrade EGCG or increase its excretion, an
intermittent use of EGCG may be advisable for PCA treatment.

Our studies suggest that the use of inhibitors and
anti-androgens for treatment of PCA patients needs careful evaluation of
individual patients. These drugs may stimulate tumor growth if the patient’s
prostate tumors are at the A-repressed stage and behave like 104-R or CDXR
tumors. This might be the reason that, in a recent PCA prevention trial, finasteride
was shown to reduce the risk of PCA by about 25%, but increased the chance of
acquiring more aggressive tumors (29).

It is also important to note that our studies also suggest that, only
physiological doses of A are needed for suppression of the growth of R1, R2, or
CDXR-like tumors in patients. The amount of green tea EGCG required may also
be achievable. Many chemotherapeutic agents for PCA treatment are very
cytotoxic and have not been very effective. The use of two groups of ancient
natural medicines, A and green tea EGCG, may provide a novel approach for PCA
control and cure.
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Androgen Receptor and Interleukin-6
Signaling In PCA Progression
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Introduction

The key element in control of growth of benign and malignant prostate is the
androgen receptor (AR). It belongs to the superfamily of nuclear receptors, which
transmit extracellular hormonal signals to the nucleus. The AR regulates the
expression of genes required for male sexual development and maintenance of
function of accessory sexual organs. The structure of the AR is similar to that of
other steroid receptors; it consists of highly conserved DNA- and ligand-binding
domains, which are separated by a hinge region. The length of the N-terminal AR
region varies because of differences in polymorphic polyglycine and polyglutamine
repeats (1). African-American (AA), population with the highest prostate cancer
(PCA) risk, has a reduced number of N-terminal polyglycine repeats. Increased
PCA risk in these individuals may thus occur because of high AR activity.

Detection of PCA has considerably improved in the last decade due to
introduction of screening programs. PCA in early stages could be cured by radical
surgery or radiotherapy. However, it should be emphasized that many PCAs remain
latent during patients’ life time. They are frequently detected on autopsy in patients
who died from other illnesses. At present, little is known about prognostic factors
that will help to discriminate between potentially indolent and aggressive tumours.

Non-organ confined PCAs require endocrine therapy, which is palliative.
Orchiectomy is still a golden standard in assessment of survival; however, there are
also alternative approaches, such as chemical castration [use of luteinizing
hormone-releasing hormone (LHRL) analogues] and anti-androgens. Nonsteroidal
anti-androgens are widely used in PCA treatment to block initial increase in
testosterone levels during treatment with LHRL agonists, or as a mono-therapy.
Hydroxyflutamide and bicalutamide are nonsteroidal compounds that bind to the
AR with a low affinity and prevent acquisition of a transcriptionally active
conformation of the AR. Bicalutamide prevents interactions between the N- and C-
terminal of the AR (2). In the last decade, it became clear that anti-androgens
frequently exhibit agonistic properties in PCA because of changes in expression and
activity of the AR.
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This chapter will focus on the following issues essential to understand the role
of the AR in PCA:

a)
b)
c)
d)

AR regulation in PCA models and tissue specimens.
Impact of AR mutations on PCA progression.
AR interaction with signaling pathways of cytokines and growth factors.
Inappropriate expression and function of AR cofactors

In addition, a summary of the current knowledge on IL-6 expression and
signaling in human PCA, and a discussion of possible novel experimental therapies
on the basis of these findings are described.

Expression of the Androgen Receptor in Prostate Tumor Models
and Clinical Specimens

Among human PCA cell lines widely used, only LNCaP and MDA PCa 2a and 2b
cells express AR. These cell lines are derived from PCA metastatic lesions (3,4).
The reasons for AR down-regulation in other cell lines are not completely clear. It
is assumed that some peptide hormones present in serum are responsible for down-
regulation of the AR. For example, basic fibroblast growth factor is a potent
inhibitor of AR expression (5). PC-3 and DU-145 cells, which do not express the
AR, could be used for transient and stable transfections with AR cDNA. PC-3 cells
stably transfected with the AR proliferate less rapidly than the cells transfected with
an empty vector (6). Also, these cells are less invasive than their counterparts. AR
expression is low in rat Dunning tumour sublines that rapidly metastasize (7). For
this reason, it was believed for a long time that AR expression decreases during
tumor progression. AR expression was studied with respective antibodies in clinical
specimens obtained during endocrine therapy. From those studies, it was concluded
that the AR is expressed in most prostate tumour specimens as well as in distant
metastases obtained from patients who failed endocrine treatment (8,9). In LNCaP
cells, AR mRNA is negatively regulated by androgen (10). However, androgenic
hormones stabilize the protein, thus leading to increased expression of the AR
following short-term treatment. Regulation of AR expression during long-term
endocrine treatment is, however, different. Those cells adapt to an environment with
low androgen supply and up-regulate AR mRNA and protein. Those findings were
originally reported by Liao, et al. (11). They were confirmed by other researchers
whose work led to the conclusion that PCA cells can overcome the effect of
endocrine therapy by modulating AR expression. In one cell subline developed
during prolonged steroid withdrawal, high AR activity was measured even in the
absence of androgen (12). This increase in transcriptional activity of the AR could
be in part explained by the influence of serum factors. To understand the cellular
events in advanced PCA, it is important to emphasize that the AR in LNCaP
derivatives established by long-term androgen ablation could be activated by much
lower concentrations of androgens than the AR in parental LNCaP cells. The non-
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steroidal anti-androgen bicalutamide caused small, but reproducible increase in
reporter gene activity in long-term ablated cells. This was, however, sufficient for
stimulation of growth in vitro and in vivo. The sequence of the AR in the
hypersensitive subline, LNCaP-abl, was the same as that in parental LNCaP cells.
There was no evidence for AR amplification in LNCaP-abl cells. Although the
prostate-specific antigen gene is a classic example for an AR-regulated gene, its
expression decreased in sublines developed after long-term androgen depletion. It
was demonstrated that inhibition of expression of the AR in androgen-independent
LNCaP sublines retards proliferation of those cells (13). This finding can have
several consequences on development of novel clinical treatments for metastatic
PCA.

AR expression increases in a subgroup of patients who underwent
endocrine therapy due to amplification of the AR gene (14). Interestingly, some of
these patients are better candidates for complete androgen ablation (orchiectomy or
administration of luteinizing hormone releasing hormone analogues in combination
with an anti-androgen) (15). In most cases, complete androgen withdrawal is not
recommended for endocrine treatment since large clinical trials failed to show an
advantage over orchiectomy or medical castration alone.

AR expression in PCA may be also elevated due to stabilization of the AR
protein. This phenomenon was observed in the xenograft CWR 22 (16). This
prostate tumour responds to castration by regression, but it relapses after some time.
Expression of AR-regulated genes also rebounds, thus indicating an important role
for the AR in tumour progression.

Mutations of the Androgen Receptor in PCA

In contrast to AR mutations detected in patients with androgen insensitivity
syndromes, several structural changes of the AR in PCA lead to gain of function.
This was first observed in LNCaP cells, whose mutant AR is efficiently activated by
adrenal androgens, anti-androgens, and estrogenic or progestagenic steroids (17). In
LNCaP cells, threonine at position 877 is mutated to alanine. The mutation changes
the stereochemistry of the binding pocket of the AR. The first two mutations
discovered in PCA patients have very similar functional consequences; in each of
these two ARs, amino acid valine (at positions 715 and 730, respectively) is
substituted by methionine (18,19). These ARs are increasingly activated by adrenal
androgens, products of dihydrotestosterone (DHT) metabolism, and
hydroxyflutamide. Higher AR activity was induced by these hormones, although
there were no major changes in AR binding affinity. A more efficient AR activation
by adrenal androgens and DHT metabolism may influence natural course of the
disease. Hydroxyflutamide is a mixed antagonist/agonist whose agonistic properties
may be enhanced in presence of mutated AR (20). There is evidence that anti-
androgen treatment results with appearance of specific mutations in the AR. Some
patients who failed endocrine treatment with hydroxyflutamide were subjected to a
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second-line treatment with bicalutamide and showed a time-limited response (21).
Missense mutations of the AR were also discovered in patients who were treated
with bicalutamide (22). Thus, knowledge on AR structure in PCA patients may be
relevant to determine an appropriate endocrine treatment. More recent studies on
AR structure revealed that, in some patients, AR point mutations that lead to loss of
function or have no functional consequences also occur.

In general, the frequency of AR point mutations increases in late stages
PCA (23). Most mutations detected in PCA are somatic, in contrast to inherited
mutations associated with syndromes of androgen insensitivity. Mutant ARs were
detected in bone specimens from patients who failed endocrine therapy (24).
However, bone metastases are only infrequently used for AR studies because of
ethical concerns.

Enhancement of Androgen Receptor Function by Nonsteroidal
Activators

The recognition that the AR could be activated in a ligand-independent manner was
somewhat surprising. Human AR is similar to progesterone and glucocorticoid
receptors, which do not exhibit ligand-independent activation. In contrast, they are
activated by ligands and nonsteroidal compounds in a synergistic manner. This
cross-talk between peptide hormones and the AR is still not completely understood;
however, in some cases intermediate protein kinase pathways involved in ligand-
independent activation of the AR have been identified. AR activation by peptide
growth factors, such as insulin-like growth factor or epidermal growth factor, is
most probably relevant to regulation of cellular events in advanced PCA (25). These
growth factors stimulate AR activity in the absence of ligand or synergistically in
combination with low androgen doses. In patients who receive endocrine therapy
for PCA, activation of the AR by low androgen doses is thus enhanced by peptide
growth factors. Erb B2, which is related to the epidermal growth factor receptor,
was proven to be a potent AR activator (26). It could stimulate tumour growth in
vivo and the expression of prostate-specific antigen (PSA). Ligand-independent and
synergistic AR activation by growth factors depend on phosphorylation by mitogen-
activated protein kinases (27). In those experiments, the nonsteroidal anti-androgen
bicalutamide was less efficient in inhibition of AR activity.

Importantly, ligand-inhibited activation of the AR is not necessarily
associated with accelerated tumour growth. The AR is also involved in regulation
of cellular differentiation. High doses of androgen thus retard proliferation of
LNCaP cells in parallel with increased expression of the tumor suppressor p27 (28).
In contrast, treatment of LNCaP cells with low doses of androgen stimulates cyclin-

dependent kinases and phosphorylation of pRb (29). Activation of the AR by the
pro-differentiation compound, phenylbutyrate, has been described (30). This
process is an example how AR activation is associated with a beneficial effect on
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prostate tumour. The AR is also activated by stimulators of the protein kinase A
pathway, such as forskolin or cAMP analogues (31). These are pleiotropic
compounds that differentially affect tumor growth. Interestingly, an inhibitor of the
protein kinase A pathway reversed not only the effect of forskolin on AR activity,
but also partially reduced androgen-stimulated AR transcriptional function. This
indicates that the protein kinase A pathway is implicated in both steroidal and non-
steroidal activation of the AR. In cells transfected with AR cDNA, non-steroidal
regulators do not change AR levels. In contrast, in LNCaP cells effects on AR
expression by non-steroidal compounds were observed.

Interleukin-6 and Related Cytokines in Regulation of PC A Cell
Growth and Androgen Receptor Activity

An important activator of the AR is interleukin-6 (IL-6), a pleiotropic cytokine that
regulates growth of various tumors following binding to the IL-6 receptor. In
several studies, it was revealed that IL-6 levels increase in sera from patients with
metastatic PCA (32,33). PCA cells PC-3 and DU-145 also produce high levels of
IL-6 into their supernatants (34). IL-6 was not detectable in LNCaP cells. In
patients with organ-confined PCA, both IL-6 and IL-6 receptor levels increase (35).
It was demonstrated that primary prostate epithelial cell cultures, a cell line derived
from prostate intraepithelial neoplasia, PC-3, and DU-145 cells are growth-
stimulated by IL-6 (34, 35).

IL-6 binding to the IL-6 receptor that is composed of a ligand-binding and
signal-transducing subunit leads to activation of the signaling pathways of
JAK/STAT and/or mitogen-activated protein kinases. In some cell lines, oncogenic
role of STAT3 has been documented. In case of IL-6, ligand-independent and
synergistic effects on AR transcriptional activity have been described. Signaling
pathways of JAK/STAT and mitogen-activated protein kinases are required for
ligand-independent activation of the ARby IL-6. An inhibitory effect of activators
of the signaling pathway of PI 3-kinase on IL-6-induced AR activity was reported
(36). Therefore, an outcome of ligand-independent activation of the AR may
depend on a balance between signaling pathways in a particular cell line. IL-6
effects on AR were observed in DU-145 cells, transfected with AR cDNA, and in
LNCaP cells in which treatment with IL-6 stimulates the expression of the PSA
gene mRNA and protein. Non-steroidal blockers of the AR hydroxyflutamide and
bicalutamide down-regulated IL-6-induced AR activity (37). The AR is also
activated by oncostatin M, which in some cell lines causes a more persistent signal
than IL-6 (38). Paracrine stimulation of growth of PCA cells by oncostatin M was
described (39). The most important difference between AR activations by IL-6 and
oncostatin M is that anti-androgens do not inhibit AR activity measured in the
presence of the latter cytokine. It is especially interesting that hydroxyflutamide
acted as an agonist in the presence of oncostatin M (Figure 1) (38). Also the
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inhibitors of signaling pathways of JAK/STAT and mitogen-activated protein kinase
were less effective in DU-145 cells in the presence of oncostatin M. The receptors
for oncostatin M were detected by RT-PCR in AR-negative PC-3 and DU-145 cells.
In the latter cell line, growth stimulation by oncostatin M was observed (39).

Figure 1. Effects of non-steroidal anti-androgens
hydroxyflutamide (HFM) and bicalutamide
(Casodex) in the presence of oncostatin M (OM) or
the synthetic androgen methyltrienolone (R1881) in
DU-145 cells transfected with AR cDNA and an
androgen-inducible reporter gene. Reporter gene
activity measured after treatment with OM or Rl 88,
respectively, was set as 100% and reporter gene
activities measured in the presence of an anti-
androgen were expressed in relation to those
values.

For LNCaP cells, contrasting results as to IL-6 responsiveness were
reported (35, 40). These data may be explained by the use of different LNCaP
passages in various laboratories. An important issue in IL-6 signaling in prostate
are changes in recruitment of signaling pathways during continuous IL-6 treatment.
We have selected LNCaP cells for prolonged treatment with IL-6 (41). After
continuous exposure to IL-6, a new cell subline, LNCaP-IL-6+, was established.
These cells do not display a growth-inhibitory response to IL-6, are responsive to
androgen, and up-regulate endogenous IL-6. They confer a growth advantage in
vitro and in vivo. LNCaP-IL-6+ tumours were significantly larger than their control
counterparts (Figure 2) (42). Their accelerated tumor growth could be explained by
changes in the expression of several key cell cycle regulators; cyclin-dependent
kinase (cdk) 2 was up-regulated, while the tumour suppressors p27 and pRb were
expressed at a low level. Loss of p27 and pRb is a common feature of clinical
PCAs. In parental LNCaP cells, in contrast to the IL-6-producing subline, IL-6
inhibits the expression and activity of cdks 2 and 4, and causes increased expression
of p27. Our results as well as those published by some other researchers indicate
importance of the phosphorylation of STAT3 for tumour differentiation (43).
STAT3 was phosphorylated in control LNCaP-IL-6- cells, but not in the LNCaP-IL-
6+ subline (42). The inhibitor of mitogen-activated protein kinase was partially
effective in retardation of growth of LNCaP-IL-6+ cells. From those studies, we
have concluded that significant changes in activation of signaling pathways during
prolonged stimulation with IL-6 occur. Up-regulation of other growth factors in
LNCaP-IL-6+ cells may be also relevant to growth advantage. In PCA, IL-6 is
involved in the regulation of survival and neuroendocrine differentiation. For
example, in PC-3 cells autocrine production of IL-6 leads to increased survival by
activation of the PI 3-kinase pathway (44).
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Figure 2. Growth of LNCaP xenografts in nude mice. LNCaP-IL-6 and LNCaP-
IL-6+ cells were sc injected with Matrigel in mice treated with slow-release
testosterone (T) pellets in two independent trials. Tumour size was measured
weekly using a calliper. Tumor volume was calculated according to the formula
length x of a tumor-area/2. The results of a representative experiment are
shown, (p < 0.01, Mann-Whitney t-test; bars represent the mean ± SE) (Reprinted
by permission from the American Society for Investigative Pathology.)

The Role for Androgen Receptor Coactivators in PCA

There is an increasing research interest for AR cofactors in PCA. AR cofactors
have either histone acetylase or deacetylase activity, therefore, they are classified as
co-activators or co-repressors. Some observations in this field are controversial,
especially those concerning AR-specific enhancement of activation. More work is
needed to identify specific cofactors involved in PCA progression. Studies on AR
cofactors were hampered because of a lack of appropriate antibodies.

We focused on the role of the cofactor CBP in carcinoma of the prostate
(45). It potentiates activation of the AR by androgen and non-steroidal anti-
androgens, hydroxyflutamide and bicalutamide. The effects on AR-induced activity
by hydroxyflutamide were more pronounced that those stimulated by bicalutamide.
These effects were observed in DU-145 and LNCaP cells with the wild-type and
two mutant receptors. CBP is expressed in PCA cell lines LNCaP, PC-3, and DU-
145, and also in clinical specimens. Regulation of CBP in PCA by peptide and
steroid hormones is being investigated. In other studies, it was shown that the
expression of the cofactor RAC3 correlates with tumor grade and stage (46).
Interestingly, nuclear localization of the cofactor Tip60 is enhanced during
androgen withdrawal (47). Gregory, et al. investigated the expression of AR
cofactors in relapsed PCA and found that SRC 1 and TIF 2 are up-regulated (48).

It was suggested that the AR cofactor ARA70 is involved in potentiation of
action of androgens and anti-androgens in PCA (49, 50). In studies with ARA70,
there was no considerable difference in the extent of activation of the AR by
hydroxyflutamide or bicalutamide, respectively.
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Conclusions and Directions for Future Research

Both the AR and IL-6 have an important role in PCA development and progression.
The AR function could be better understood if more studies on AR cofactors will be
carried out. The recognition that anti-androgens, currently used for endocrine
therapy, switch to agonists led to establishment of novel experimental therapy
strategies. Besides conventional androgen ablation, several agents that inhibit AR
expression have been tested. Inhibition of AR expression is in most cases
associated with retardation of PCA cell growth. Treatment of PCA cells with AR
antisense oligonucleotides increased expression of the cell cycle inhibitor p21 and
partially reversed androgen-independent phenotype (51). Concerning these novel
therapies, there is an important unanswered question: whether these new treatments
are efficient during a longer period of time.

IL-6 is clearly implicated in the development and progression of PCA, and
therefore, it could be considered a target for novel therapies. PC-3 cells were
treated with an anti-IL-6 antibody in vitro and in vivo (52). This treatment was
efficient when combined with etoposide in vitro. Induction of apoptosis in PC-3
cells was observed after anti-IL-6 antibody treatment. Also, growth of PC-3
xenografts was inhibited in vivo by this treatment. It would be of importance to
determine how anti-IL-6 based therapies may be combined with established
treatments in PCA.
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Role of the Androgen Receptor and PI3K/Akt
in the Survival of Androgen-Refractory
Prostate Cancer Cells

Haojie Huang and Donald J. Tindall

Introduction

Surgical or pharmaceutical ablation of testicular androgens has been the most
effective treatment of metastatic prostate cancer (PCA) since 1941 (1). Both
normal and malignant epithelial cells of the prostate undergo programmed cell death
(apoptosis) in the absence of androgens (2, 3). However, a majority of PCA
patients usually relapse with tumors becoming refractory to androgen ablation
therapy, suggesting that relapsed cells are able to resist androgen withdrawal-
induced cell death (4). Overexpression of the anti-apoptotic protein Bcl-2 appears
to promote the survival of androgen-refractory PCA cells (5-7). Bcl-2 protein is
expressed intensely in 77% of androgen-refractory prostate tumors compared to
32% in androgen-sensitive tumors (5, 8, 9).

Bcl-2 belongs to a family of proteins that includes the anti-apoptotic
subfamily (i.e., Bcl-2, Bcl-xL, and Mcl-1), the pro-apoptotic subfamily (i.e., Bax,
Bak, and Bok), and the BH3-only subfamily (i.e., Bid, Bim, and Noxa) (10). The
pro- and anti-apoptosis counterparts of this family form heterodimers and titrate out
each other’s functions, suggesting that their relative concentrations play a pivotal
role in execution of programmed cell death. Overexpressed Bcl-2 protein increases
the level of Bcl-2/Bax heterodimer, stabilizes the integrity of mitochondria, and
protects cells from apoptosis (11).

It is possible that the increased expression of Bcl-2 in androgen–refractory
PCA may result from outgrowth of cells expressing high levels of Bcl-2 before
androgen ablation treatment. It is also possible, but not necessarily mutually
exclusive that androgen manipulation may reset the programmed regulation of Bcl-2
expression in prostate epithelial cells. In fact, levels of Bcl-2 transcripts increase in
the rat prostate following castration. Moreover, this increase is abrogated in
castrated rats that receive testosterone (5). Expression of Bcl-2 mRNA is elevated
in LNCaP xenografts in castrated mice. In contrast, androgen treatment of LNCaP
cells results in down regulation of Bcl-2 mRNA (12). These data suggest that



androgen regulation of Bcl-2 expression is a common event in different types of
cells, although the molecular basis of the regulation is unknown.

In addition to androgen action, growth factors are also believed to play an
essential role in the androgen-refractory progression of PCA (13). Stimulation of
cells with growth factors such as IGF-I, BDNF, and NGF up regulates Bcl-2
expression in a variety of cell types (14-16). Growth factor-elicited survival
signalings are negatively regulated by the PTEN tumor suppressor gene. Frequent
loss of PTEN through mutation, deletion, or methylation has been reported in late-
stage PCA (17). PI3K/Akt signaling has been shown to be constitutively active in
the PTEN-mutated PCa cell lines LNCaP and PC-3 (18-21). Therefore, loss of
PTEN and/or activation of PI3K/Akt may contribute to the overexpression of Bcl-2
in PCA cells.

Figure 1. Morphological and
biochemical analyses of LNCaP
cells grown under acute and
chronic androgen-deprived
culture conditions.
A. Morphology of LNCaP,
LNCaP-tNED, and LNCaP-Rf
cells.
B. Northern analysis of NSE
and PSA in LNCaP, LNCaP-
tNED, and LNCaP-Rf cells.
C. Western analysis of AR and
Bcl-2 in LNCaP, LNCaP-tNED,
and LNCaP-Rf cells.
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Androgen-refractory Outgrowth of LNCaP Cells under
Androgen-deprived Conditions

In order to understand the molecular mechanism for the survival of PCA cells under
androgen ablation conditions, LNCaP cells were cultured in charcoal-stripped
serum (CSS)-medium. Very limited death of LNCaP cells was detected under these
culture conditions. Indeed, cells began to undergo neuroendocrine cell
differentiation (NED) three days after androgen withdrawal. Cells at this stage are
called LNCaP-tNED since NED is a transient process. After being cultured in CSS-
medium for 10 weeks, LNCaP cells started to re-grow, and an androgen-refractory
subline LNCaP-Rf was established eventually from parental LNCaP cells (Figure
1).



Androgen Receptor and PI3K/Akt 235

The parental LNCaP, LNCaP-tNED and LNCaP-Rf cells showed distinct
morphological features (Fig. 1A). LNCaP-tNED cells exhibited neuroendocrine-
like features, including long slender processes and compact cell body, while the
untreated LNCaP cells show their typical fusiform morphology. ,LNCaP-Rf cells
maintained an intermediate morphological appearance between parental LNCaP and
LNCaP-tNED cells. Consistent with morphological observations, LNCaP-Rf cells
expressed more mRNA of neuron-specific enolase (NSE), a specific neuroendocrine
marker, than parental LNCaP cells, but less than LNCaP-tNED cells (Figure 1B), In
Figure 1C, levels of the androgen receptor (AR) protein were transiently decreased
in LNCaP-tNED cells. However, LNCaP-Rf showed comparable AR protein levels
to untreated LNCaP cells. It is worth noting that more AR protein became
hypophosphorylated following androgen ablation (lane 2 and 3, Figure 1C). In
contrast, the AR protein was present mainly in a phosphorylated state under normal
culture conditions (lane 1, Fig. 1C). The AR protein became hyperphosphorylated
after androgen treatment (lane 4, Fig. 1C). The expression levels of prostate-
specific antigen (PSA) were decreased largely in LNCaP-Rf cells in comparison to
those in LNCaP cells (Fig. 1B). These experiments indicate that following androgen
ablation, LNCaP cells transiently differentiate into neuroendocrine-like cells, and
eventually evolve into androgen-refractory cells. Establishment of LNCaP-tNED
and LNCaP-Rf from LNCaP cells provides excellent cellular models to explore the
mechanism for survival and re-growth of LNCaP cells under androgen deprivation
conditions.

Activation of Survival Signalings under Androgen Ablation
Conditions in LNCaP Cells

In order to define the survival signaling pathways that allow LNCaP cells to avoid
cell death induced by androgen withdrawal, the levels of Bcl-2 in LNCaP and its
derivatives were examined. Shown in Figure 1C, expression of Bcl-2 was increased
under acute and chronic androgen ablation conditions. Additionally, PI3-Kinase
activity in LNCaP and its derived cells was determined. Shown in Figure 2, PI3-
kinase was active in parental LNCaP cells when cultured in regular culture medium.
However, higher activity of PI3-Kinase was seen in the LNCaP-tNED cells.
Approximately 4.0-fold higher level of PI3-kinase activity was found in the LNCaP-
Rf cells as that found in the parental LNCaP cell line. PI3K-dependent activation of
Akt has been shown to require phosphorylation at residues T308 and S473. To
assess Akt activation, a specific antibody for phosphorylated Akt was used. In
Figure 2, Akt phosphorylation at serine 473 was dramatically increased in LNCaP-
tNED and LNCaP-Rf cells but no changes were detected in total Akt protein levels.
Therefore, consistent with previous reports (18, 20), we found that PI3K and Akt
signaling pathway is constitutively activated in LNCaP cells when cultured in
medium containing whole serum. Thus, our data demonstrate that PI3-Kinase
activity is increased by androgen withdrawal.
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Figure 2. Activities of
PI3K and Akt in LNCaP
and its derivatives. PIP,
phophatidylinositol
monophophate; O, origin
of sample loading.

Figure 3. Immunohistochemistry of
PTEN and Bcl-2 proteins in primary
prostate tumors.

Regulation of Bcl-2 Expression by the PI3K/PTEN/Akt Pathway
PCA Cells

Next, it was determined whether there is a causal relationship between activation of
the PI3K/Akt pathway and upregulation of Bcl-2. A number of studies have
reported either loss of PTEN or overexpression of Bcl-2 in advanced prostate
tumors. However, no study has examined expression of both proteins in the same
tumors. Therefore, we utilized immunohistochemistry to measure expression of
PTEN and Bcl-2 in 17 cases of high-grade (Gleason score 7 or higher) prostate
tumors. The findings indicate an inverse correlation of PTEN and Bcl-2 staining in
82.4% of the tumors examined (41.2% exhibited negative staining for PTEN but
positive staining for Bcl-2, whereas 41.2% exhibited positive staining for PTEN but
negative staining for Bcl-2). Examples of each type of staining pattern can be seen
in Figure 3, where case A exhibits PTEN (+) and Bcl-2 (-), and case B exhibits
PTEN (-) and Bcl-2 (+). Taken together, these studies show that Bcl-2 expression
is inversely correlated with PTEN loss in many malignant prostate tissues and cell
lines.

Ectopic expression of PTEN in PTEN-null cells suppresses Bcl-2
expression. Although LNCaP and PC-3 cells lack PTEN protein, both cell lines
display an intact PTEN signaling pathway (18, 47-49). To determine a causal
relationship between the PTEN loss and Bcl-2 overexpression, a PTEN expression
vector was transiently transfected into LNCaP and PC-3 cells. As shown in Figure
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4, ectopic expression of PTEN in
both LNCaP and PC-3 cells
resulted in decreased levels of
Bcl-2 protein in a dose-dependent
manner. In contrast, PTEN did
not affect the expression of Bcl-
XL, another anti-apoptotic
member of the Bcl-2 family, in
either LNCaP or PC-3 cells
(Figure 4).

Further analyses indicate
that PTEN down regulates Bcl-2
expression by decreasing the Akt-
depedent phosphorylation of
CREB, thereby modulating its
transcriptional activity (21).

Figure 4. Ectopic expression of PTEN
suppresses Bcl-2 expression in:
(A) PTEN-mutated PCA cell lines LNCaP,
and (B) PC-3.

Androgen Regulation of Bcl-2 Expression in PCA Cells

As it was demonstrated above, androgen withdrawal resulted in an increase in Bcl-2
expression in both transient and refractory stages (Figure 1C), suggesting that under
physiological conditions, androgens suppress Bcl-2 expression in LNCaP cells.
Therefore, to elucidate the molecular basis of androgen regulation of Bcl-2
expression, LNCaP cells were incubated in culture medium, +/- physiological
concentrations of androgens. Treatment of LNCaP cells with 1 and 5 nM of the
synthetic androgen R1881 resulted in a decreased expression of Bcl-2 protein
(Figure 5A). To determine whether the effect of androgens on Bcl-2 is mediated by
the AR, AR-negative PC-3 PCA cells were transiently transfected with a human AR
expression vector. As shown in Figure 5B, androgens not only stabilized the AR
protein, but also caused a decrease in Bcl-2 expression in the presence of the AR.
However, there was no effect of AR alone on Bcl-2 expression even at a higher
level of the protein (Figure 6B). These findings suggest that the androgenic effect
on Bcl-2 expression is mediated by the AR.

Next, it was sought to determine whether androgens affect transcription of
the Bcl-2 gene. As shown in Figure 6A, treatment of LNCaP cells with 1 nM of
R1881 resulted in a decrease in Bcl-2 messenger RNA. To determine whether
androgens repress Bcl-2 expression via a direct mechanism, cells were treated with
R1881 and cycloheximide, an inhibitor of de novo protein synthesis. As shown in
Figure 6A, the effect of androgens on Bcl-2 expression was abolished by pre-
treatment of the cells with cycloheximide, suggesting that the androgenic effect on
Bcl-2 mRNA is mediated through an indirect mechanism. This finding is consistent
with previous findings indicating that there is no perfect consensus sequence for an
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androgen response element (ARE) in the
promoter of the human Bcl-2 gene (22-24).
This conclusion was confirmed indirectly by
the blockage of androgenic induction of
expression of fatty acid synthase (data not
shown), a gene that is coordinately
regulated by androgens (25).

By using promoter reporter assays,
we sought to determine whether androgen-
induced downregulation of Bcl-2 mRNA is
caused by a decreased transcription of the
Bcl-2 gene. Previous studies have shown
that there are two promoters (P1 and P2)
that regulate transcription of the Bcl-2 gene,
and that fewer than 5% of all Bcl-2
transcripts are initiated from P2 in many
different cell systems (23, 26-28). This
suggests that P1 is the predominant
promoter of the Bcl-2 gene. Indeed, results
from us and others have shown previously
that PTEN and WT1 inhibit Bcl-2
expression through the P1 promoter in
LNCaP cells (21, 29). Therefore, in this
study we focused on the regulation of P1
promoter activity by androgens. LNCaP
cells were transiently transfected with a panel of luciferase reporter constructs
containing various regions of the Bcl-2 P1promoter.

As shown in Figure 6B, luciferase activities of reporter constructs LB124
and LB334 were inhibited approximately 50% in the cells treated with 1 nM of
R1881, whereas, the activity of the reporter plasmids pBcl2m-Luc and LB360 were
unaffected. These data suggest that transcriptional activity of the Bcl-2 gene is
downregulated by androgens, and that an androgen regulatory region exists between
nucleotides –1532 and –1343 of the Bcl-2 P1 promoter. When this region was
examined for potential regulatory elements, we found an element (-1452 to –1445)
with a perfect match to a functional variant of the E2F binding sequence defined
previously in the promoter of the p21 WAF1 gene (30). However, no consensus
sequence for an androgen response element was found in this region of the Bcl-2
gene (GenBank accession number NT_033907). Since expression of the E2F1
protein is known to be regulated by androgens in the CWR22 human PCA xenograft
model, we sought to determine whether the E2F binding site is involved in androgen
regulation of Bcl-2 expression. We found that luciferase activity of a reporter
plasmid containing the E2F site [pBCL2(E2F-v)] was reduced by 50% in cells
treated with 1 nM of R1881 (Figure 6C). This inhibition was similar to that

Figure 5. The effects of
androgens on expression of Bcl-
2 protein in: (A) LNCaP and (B)
PC-3 cells.
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observed with constructs LB124 and LB334 (Figure 6B). As shown in Figure 6C,
mutations in the E2F site [pBcl2(mE2F-v)] abrogated the androgenic inhibition of
this reporter construct. These data suggest that regulation of Bcl-2 expression by
androgens is mediated by E2F proteins.

Figure 6. The effect of androgens on transcription of the Bcl-2 gene in LNCaP
cells. A. Androgens inhibit Bcl-2 mRNA expression in LNCaP cells. B. Androgen
treatment of LNCaP inhibits the activity of the Bcl-2 promoter reporter genes. C.
Mutations in a putative E2F binding site within the androgen-regulated region in the
Bcl-2 promoter abolish inhibitory effect of androgens on Bcl-2 expression.

To verify that the E2F site in the Bcl-2 promoter is involved in the
androgen regulation of Bcl-2 expression, we sought to determine whether E2F1
regulates expression of the Bcl-2 gene in PCA cells. As shown in Figure 7A and 7B,
ectopic expression of E2F1 in LNCaP cells resulted in increases in Bcl-2 protein
and mRNA. Moreover, transcriptional activity of the Bcl-2 promoter was increased
approximately five-fold by ectopic expression of E2F1, and this activity was
markedly decreased when mutations were introduced into the E2F binding site
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(Figure 7C). Chromatin immunoprecipitation (ChIP) assays demonstrated that E2F1
binds to the promoter of the Bcl-2 gene in vivo (Figure 7D). Thus, these data
provide direct evidence that E2F1 binds to and transactivates the promoter of the
Bcl-2 gene.

Figure 7. E2F1 regulation of Bcl-2 expression in LNCaP cells. Ectopic expression
of E2F1 upregulates Bcl-2 protein (A) and mRNA (B). (C). Mutations in the
putative E2F binding site in the Bcl-2 promoter abolish E2F1 -mediated stimulation
on the activity of the Bcl-2 exprespromoter. (D). E2F1 binds to the Bcl-2
promoter in vivo as demonstrated by Chromatin immunoprecipitation (ChIP)
assays.

Next we sought to determine whether the E2F1 protein is a mediator of the
androgen-induced suppression of Bcl-2 expression. Androgen treatment of LNCaP
cells resulted in a decrease in levels of E2F1 protein (Figure 8 A). Similarly, ectopic
expression of the androgen receptor in PC-3 cells diminished the expression of the
E2F1 protein (Figure 8B). E2F1 mRNA was also downregulated by treatment of
LNCaP cells with 1 nM of R1881 as demonstrated by Northern blot analyses
(Figure 8C). The effect was abrogated completely by pre-treatment of cells with
cycloheximide, an inhibitor of protein synthesis, or actinomycin D, an inhibitor of
RNA synthesis (Figure 8C). These data suggest that androgen-induced
downregulation of E2F1 is not mediated directly by the androgen receptor. These
findings also rule out the possibility that the androgenic effect is mediated by a
mechanism of mRNA stability.
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Figure 8. The effect of E2F1 expression on androgen-induced suppression of Bc-2.
(A). Effect of androgens on E2F1 expression in LNCaP cells. (B). Effect of
androgens on E2F1 expression in PC-3 cells. (C). Androgenic effect on expression
of E2Fl mRNA in LNCaP cells. (D). Effect of androgens on transcription of E2F1
in LNCaP cells. (E). Transient transfection of LNCaP cells with E2F1 abrogated
androgenic inhibition of Bcl-2 expression. (F). Stable expression of E2F1 in
LNCaP cells diminished androgenic suppression of Bcl-2.

We further examined the effects of androgens on the transcriptional
activity of E2F1 promoter reporter constructs. We found that the activities of a
number of reporter constructs containing up to 728 bp of the E2F1 promoter, were
inhibited by androgen treatment (Figure 8D). All of these constructs include a
region that contains two E2F consensus-binding sites (see Figure 8D) that is known
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to mediate autoregulation of E2F1 expression. Thus, androgens may downregulate
E2F1, which in turn downregulates Bcl-2 expression. To test this possibility, we
transiently transfected an E2F1 expression vector into LNCaP cells. As shown in
Figure 8E, transfection of an E2F1 expression plasmid increased the levels of E2F1
protein. Importantly, elevated levels of E2F1 blocked the androgen-induced
decrease in Bcl-2 expression (Figure 8E), suggesting that E2F1 is mediating the
androgenic effects on Bcl-2 expression. To further test this under more
physiological conditions, we established a subline of LNCaP, which stably
expresses exogenous E2F1. We found that the androgen-induced decrease in Bcl-2
expression was largely abrogated by high levels of E2F1 protein (Figure 8F),
supporting the results obtained from the transient transfection experiments. Thus,
these data confirm that E2F1 is a mediator of androgenic suppression of Bcl-2
expression.

Conclusions

In summary, our data demonstrate that following androgen withdrawal, a majority
of LNCaP androgen-sensitive PCA cells did not undergo apoptosis, but rather
transient neuroendocrine differentiation, and eventually relapsed to an androgen-
refractory phenotype. The anti-apoptotic protein Bcl-2 was overexpressed during
this complex process. Additionally, the PI3K/Akt survival pathway was further
activated due to androgen withdrawal. Moreover, we found that loss of PTEN and
overexpression of Bcl-2 are inversely correlated in primary prostate tumors. Ectopic
expression of PTEN resulted in decreased expression of Bcl-2 in PTEN-null PCA
cells by negatively regulating the Akt and CREB signaling pathway. Furthermore,
expression of Bcl-2 in PCA cells is androgen-regulated. Androgen treatment of
PCA cells downregulates Bcl-2 expression in an E2F1-dependent manner.
Therefore, our data suggest that deregulation of PI3K/Akt/CREB and E2F1
pathways caused by loss of PTEN function and/or androgen deprivation contributes
to the overexpression of Bcl-2 in androgen-refractory prostate tumors.
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The BDII Inbred Rat: A Model for Genetic
Analysis of Endometrial Carcinoma

Karin Klinga-Levan and Göran Levan

Introduction

Analysis based on family studies has been extremely successful in identifying the
gene defects causing simple monogenetic diseases. But much of human discomfort
and lethality is due to complex diseases, examples are cardiovascular disease,
diabetes, rheumatoid arthritis, and cancer. From twin studies, it is known that there
must be significant hereditary components acting within each of these disease
groups, but inheritance is non-mendelian and there is also a considerable influence
on the disease course from the environment and life style. The conclusion is that in
the development of these conditions many genes cooperate, but the effect of each
individual gene defect is neither necessary nor sufficient to generate the observed
phenotype. It follows that complex diseases are always genetically heterogeneous,
i.e, two patients presenting with the same symptoms are likely to suffer for
completely different reasons with respect to both hereditary and environmental
factors. This heterogeneity constitutes a serious obstacle to efficient genetic
analysis of complex disease in humans, where factors such as inherent genotype
variability and differences in life style are completely uncontrollable.

To some extent, this obstacle can be eliminated by the use of inbred animal
models, in which both the genetic constitution and environmental influences can be
carefully controlled (1). Model studies complement and facilitate the analysis of
human disease, and, provided that the necessary molecular tools are available, they
can be very appropriate. Some 200 different inbred rat strains have been carefully
characterized with respect to physiological and other characteristics, and many of
them constitute excellent models of human complex diseases. In the last ten-year
period, important scientific tools have been developed for the rat, such as large
insert genomic libraries, expression libraries, physical and genetic maps, as well as
radiation hybrid and comparative maps. Information about these resources is
readily available to the interested researcher via several databases (Table 1). The
efforts to make the rat a useful model organism for genomics and biomedical
research have culminated in the fall of 2002, when the first draft DNA sequence of
the complete rat genome was released.
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Endometrial Cancer Susceptibility in Inbred BDII Rats

Females of the BDII inbred rat strain have been shown to spontaneously develop
endometrial adenocarcinomas (EAC) at high incidence. These tumors are
particularly frequent in virgin females, where more than 90% of the animals develop
EAC before the age of 18 months (2, 3). Because they are typically estrogen-
dependent, no EACs will develop in ovariectomized BDII rats. In most other
inbred rat strains EACs are very rare tumors, and it is therefore clear that BDII rats
must be genetically predisposed for this tumor type. In humans, EAC is now the
most common malignant tumor in the female reproductive organs, and it is known
that hereditary predisposition to EAC exists also among humans. Thus, the BDII rat
may be used to model human EAC.

In order to study genetic aspects of EAC development in rats, we made
crosses, in which BDII rats were used as one parent and rats from two different
inbred strains, BN and SPRD, as the other. The latter two strains are known to have
very low or non-existing incidences of EAC, although they may present with other
types of tumors [reviewed in (4)]. The primary crosses generated F1 hybrids, which
were subsequently intercrossed to produce F2 progeny or back-crossed to BDII
females to produce N1 progeny. All animals were palpated weekly to look for
tumors and when a tumor was suspected the animal was sacrificed and subjected to
necropsy. Samples of all tumors were submitted to pathological analysis and tumor
tissue was secured for molecular studies. Whenever possible, cell cultures were
established from the tumors. Normal tissues (liver, spleen) were secured from all
animals for DNA extraction and molecular analysis.

The tumor incidence is shown in Table 2. As seen, 110 (31%) animals
developed malignant tumors and 89 (82%) of them were diagnosed as EAC tumors.
Since the animals were followed during their entire life span (up to 750 days) the
EAC tumors were subdivided into two groups, those with a latency typical of the
BDII strain (<700 days) were designated “early onset tumors”, and constituted 54%
of the EAC tumors, and those developing with longer latency. Normal tissue DNA
(liver and/or spleen) from all animals was subjected to a genome-wide screen with
polymorphic microsatellite markers (5, 6). A total of 328 markers were used, 225
were informative in the BN cross and 214 were informative in the SPRD cross
yielding an average distance between adjacent makers of 10 and 11 cM,
respectively. By means of TDT (transmission disequilibrium tests) on F2 and N1
data, we detected statistically significant association of the early onset EAC
phenotype to the BDII alleles in certain chromosomal regions. In the SPRD crosses
the major associations were to segments on rat chromosome (RNO) 1q35-q36, on
RNO11q23 and on RNO17p11-q12.1. In the BN crosses, we detected association
to the BDII allele in chromosomal segments on RNO12q12-q15 and on RNO20p12.
Thus, we found that the tumor phenotype showed the strongest association to
different chromosome regions in the two crosses. Our interpretation is that the
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development of the cancer phenotype is determined by overall genotype interactions
in the different genetic settings provided by the contribution of the BN and SPRD
strain animals, respectively.

By combining the results from both F2 and N1 animals, each of the
associated segments could be estimated to be 2-5 centimorgan in size. On average
this corresponds to 3-10 Mb of DNA sequence, which means that the number of
genes in each segment can be estimated at 30-100, figures that are corroborated
when the draft sequence of the actual segments are scrutinized in the Ensembl
database. Among the genes presented in the rat sequence database most are
predicted based on structure, and have not yet been assigned any distinct function.
But by combining information from the rat database with comparative data from
mouse and humans it was possible to identify 5-10 genes with known cancer-
relation in each of the segments. Further experimentation will be necessary to
determine which of these genes actually influence EAC susceptibility in BDII rats.

Patterns of Genetic Change in Rat Endometrial Adenocarcinoma

In order to obtain an overview of the genetic changes occurring in the EAC tumor
cells themselves, we employed cytogenetics and comparative genome hybridization
(CGH) (7, 8). The cytogenetic analyses of tumor cell cultures revealed that rat
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EACs usually have near-diploid or near-triploid chromosome sets. In most cases
the karyotypes exhibited a range of chromosome aberrations, both numerical and
structural. Signs of gene amplification, so-called HSR (homogeneously staining
regions) were detected in several of the tumors. CGH analysis was applied to both
primary tumor DNA and to DNA from tumor cultures and it was revealed that
certain chromosome regions were repeatedly involved in copy number changes in
rat EACs. Most commonly, the following regions were affected: recurrent copy
number gains were seen in RNO4 (proximally), RNO6 (proximally), RNO10
(distally), RNO12 (q arm) and RNO15 (q arm), whereas recurrent reduction in copy
number was seen in RNO5 (middle), RNO 10 (proximally) and RNO 15 (p arm). In
certain other regions, e g parts of RNO 1,2,16 and 18, copy number gains were also
rather common but less specific. It could be concluded that every tumor exhibited
one or more of the common cytogenetic changes detected, suggesting that the
development of EAC tumors in the model at least to some extent followed a
common predictable pattern, probably involving similar genetic changes.

Specific Genetic Change During EAC Development

The next step, then, will be to characterize specific genetic changes occurring in the
chromosomal regions identified. Since each region is quite large, this work is a
substantial undertaking that is open to several different approaches. Here, we will
discuss some of our results from two of the chromosome regions, situated on RNO4
and RNO10, respectively. Aberrations in the proximal part of RNO4 were the most
common among those detectable with CGH, and gains in RNO4 occurred in 34 out
of 56 tumors (61%). In 12 cases these increases were designated as gene
amplification, since the number of copies gained was in excess of five. For the
analysis of the proximal part of RNO4 we started by constructing a detailed
physical map of the region (9). Subsequently, a subset of 12 tumors was subjected
to analysis with FISH and Southern blotting (10). Fifteen gene probes covering the
proximal 75 Mb of RNO4 (Table 3; the total length of RNO4 is presently estimated
at 193 Mb) were tested in Southern blot analysis and it was shown that in 6 of the
12 tumors there was amplification of subsets of the genes (Figure 1). Notably, both
the Met oncogene and the cell cycle regulating Cdk6 gene were amplified in 5
tumors. These two genes are located only about 20 Mb apart (Table 3). Still, it was
found that the amplified copies of the two genes were situated in different HSR
chromosomes in some of the tumors, making it obvious that, at least in these cases,
each gene had been subjected to an independent amplification event. Furthermore,
two genes located between Cdk6 and Met in native rat DNA (Tac1 and Asns) were
never amplified, in fact, in some cases there was actually a reduction in copy
number of these genes. Our conclusion from these findings was that increased
levels of Cdk6 and Met gene products somehow interacted to stimulate tumor
development. Clearly, stimulation by such interaction is just one of several
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possibilities open in BDII EAC development, since coamplification of Cdk6 and
Met was seen only in a subset of the tumors (5 out of 12 tumors analyzed). In
addition, these results strongly suggest that an important tumor suppressor gene
(TSG) must be situated somewhere in the interval between the two genes, since this
region was never included in the amplicons.

Figure 1. On the left, the ideogram of RNO4 is shown, including higher
magnification of the proximal part. The cytogenetic localization of the 15 genes
analyzed is indicated. The notches on the thin line immediately to the right of the
ideogram shows the approximate physical positions of the genes (not completely to
scale, for details see Table 4). The diagrams in the right part of the figure show the
copy number level for each studied locus in the six tumors (circles connected by
dashed lines). Copy number classes refer to the number of copies per diploid
chromosome set equivalent (DCSE), thus, when there is no copy number change
this value will be 2, when there is amplification the value should be A value

is considered to be indicative of copy number reduction (deletion). Division
into classes: A = <1; B = 1-1.5; C = 1.6-4; D = 5-10; E = 11-25; F = 26-40; G = 41-
55; H = 56-70; I = 71-90; K = >90 copies/DCSE, of which class C represents the
normal range. The diagrams generated resemble the patterns seen in the CGH
analysis, but give much greater detail. Note that there are some regions, which
actually show reduction in copy numbers (shaded) suggestive of chromosomal
deletion, perhaps occurring during the actual amplification process. The data
strongly suggest the involvement of two distinct targets for gene amplification on
RNO4 in these tumors.. [Reprinted by permission of Cancer Res (10)].

Even though all available indications were that Cdk6 and Met were the
targets of amplification, obviously we cannot be sure of this, since in the entire 75
Mb region 461 genes have already been predicted in Ensembl based on structural
criteria, and if one extrapolates available data to an estimated total of about 33000
genes in the rat, this region should harbor about 715 genes. Still, when this entire
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DNA becomes fully annotated, it seems that the number of possible candidate genes
in the region will be quite limited, and that it will be a reasonable task to determine
which ones among them are involved in EAC development, using available standard
molecular methodology.

In one of the tumors (RUT7) there was amplification only of the Met
oncogene. A possible explanation was obtained from expression studies in the 12
tumors. The gene product of the Met oncogene is the hepatocyte growth factor
receptor, and in RUT7 there was expression of the corresponding ligand (Hgf,
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hepatocyte growth factor). The Hgf gene is normally turned off in endometrial
tissue – the fact that it was activated in RUT7 suggests that in this tumor a different
pathway involving an autocrine loop stimulating cell growth was active. Taken
together, our findings suggest that there are several genes in the proximal part of
RNO4 that play important roles in BDII EAC development. These genes probably
include Met, Cdk6 and Hgf and at least one still undiscovered tumor suppressor
gene, which is located not far from the Tac1/Asns genes.

In analyzing genetic changes in RNO10 we took a slightly different
approach. Because indications from the CGH analysis were that there was loss of
chromosomal material in the proximal part of RNO10, we started out with an
analysis of allelic imbalance looking for signs of LOH (loss of heterozygosity) (11,
12). We found indications that allelic imbalance was particularly common in at
least four rather well-defined regions. One region, situated in RNO10q24, was
shown to be affected by LOH in virtually all informative tumors, and in this region
the Tp53 gene is an obvious target candidate gene. Two other regions exhibiting
recurrent allelic imbalance were located in 10q11-q12 and in 10q22, but here there
were no obvious specific candidate suppressor genes. It is known that RNO10,
which is mostly homologous to human chromosome (HSA) 17, contains many
cancer-related genes. We are currently in the process of scrutinizing the RNO10
draft sequence in search of potential candidate genes in these regions. A fourth
region showing allelic imbalance was pinpointed in 10q32.1, but the CGH study
had shown that in BDII EAC tumors there was copy number increase rather than
decrease in this region. Thus, we will be looking for activated oncogenes rather
than suppressor genes in this particular region. One thing was very clear: if there is
a relative copy number decrease in the proximal part of RNO10, and a copy number
increase in the distal part there must, by necessity, occur chromosomal breaks
within a rather specific segment between the two regions. To examine this notion
we have performed FISH studies using an RNO10 chromosome paint in conjunction
with gene-specific probes (13). Thirty EACs were subjected to cytogenetic
analysis, which was combined with RNO10-specific painting. It was found that the
chromosome numbers of EAC tumors were in the diploid or triploid regions, modal
numbers ranging between 3 9 and 71. The RNO10 chromosome paint revealed that
the number of chromosomes entirely made up of RNO10 material or, in a few
instances, translocation chromosomes with distinct RNO10 segments, in 16 of the
tumors was equal to that expected from ploidy (i.e., two in diploid and three in
triploid cells). Fourteen EACs had a total of 20 RNO10-derived chromosome
segments in excess of those expected from ploidy. It should be mentioned that in
most tumors only 1-2 normal-looking RNO10 chromosomes were present,
additional RNO10-derived segments were mostly smaller than ordinary RNO 10
chromosomes.

To further analyze the RNOP10 involvement, two gene probes from
different parts of the chromosome were used in dual-color FISH in order to
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determine which chromosome segments the smaller RNO10-derived elements
represented. Thus, one PAC (P1 artificial chromosome) probe corresponding to
Tp53 (at 10q24) and another PAC probe for the Thra1 gene (at 10q32.1) were
labeled with red and green fluorescence, respectively, and the two probes were
simultaneously hybridized to metaphase preparations from the EAC cultures. The
hybridization pattern was compared to the previously determined pattern of
RNO10-derived chromosomes. Based on the combined analysis it was found that
EAC tumors neatly fall into two separate groups, those with no cytogenetic
involvement of RNO10 (11/30 tumors; 37%) and those exhibiting deleted and/or
translocated RNO10-derived chromosomes (19/30 tumors; 63%). In the latter
subgroup, the analysis showed that 35 out of 37 deletion or translocation
chromosomes had arisen after a break in the region between bands 10q24 and
10q32.1, leading to a situation in which they contained either Tp53 or Thra1, but
never both (the remaining two rearranged chromosomes were small and contained
neither Tp53 nor Thra1). Furthermore, among the rearranged chromosomes those
derived from the distal part and containing Thra1 dominated (30/35 chromosomes;
86%). Thus, this analysis showed that compared to the number of copies expected
from the ploidy, there was a relative deficit of the proximal part of RNO10 and a
relative overrepresentation of the distal part, just as would be expected based on the
CGH-results. In what way this imbalance in copy number affects EAC development
remains to be determined. Based on the findings from the allelic imbalance analysis
the possibility that one or more TSG loci need to be inactivated in the proximal part
seems valid. Similarly, increases in the distal part may lead to overrepresentation of
an oncogene. However, an interesting additional possibility is that a cancer-related
gene located at the chromosomal break point is of importance in EAC development
in this EAC subgroup. Only further experimentation can lead to a distinction
between the different possibilities.

Concluding Remarks

It can be concluded that the inbred BDII rat represents an interesting cancer model,
which is available to detailed molecular analysis. The strain is genetically
predisposed to spontaneous EAC development and a genetic approach such as the
one taken by us should ultimately lead to the identification of the susceptibility
genes. As a step in this direction, we have already identified five small
chromosome regions likely to harbor genes important in EAC susceptibility.
Somewhat unexpectedly, these susceptibility genes appear to be different depending
on what other strain is brought in for outcrossing purposes. This finding suggests
that susceptibility depends on a delicate interplay among several different genes.
Still, one might perhaps have expected that one or a few major susceptibility genes
would play the main role in BDII EAC susceptibility.

We have also studied the pattern of genetic changes during EAC
development. Our data show that certain recurrent genetic and cytogenetic changes
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occur during EAC development. However, there appears to be considerable
heterogeneity among individual tumors, in spite of the fact that the underlying
variation in genotypes and environmental influences is so much more limited that
among human subjects. Our results suggest that several different pathways can be
selected, each pathway leading to the same end, each with reasonably great
probability of occurring. This is as if during tumor development several choices
occur (e g amplification of Met or not, activation of Hgf or not, deletion of Tp53 or
not), the outcome of each choice essentially depending on stochastic factors, but the
cancerogenic process is flexible and presses on along each alternate path. It may
be, however, that the variation among tumors is less than what appears, since quite
different changes on the gene structural level may have the same effect on the
functional level (i.e., deletion may have the same effect as methylation,
overexpression the same as gene amplification etc). The detailed answers to these
questions can only come from further experimentation.
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Potential Role of Gonadotropin-Releasing
Hormone and Estrogen in Ovarian Cancer

Peter C. K. Leung, Kyung-Chul Choi, and Nelly Auersperg

Introduction

Epithelial ovarian cancer is a prime cause of death from gynecological
malignancies in the Western world. It appears to arise from the ovarian surface
epithelium (OSE) composed of a simple squamous-to-cuboidal mesothelium
covering the ovary (1). Women with a family history of ovarian and breast cancer
have a higher risk of developing ovarian cancer (2). Although the exact
mechanism of ovarian carcinogenesis remains to be uncovered, repeated ovulation
appears to be a contributing factor in the (pre)neoplastic transformation of OSE.
According to the incessant ovulation theory, the healing process of ruptured OSE
cells following ovulation may contribute to the changes of normal OSE to its
neoplastic counterpart (3). Recent epidemiological data from an Australian
case-control study of 791 ovarian cancer cases and 853 controls indicate that
repeated ovulations during the 20s in women are associated with high risk of this
disease (4). There is increasing evidence that hormonal influences may play a
pivotal role in the occurrence of ovarian tumors in women (5-7). We have recently
investigated the effects of several key reproductive hormones on the
transformation and progression of ovarian cancers using normal OSE,
immortalized OSE transfected by the SV-40 t and T antigens (pre-neoplastic), and
representative ovarian cancer cell lines. The results of these studies indicate that
hormonal influences in normal OSE and its neoplastic counterpart are much more
complex than previously predicted. The findings support the hypothesis that
reproductive hormones are important regulators of cell proliferation and apoptosis
in these cells. Specifically, the influences of gonadotropin-releasing hormone
(GnRH) and estrogen (E), in the regulation of OSE and ovarian cancer cell
proliferation/apoptosis, are summarized in this review.

Gonadotropin-Releasing Hormone (GnRH) and its Receptors

In addition to its well-documented role in the regulation of gonadotropin synthesis
and secretion in the anterior pituitary gland, GnRH has been suggested to act as an
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autocrine/paracrine regulator in several extra-pituitary tissues, especially in
carcinomas. Many human malignancies including ovarian, endometrial, breast,
and prostate carcinomas have been shown to express GnRH and its receptor (8).
In the human ovary, the majority of epithelial ovarian tumors and ovarian cancer
cell lines have been shown to express GnRH receptor (GnRH-R), implicating that
the use of GnRH analogs as a potential therapeutic approach for epithelial ovarian
cancer (9-14). In a recent study, we demonstrated that GnRH and a full sequence
of GnRH-R are expressed in normal OSE cells and the treatment with GnRH
analogs resulted in a direct growth inhibitory effect in these cells (15). This
anti-proliferative effect of the GnRH agonist was receptor-mediated, as
co-treatment with antide abolished the growth inhibitory effects of the GnRH
agonist, strongly suggesting that GnRH can act as an autocrine/paracrine regulator
in normal OSE cells (15). It is well known that GnRH and its analogs inhibit the
growth of a number of GnRH-R-bearing ovarian cancer cell lines in vitro.
Treatment with GnRH agonist, reduced the growth of two ovarian
cancer cell lines, EFO-21 and EFO-27 in a dose- and time-dependent manner (9),
and in OVCAR-3 (16). It is of interest that an antagonistic analog of GnRH, SB75
also induced an inhibition of cell proliferation in OV-1063 ovarian cancer cells in
a dose-dependent manner (17). In an animal model, the treatment with GnRH
agonist suppressed the endogenous FSH and LH secretion in the pituitary gland
and resulted in a growth inhibition of hetero-transplanted ovarian cancers,
indicating that GnRH agonist may have an indirect effect to inhibit
gonadotropin-stimulated ovarian cancer growth in in vivo (16). A combined
treatment with and cisplatin was performed and enhanced
therapeutic results of the combined treatment were obtained as compared to
chemotherapy alone with cisplatin in a clinical trial (18). On the other hand, a
multi-center, randomized trial failed to confirm the benefit of GnRH agonist
(Triptorelin) for patients with late-stage ovarian cancer previously subjected to
cytoreduction and adjuvant chemotherapy (19). More recently, Goserelin, a
GnRH agonist, was tested in pre-clinical trials and shown to be effective in
one-third of the patients with advanced and refractory ovarian cancer, indicating
that Goserelin is one of best strategies to treat the patients with late stages of the
disease (20). Also, combined therapy with GnRH analogs plus chemotherapy can
produce favorable results in late-stage ovarian cancer to enhance therapeutic
strategy (21).

Recently, a second form of GnRH, now referred to as GnRH-II
(pGln-His-Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly)
(22), has been cloned in the brain extracts from rhesus monkeys (23) and in

is expressed at higher levels outside the brain, including kidney, bone marrow, and
prostate, suggesting that GnRH-II may have multiple functions in these organs
(24). In extra-pituitary tissues, it appears that GnRH-II binds to GnRH-R more

Recently, a second form of GnRH, now referred to as GnRH-II
that was first discovered in chicken

(22), has been cloned in the brain extracts from rhesus monkeys (23) and in
humans (24). It has been demonstrated that GnRH-II encodes a different gene and
is expressed at higher levels outside the brain, including kidney, bone marrow, and
prostate, suggesting that GnRH-II may have multiple functions in these organs
(24). In extra-pituitary tissues, it appears that GnRH-II binds to GnRH-R more
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effectively than the classical GnRH (GnRH-I) (25). However, the possible
functions of GnRH-II in different tissues remain unknown. Recently, we have
demonstrated that GnRH-II mRNA is expressed in the human ovary including
normal OSE, immortalized OSE (IOSE) cells, primary cultures of ovarian tumors
and ovarian cancer cell lines. In addition, treatment with increasing doses (10-9
– 10-7 M) of GnRH–II resulted in growth inhibition in both non-tumorigenic and
tumorigenic OSE cell lines. These results demonstrate for the first time the
expression and potential anti-proliferative effect of GnRH-II, suggesting that
GnRH-II, similar to GnRH-I, may have a growth-inhibitory effect in normal and
neoplastic OSE cells (26). The presence of a second type of GnRH-R (type II
GnRH-R) with low affinity and high capacity has been proposed in a study in
ovarian cancer cell lines, EFO-21, OVCAR-3, and SKOV-3 (27). These results
were subsequently confirmed by RT-PCR using specific primers derived from
human pituitary type II GnRH-R mRNA (28) and Southern blot analysis (29).
Treatment with both native GnRH-II or the GnRH-I agonist Triptorelin resulted in
an inhibition of cell number in a time- and dose-dependent manner. Native
GnRH-II showed a greater anti-proliferative effect in EGO-21 and OVCAR-3
cells which have both types of GnRH-R, whereas only native GnRH-II but not the
GnRH-I agonist inhibited cell growth in SKOV-3 cell line which is type II
GnRH-R positive but type I GnRH-R negative ovarian cancer cell line (29).

The mechanism underlying the GnRH-induced growth inhibitory effect
in ovarian cancer cells has been investigated. Treatment with GnRH agonists
resulted in a significant inhibition of ovarian cancer growth. This effect of GnRH
was completely blocked by co-treatment with a specific GnRH antagonist,
indicating that ovarian GnRH receptors may be involved in a direct
anti-proliferative effect of GnRH analogs (15). Interestingly, both agonistic and
antagonistic analogs have been reported to exert a similar anti-proliferative effect
on ovarian cancer cells (17, 30). For instance, treatment with the GnRH-I
antagonist, Cetrorelix, resulted in an inhibition of ovarian cancer cell growth. The
mechanism of the Cetrorelix effect may involve one or more steps in cell cycle
progression, including G1 phase cell cycle arrest coupled with down-regulation of
cyclin A-Cdk2 complex levels, suggesting an up-regulation of p53 and p21 protein
levels and apoptosis (30). Phospholipase C (PLC) may mediate the coupling of
GnRH-GnRH-R signaling pathway to its anti-proliferative action in ovarian
cancer cells (9). In addition, an activation of phosphotyrosine phosphatase (PTP)
is involved in the GnRH induced signaling pathway in GnRH-R positive tumors,
suggesting a possible function of GnRH to dephosphorylate the activation of
receptor tyrosine kinase by growth factors (31, 32). GnRH-R has been shown to
couple to multiple G proteins, but the antiproliferative signal transduction is
mediated through the PTX-sensitive G protein alpha(i) in ovarian and endometrial
cancers. Further, the tumor GnRH-R activates a PTP counteracting EGF-induced
tyrosine auto-phosphorylation of EGF receptor, resulting in down-regulation of
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mitogenic signal transduction and cell proliferation in these cells (33). GnRH
analogs have been demonstrated to counteract the EGF-induced growth
stimulatory effect in ovarian cancer cells, suggesting that GnRH may
down-regulate its receptor numbers and/or mRNA levels (11). In addition,
EGF-induced c-fos mRNA expression and protein synthesis was dose-dependently
down-regulated with GnRH agonists and antagonists in the GnRH-R expressing
cell lines (34). Other mechanisms of GnRH/GnRH-R action in the inhibition of
cell proliferation may be involved, such as an increase in the cell portion of the
resting phase, (35) and induction of cell death or apoptosis by the Fas
ligand-Fas system in ovarian cancer cells (36). Also, GnRH may modulate the
growth of ovarian cancer cells by inhibiting telomerase activity (37) and by
modulating JunD activation (38).

The role of the MAPK family in the anti-proliferative effect of GnRH in
CaOV-3 ovarian cancer cell line has been demonstrated (39). Treatment of
CaOV-3 cells with GnRH resulted in an activation of ERK at 5 min, reached the
highest activation at 3 h and sustained until 24 h, whereas GnRH had no effect on
the activation of the JNK. In addition, the ERK kinase was also activated and an
increase in phosphorylation of son of sevenless (Sos), and Shc was observed
following GnRH treatment. Treatment with an inhibitor of mitogen-activated
protein/ERK kinase, PD98059 reversed the anti-proliferative effect of GnRHa and
the GnRH-induced de-phosphorylation of the retinoblastoma protein. These
results indicate that an activation of ERK may play an important role in the
anti-proliferative effect of GnRH (39). Furthermore, we have shown that an
agonist of GnRH, induced a biphasic pattern of ERK-1/-2
activation. A low concentration of GnRH resulted in a significant
decrease of MAPK activity, whereas high concentrations and
induced an activation of MAPK pathway in ovarian and placental cells (40).

Estrogen and its Receptors

Estrogens and estrogen receptor (ER) have been implicated in the pathogenesis
and progression of ovarian cancer based on epidemiological and experimental
observations (41-43). Even though estrogens plus progestins taken as an oral
contraceptive during the premenopausal period in women are protective, when
used in postmenopausal years as hormone replacement therapy, estrogens may
increase the risk of ovarian cancer (7). Although no difference in risk was
observed in women who had used estrogens continuously supplemented by
progestins, an elevated risk of epithelial ovarian cancer in women who had used
estrogen, either unopposed or combined with sequential progestins, was observed
in an epidemiological study (41).

Both a classical ER and second form of ER have been
demonstrated to be expressed in normal OSE and ovarian tumors including
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ovarian cancer cell lines (44-46). Although the precise role of these two ERs in
ovarian carcinogenesis is unknown, more than 50 % ovarian tumors express ER.
The mRNA level of was decreased, whereas the level of mRNA was
similar or slightly higher in ovarian tumors when compared to normal ovaries (46).
The role of these ERs in normal OSE and malignant cells remains elusive. There
is some suggestion that the loss of mRNA expression in normal OSE cells
may be related to neoplastic transformation, whereas level is not affected in
ovarian tumors compared to their normal counterpart (45). It is of interest that the

mRNA mutation with a 32-bp deletion in exon 1 was found in the SKOV-3
cell line, which is insensitive to E with respect to cell proliferation and regulation
of gene expression (45). However, the differential splicing or major deletions in
a coding region of were not found in either normal ovaries or ovarian tumors
(46).

It has been reported that E is produced in primary cell cultures derived
from 25 patients suffering from epithelial ovarian tumors, suggesting that E from
primary ovarian tumors may play an active role in the proliferation and/or survival
of these cells and alter the hormonal environment for promoting tumor progression
(47). Although E appears to be ineffective in affecting the growth of normal OSE
(15,48), E induces growth stimulation of ER-positive ovarian carcinoma cell lines
including OVCAR-3 and BG-1 cells, which have twice as many estrogen receptors
as MCF-7 breast cancer cell line (49, 50). Treatment with E for 6 days resulted in
growth stimulation in pre-neoplastic OSE cells immortalized by transfecting
SV-40 t and T antigens into human normal OSE cells. Co-treatment with
tamoxifen, an estrogen antagonist, abolished the E-induced stimulatory effect,
suggesting that E action is mediated by ERs (44).

The mechanism of E in the regulation of cell proliferation and survival in
neoplastic OSE cells has been examined. An increase of c-Myc protein is involved
in the E-induced ovarian cancer cell growth (49). Several growth factors including
epidermal growth factor (EGF), transforming growth factor and
insulin-like growth factor (IGF) have been implicated to E-induced interaction in
the normal ovary and ovarian cancer cells. For instance, the growth stimulatory
effect of estrogen in the ovarian cancer cell line, PE01, was blocked by the use of
an EGF receptor-targeted antibody, suggesting that an E-induced signaling
pathway appears to be linked with an activation of EGF pathway (51). In addition,
treatment with E resulted in a significant increase in in the media and
regulated phosphorylation of the EGF receptor, indicating that E may play a role
in the production of and activation of EGF receptor in ovarian cancer cells.
The effect of EGF and IGF-1 on cell proliferation was potentiated by E via an
increased binding affinity to EGF receptor and IGF-I receptor number (52). In our
laboratory, we have demonstrated that E resulted in a prevention of tamoxifen
induced-apoptosis through ERs in pre-neoplastic OSE cells, and a mechanism of
E action may be involved to up-regulation of bcl-2 (anti-apoptotic gene) at the
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mRNA (Figure 1) and protein levels (Figure 2). In contrast, no significant
difference was observed in the mRNA and protein levels of bax (pro-apoptotic
gene) in Tag-immortalized OSE cells (44). These data indicate that E may play a
role in the prevention of apoptosis, and bcl-2 appears to be a dominant regulator in
the E-induced anti-apoptotic signal in pre-neoplastic OSE cells. Results in a
recent study have indicated that the BRCA1 gene can be a ligand-reversible barrier
to transcriptional activation by promoter-bound ER, and functional inactivation of
this gene may promote tumorigenesis through inappropriate hormonal regulation
of mammary and ovarian epithelial cell proliferation (53).

Figure 1. Effect of E on bax and bcl-2
mRNA levels. Data are shown as the
means of three individual experiments,
and are presented as the mean ±SD  a,
P<0.05 vs. untreated control; b, P <
0.05 vs. E 1, untreated
control; 2, E 3, E   4,
E                  5, tamoxifen 6, E

plus tamoxifen
[Reproduced with permission from the
Endocrine Society: (44) Choi K-C,
Kang SK, Tai C-J, Auersperg N,
Leung PCK (2001) Estradiol
up-regulates anti-apoptotic bcl-2
mRNA and protein in tumorigenic

ovarian surface epithelium (OSE). Endocrinology 142:2351-2360.]

Crosstalk Between the E/ER and GnRH/GnRH-R Systems

There is increasing evidence that E may play a role in the regulation of GnRH and
GnRH-R in in vivo studies. For instance, E may be an important regulator in the
events leading to ovulation by modulating GnRH and its receptor levels at the
hypothalamus-pituitary level (54, 55). Previous studies in our laboratory have
demonstrated the presence of GnRH and GnRH-R system in the ovary, suggesting
a potential role of E in the regulation of this system (56, 57). More recently, we
have shown that the ovary possesses an intrinsic GnRH axis which is regulated
during luteinization in vitro, and that E is capable of regulating GnRH and its
receptor in human granulosa-luteal cells (58). In a previous study, GnRH-I mRNA
levels were significantly decreased by E in a time-dependent manner, whereas
GnRH-II mRNA levels were significantly increased in a time-dependent fashion in
human granulosa-luteal cells, indicating that expression of GnRH-I and GnRH-II
at the transcriptional level is differently regulated by E and P4 in these cells (59).
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Figure 2. Effect of E on bax and bcl-2
proteins. Data are shown as the means of
three individual experiments, and are
presented as the mean  ± SD  a, P < 0.05
vs. untreated control; b, P < 0.05 vs. E

1, untreated control; 2, E
M); 3, E 4, E 5,

tamoxifen 6, E +
tamoxifen [Reproduced with
permission from the Endocrine Society:
(46) Choi K-C, Kang SK, Tai C-J,
Auersperg N, Leung PCK (2001)
Estradiol up-regulates anti-apoptotic
bcl-2 mRNA and protein in tumorigenic
ovarian surface surface epithelium
(OSE).Endocrinology 142:2351-2360.]

Based on these findings, the next question was whether estrogens
influence the GnRH and GnRH-R expression in normal OSE and its neoplastic
counterpart. Considering that GnRH is a potent autocrine regulator in normal OSE
and ovarian cancer cells (15, 60), we investigated the relationship between E and
GnRH/GnRH-R system in these cells (57). Treatment with E resulted in a
significant decrease in the GnRH mRNA in OVCAR-3 cells, whereas no
significant down-regulation of GnRH mRNA was observed in normal OSE cells.
In addition, treatment with E resulted in a significant down-regulation of GnRH-R
mRNA in both normal OSE and OVCAR-3 cells. To determine whether E action
is mediated through the estrogen receptor, the cells were treated with E together
with tamoxifen, an estrogen antagonist. Cotreatment with tamoxifen abolished the
down-regulation of GnRH in OVCAR-3 cells and GnRH/GnRH-R mRNAs in
both cell types. The molecular mechanism underlying the negative E regulation
on GnRH/GnRH-R is not understood. Our preliminary data indicate that
E-activated ER  represses human GnRH-R gene transcription via an indirect
mechanism including competition for a limiting amount of CREB-binding protein
with AP-1 transcription factor (Cheng CK, Chow BK and Leung PCK,
unpublished observation).

As estradiol down-regulated GnRH and GnRH-R mRNA levels, we
investigated whether estrogen treatment antagonizes the growth inhibitory effect
of GnRH in OVCAR-3 and normal OSE cells (57). Treatment with GnRH
induced a significant growth inhibition of OVCAR-3 cells as early as the second
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day of pre-treatment with E for 24 h partially blocked the growth inhibitory effect
of GnRH on day 2, but failed to block the effect of GnRH on days 4 and 6 of
treatment. Pre-treatment for 24 h and co-treatment with E on a daily basis induced
a significant attenuation of growth inhibitory effect of GnRH. In contrast, neither
pre- nor cotreatment with E blocked the growth inhibitory effect of GnRH in
normal OSE cells. These results indicate that a potential cross-talk between the
E/ER and GnRH/GnRH-R systems exist in the human ovary, which may be
important in the growth regulation of neoplastic OSE cells (57).

Concluding Remarks

In addition to its well-documented role in the reproductive hormone cascade,
GnRH may play a role as an autocrine/paracrine regulator in the inhibition of cell
proliferation and/or induction of apoptosis in normal and neoplastic OSE cells.
The use of GnRH and its analogs is being considered for pre-clinical trials as a
possible therapeutic agent in gynecological tumors such as ovarian and
endometrial cancers. The exact mechanisms of GnRH action in the inhibition of
cell growth need to be delineated using in-vitro and in-vivo models for ovarian
cancer. The recent discovery of a second form of GnRH (GnRH-II) is posing a
new challenge in understanding the role of the GnRH/GnRH-R system in normal
OSE and its neoplastic counterpart. It appears that GnRH-II may have a more
potent effect in the inhibition of cell proliferation when compared to that of
GnRH-I in ovarian cancer cells.

On the other hand, E and ER may play a role in ovarian carcinogenesis
as indicated by epidemiological and experimental observations. Further studies
are needed to elucidate the influence of E and other hormones such as P4,
gonadotropins and growth factors in normal and neoplastic OSE. Interestingly, it
appears that E may be involved in the regulation of GnRH and GnRH-R genes in
normal OSE and ovarian cancer cells. This potential cross-talk between the E and
GnRH systems in the ovary may be important in the multi-faceted regulation of
cell proliferation, apoptosis and/or differentiation of normal OSE and its
neoplastic counterparts.
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Dose of Progestogen in
Postmenopausal Combined
Hormone Therapy and Risk of
Endometrial Cancer
Susan D. Reed, Lynda F. Voigt, Shirley A. Beresford, Deirdre A.
Hill, Jennifer A. Doherty, and Noel S. Weiss

Summary

Progestogens are given to diminish the risk of endometrial cancer (ECA)
observed with postmenopausal estrogen therapy. The pattern of
progestogen administration and number of days that the progestogen is
given per month appear to affect ECA risk. We studied the impact of dose
of progestogen, specifically medroxyprogesterone acetate (MPA), on ECA
risk in a population-based case control study of 647 cases and 1,209
controls, ages 45-74 years. Among women who took a combined hormone
regimen with MPA for less than10 days/mo, the overall adjusted risk of
ECA (relative to that of hormone non-users) was 4.2 [95%, Confidence
Interval (CI) 2.0, 8.9] in those with an MPA dose less than70 mg/mo; and
the adjusted risk of ECA was 2.8 (95%, CI 0.9, 8.6) in those with a higher
monthly MPA dose. Among women who took MPA cyclically for 10-24
days/mo or as continuous combined therapy, the risk of ECA was similar
to non-users, irrespective of the monthly dose. Our findings showed that
among the combined hormone regimens most commonly used by
postmenopausal women in the USA today, monthly dose of MPA bears
little or no relation to risk of ECA.

Introduction

The use of unopposed estrogen in postmenopausal women is associated with an
increased risk of developing endometrial adenocarcinoma, the size of which
increases with increasing duration of use (1). Epidemiologic studies have verified
that progestogen administration assists in diminishing the stimulatory effect of
estrogen on the endometrium, thereby decreasing the risk of endometrial cancer
(ECA) associated with unopposed estrogen. The association of ECA with
postmenopausal combined hormone therapy has been examined in several large
case control studies performed by groups in Seattle, Los Angeles, and Stockholm,
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Sweden (2-5). These studies have provided information about different patterns of
progestogen delivery (cyclical for less than 10 days, cyclical for 10-24 days, and
continuous); and duration of use. In addition, the Swedish study5 evaluated the risk
of ECA by type of progestogen, comparing risks among women using C-21 derived
progestogens, [principally medroxyprogesterone acetate (MPA)] to non-users and
the nor-testosterone derived progestogens to non-users. There are no large studies
that have reported on the dose of progestogen as it relates to the risk of ECA.

Progestogen dose becomes relevant because the balance between
decreasing ECA risk with an adequate progestogen dose must be weighed against
potential progestogen side effects seen with higher dosing regimens. Progestogen
side effects lead to non-compliance with postmenopausal combined hormone
therapy in at least one third of patients (6, 7). In addition, and potentially most
importantly, the addition of a progestogen to postmenopausal estrogen therapy
appears to decrease the favorable lipid benefits of estrogen (8, 9) and increase the
risk of breast cancer (9-12). It is unknown whether progestogen has a major
contribution to the increased risk of stroke and cardiovascular events observed with
combined continuous hormone therapy (9). Identification of the dose of
progestogen for use in combined postmenopausal hormone therapy that maximizes
efficacy but also has a low rate of adverse consequences is therefore desirable.

Material and Methods

We conducted a population-based case-control study in Washington State,
interviewing women 45-74 years of age with ECA diagnosed during 1985-1999.
Controls identified by random digit dialing (93%) and the Health Care Financing
Administration files (7%), were frequency matched for age and county and
interviewed. After excluding women who took unopposed estrogen, used more than
one combined hormone regimen, a regimen not including at least 6 months of MPA
or had an unknown dose, type or duration of progestogen, 647 cases and 1,209
controls remained. Women were categorized as follows: 1) Hormone non-users. 2)
Users of cyclical MPA for less than 10 days/mo. 3) Users of cyclical MPA for 10-
24 days/mo. 4) Users of MPA daily for at least 25 days/mo. Combined hormone
therapy was analyzed by low and high monthly MPA dose in the three different
categories of combined hormone regimens. Each group was compared to the group
of women who either did not use hormones or who used for less than six months.

Logistic regression analysis was performed and odds ratios with 95%
confidence intervals (CI) calculated, adjusting for age, county, reference year, prior
oral contraceptive exposure and body mass index. Potential confounding by
duration of progestogen use and dose of estrogen used were also evaluated. A sub-
analysis on the interaction of body mass index (BMI) and the association of
progestogen dose and risk for ECA was performed.



Dose of Progestogen and Risk of Endometrial Cancer 275

Results

The distribution of established risk factors for ECA among cases and controls, i.e.,
nulliparity, obesity, diabetes, and non-use of oral contraceptives, corresponded to
what would be expected from the epidemiologic literature.

The dose of MPA had little bearing on risk of ECA with the exception of
women who took the progestogen for less than 10 days/mo. Among women who
took a combined hormone regimen with MPA for less than 10 days/mo, the overall
adjusted risk of ECA, relative to that of hormone non-users, was 4.2 (95%, CI 2.0,
8.9) in those with an MPA dose less than70 mg/mo and was 2.8 (95% CI, 0.9, 8.6)
in those with a higher monthly MPA dose. Among women who took MPA
cyclically for 10-24 days/mo or as combined continuous therapy, the risk of ECA
was similar to non-users, irrespective of the monthly dose.

Figure 1. Risk of
endometrial cancer
associated with
monthly dose and
duration of
medroxyprogesterone
acetate in combined

postmenopausal
hormone therapy.

The effect of dose and duration by pattern of use is shown in Figure 1.
The greatest risk of ECA, among women who took combined hormone therapy
relative to non-users, was observed among women who took lower monthly doses of
MPA (less than70 mg/mo for less than 10 days/mo), but for longer durations (over 5
years), adjusted OR 5.0 (95%, CI 2.1, 12.2). The effect of estrogen dose or BMI
appeared to have little or no impact on the risk of ECA associated with dose of
progestogen, although small numbers of overweight and obese women who took
combined hormone therapy limit the interpretation of our results.

Conclusions

Our findings showed that among the combined hormone regimens most commonly
used by postmenopausal women in the USA today, monthly dose of MPA bears
little or no relation to the risk of ECA, irrespective of estrogen dose or body mass
index. Given the possible adverse effects of progestogen use, there appears to be
little rationale for the prescription of more than 75 mg of continuous MPA/mo, or
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more than 100 mg of cyclical MPA/mo, or their equivalents, for postmenopausal
women taking estrogen therapy. Future studies on the impact of progestogen dose
on the risk of ECA among women taking different formulations of progestogens are
warranted so that optimal dosing regimens for progestogens other than MPA can be
defined.
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Mammographic Densities and
Urinary Hormones in Healthy
Women with Different Ethnic
Backgrounds
Gertraud Maskarinec, Andrew E. Williams, Sabina Rinaldi, Rudolph
Kaaks

Summary

An association between sex steroids and mammographic density (MD), a
predictor of breast cancer (BC) risk, is supported by findings of increased
densities after hormone therapy and reduced densities after tamoxifen
treatment. Herein, ethnic differences in urinary hormone levels and their
relation to MDs were investigated. Because 2-hydroxyestrone
is considered less carcinogenic than we
hypothesized an inverse relation between the
ratio and breast densities. Women recruited completed a questionnaire
and donated urine during the luteal phase. Urinary estrone estradiol

testosterone (T), and (ADIOL) were
measured by indirect radioimmunoassay (RIA) and by
competitive immunoassays. MDs were assessed with a computer-assisted
method and applied multiple linear regressions. The total number of
subjects was 305 (35-75 years, Their ethnic distribution
was Caucasian (110), Japanese (86), Hawaiian (35), Chinese (28), and
mixed/other ethnicity (46). The data indicate that the body mass index
(BMI), androgens (A), total hormones, and the 2/16 ratio were
significantly lower in Asians than in Caucasians, but the % MDs were 22%
higher in Asians. None of the individual hormones was associated with
MDs. However, contrary to the initial hypothesis, the 2/16 ratio was
directly related to MDs. The ratio was 25% lower in the lowest MD
category as compared to the highest category. The data suggest that the
effects of endogenous hormones on BC risk may not be mediated through
MDs in adult women.

Introduction

MD patterns refer to the distribution of fat, connective, and epithelial tissue in
the breast, and are strong predictors of BC risk. A high percentage of dense
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parenchyma on mammographic images confers a 4.0- to 6.0-fold risk to develop BC
(1). Endogenous estrogens (Es) and perhaps As are important in the etiology of BC
(2-4). An association of MDs and hormone levels is supported by several
observations. Hormone replacement therapy (HRT) increases MD (5). In the other
hand, tamoxifen treatment improves MDs (6) by suppressing ovarian function
through a gonadotropin-releasing hormone agonist (7). Moreover, MDs returned to
baseline after tamoxifen was discontinued (8). However, two cross-sectional
investigations detected no strong relation between MDs and serum E and
progesterone (P) levels (9, 10).

Because some metabolites of endogenous Es may have more estrogenic
effects than others, we hypothesized that differences in E metabolic pathways may
be related to MDs. The metabolism of  follows two major competing pathways,
C2-and and a minor C4-OH-lation (11-13). It has been proposed
that women who metabolize a larger proportion of their endogenous Es through

are at greater BC risk because has genotoxic effects,
damages DNA, and enhances breast cell growth, whereas inhibits breast
cell proliferation. However, before transformation into methoxy compounds by the
enzyme catechol methyl transferase (COMT), 2-OH compounds have some
estrogenic and growth promoting effects (13). The evidence on the association of
the 2/16 ratio with BC is inconsistent (14-18), and a previous study on MDs
reported results contrary to the original hypothesis (19). Women in the highest
tertile of the 2/16 ratio were 6.0 times more likely to have a high risk
mammographic pattern. In disagreement with the hypothesis that women from
ethnic groups with lower BC risk have a higher 2/16 ratio, a comparison between
Finnish and Asian women (20) reported a higher ratio in Finnish women. Herein,
ethnic differences in urinary E, A, and E metabolite levels and their relation with
MD were investigated.

Materials and Methods

Study Design and Population. This study included 305 women, participants of
three studies involving MD, 97 were from a cross-sectional study (21), 7 from an
isoflavone intervention study (22), and 201 from a soy intervention study (23). For
the latter two studies, baseline mammograms and urine samples were used for the
analysis. After the approval of the Committee on Human Studies at the University
of Hawaii, all subjects provided informed consent. Women for all three studies were
recruited at mammography clinics in Honolulu. Eligible women had no previous
history of BC and required a normal mammogram at baseline. The subjects for the
intervention studies were free of serious medical conditions, had regular menstrual
periods, intact uterus and ovaries, were not on oral contraceptives or other
hormones, and had no intention of becoming pregnant within a year. Due to the
nature of the nutritional intervention, only women who reported a dietary
consumption of servings of soy food/week were eligible. All subjects completed
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a validated food frequency questionnaire (24), which included questions on
reproductive, medical, and anthropometric factors. In the cross-sectional study, self-
reported information was used to classify women’s menopausal status and hormone
use (HRT). The majority of subjects (n = 208) donated an overnight urine
specimen, while those of the cross-sectional study (n = 97) only a spot urine sample.

Mammogram Density Assessment. Cranio-caudal views of the mammogram were
obtained from the clinics after complete radiologic evaluation and ruled out any
malignancy. The films were scanned into a PC using a Kodak LS-85 X-ray digitizer
with a pixel size of (resolution = 98 pixels/inch). One of the authors (GM)
performed computer-assisted MD assessment using a Canadian method (25). The
reader chooses a threshold value that defines the outline of the breast, and then
selects the best threshold to identify the regions that represent MDs. The pixel
count corresponding to the dense area is determined by the computer, as is the total
area within the outline of the breast. Percent MD was calculated as the ratio of the
dense area to the total area of the breast multiplied by 100. A random sample of 58
mammograms was read in duplicate. The intra-class correlation coefficients (26)
were 0.95 (95% CI, 0.92-0.97), for the size of the dense areas, and 0.98 (95% CI,
0.97-0.99) for the total breast area, and of 0.97% density (95% CI, 0.95-0.98).

Urinary Hormone Analysis. Urine concentration of T, and ADIOL was
performed with slight modifications previously published (27). Briefly, 1.0-ml
urine samples were hydrolyzed, purified by solid phase extraction, and HPLC.
Hormone concentrations were measured by RIA on the dried extracts. All
measurements were done in duplicate, including hydrolysis, solid phase extraction,
HPLC, and RIA. For quality control, two control samples containing known
amounts of steroids were included for all the analytical steps in each sample batch.
The detection limits were: 0.02 ng/ml for and 0.08 ng/ml for ADIOL, and
0.02 ng/ml for T. Intra- and inter-batch coefficients of variations were 4.7 & 16%,
respectively, for (at 3.3 ng/ml), 1.7% & 14% for (at 0.32 ng/ml), 4.7% & 14%
for T (at 3.3 ng/ml), and 7.0% & 11% for ADIOL (at 15.5 ng/ml). 2-OH- and

were measured by solid-phase enzyme immunoassays after enzymatic
hydrolysis with Helix Pomatia (Estramet, Immunacare Co., Bethlehem, USA).
Mean intra- and inter-batch coefficients of variations were 10 & 15%, respectively,
for both analytes.

Statistical Analysis. The SAS statistical software package version 8.2 (SAS
Institute Inc., Cary, NC) was used for data management and statistical analyses. In
the questionnaire, subjects marked all ethnic backgrounds that applied to themselves
and to their parents. Summary categories were assigned according to the following
rules: A woman was classified as Caucasian if both parents had some Caucasian
ancestry and shared no other ethnic background. Subjects with no more than three
ethnic backgrounds were classified as Chinese, Japanese, or Filipino, if both parents
were of the same ethnicity or if the mother was of the respective ethnic background
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and the parents shared no other ethnic background. Because of the similarity in
percent MDs, the 86 Japanese, 28 Chinese, and 9 Filipino women were combined
into one Asian category. In agreement with rules applied in the State of Hawaii
(28), women with any Hawaiian background were classified as Native Hawaiian.
Because of their mixed ancestries, the Native Hawaiian women (n = 35) were
included into the other category containing Pacific Islanders, African-Americans,
Latinas (n = 24), and women with mixed ethnic backgrounds that did not fit any of
the above categories (n = 13).

Body Mass Index. BMI was calculated as the ratio of weight in kg divided by the
square of the height in m. Non-normally distributed variables were transformed
using their natural logarithm. Percent MD was classified into five categories: <10%,
10 to 24.9%, 25 to 49.9%, 50 to 74.9%, and To explore associations
between MD and urinary hormone measurements, we computed Spearman
correlation coefficients and included potential confounders (29). Then, we
applied analysis of variance to test for associations between ethnicity, hormone
levels, and mammographic characteristics with adjustment for confounding
variables (30). In addition, we computed least-squares means for the urinary
hormone levels by category of percent MD using the proc glm procedure in the SAS
software package (30). Finally, we performed trend tests to investigate a possible
relation between the different hormones and percent MD. We regressed the mean
level of the hormones onto the mean MD of each of the five MD categories.

Results

Characteristics of study population. Most of the 305 women were
premenopausal; only 25% were postmenopausal (Table 1). The mean age was 47.2
years. Caucasians were slightly younger than Asian women. The BMI was lowest
among Asian, intermediate in Caucasians, and highest in the mixed/other category
(p = 0.0004). Percent MD differed significantly by ethnicity (p = 0.003), even after
adjustment for age, menopausal status, and BMI (p = 0.03). Percent MD was
highest among Asians and lowest among Caucasians, 45.2% vs. 34.9%. Of the 305
women, 35,48,108,87, and 27 belonged to the five MD categories. Close to 40%
of Caucasians were in the two lowest MD categories, but only 20% of Asians were
classified that way. MD density was significantly higher for pre than for
postmenopausal women The MD difference
between  Caucasians  and  Asians  was  greater  after  menopause  than  before  (16% vs. 9%).

Excretion of all combined hormones was lowest among Asians and similar
in the two other groups, but this difference was not statistically significant (p =
0.09). The difference in hormone levels was primarily due to ADIOL, and
T, which differed significantly by ethnicity, even after stratification for menopausal
status or HRT use. While A levels did not vary by HRT use, E levels were
approximately 2.0-fold higher among postmenopausal women on HRT than among
non-users. After stratification by menopause and HRT use, A levels remained lower
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among Asian than Caucasian women in each subgroup. Levels of
and were similar in the three ethnic groups. The 2/16 ratio was approximately
25% lower in Asian women than in the other two groups (p = 0.04). The ethnic
difference in the 2/16 ratio was greater before (1.56 vs. 2.11) than after menopause
(1.55 vs. 1.72) for Asian and Caucasian women, respectively. The 2/16 ratio did
not differ by HRT use (p = 0.57).

All hormone levels declined with age (Table 2). The correlation
coefficients for all combined hormones was while the individual
correlations varied between and -0.39. These relations were strongest for
ADIOL and the two metabolites, followed by T, and weaker for and The
2/16 ratio was not significantly related to age. Only the A levels were associated
with BMI; women with a higher BMI excreted more T and ADIOL. As a result,
BMI showed a significant inverse relation with the E/A ratio. These associations did
not change after excluding women on HRT, but they were stronger before
menopause. Due to the small sample size, none of the associations between
hormones and BMI were statistically significant after menopause. The correlation
coefficients with T and ADIOL were slightly lower than in premenopausal women
and, among those not using HRT, was weakly correlated with BMI p =
0.08). Percent MD was negatively related to age and BMI, but not for E or A levels.
A weak positive association with disappeared after confounders
adjustment, as did the correlation between the 2/16 ratio and MD was 0.07 (p =
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0.22). Restricting the correlation analysis to premenopausal women did not change
the results. After stratifying postmenopausal women by HRT use, MD was
positively related to both OH metabolites, and T among women not taking HRT.
The correlation coefficients were between 0.32 & 0.38, but were not statistically
significant. However, postmenopausal women on HRT, and both OH metabolites
were negatively associated with percent MD

Mean levels of hormones by categories of percent MD (Figure 1) illustrate the lack
of an association of MD with T, and ADIOL. The p-values for the
respective trend tests were 0.94, 0.85, 0.54, 0.78, and 0.69. For we
observed a weak negative relation (p for trend = 0.19) that translated into a 2-5%
higher 2/16 ratio for women in the higest MD category. The respective values for the five categories of
percent MD were:1.59,1.68,1.86,1.85, and 1.99  with ap-value of 0.01 for the linear trend test.
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Figure 1. Levels of urinary
hormones by categories of percent

This trend changed
minimally when excluding the 37
women on HRT. However,
stratification by menopausal status
showed the association was stronger
in pre- than postmenopausal women
(p=0.08 vs. 0.97 for postmenopausal).
HRT use did not affect the relation in
postmenopausal women. Separate
analysis for women with a BMI of

(p = 0.07) vs. women with a BMI
(p = 0.40) indicated that the

relation was restricted to women with normal weight. Stratification by ethnicity
showed similar trends in Caucasian and in Asian women (p = 0.07 and p = 0.04),
but the mean 2/16 ratio was lower for Asians than for Caucasians in all MD
categories.

Conclusions

In this cross-sectional investigation among women of different ethnicity, we
observed higher percent MDs, lower urinary A levels, and a lower 2/16 ratio among
Asian than Caucasian women. However, we did not observe any significant
associations between urinary hormone levels and MD. The 2/16 ratio showed a
relation with percent MD in a direction opposite to our initial hypothesis.

Women with percent MDs of 75% or greater had an approximately 25% higher
2/16 ratio than women with percent MDs below 10%. This relation was similar in
Asian and Caucasian women, but it was not present among postmenopausal and
overweight women. The ethnic differences in MD agree with previous studies (21,
31). Due to the smaller breast size of Asian women, percent MD is higher than in
Caucasian women. However, the absolute MDs apprears to be lower among Asian women (32).

Our findings agree with a previous report of MD and the 2/16 ratio (19). The
study among postmenopausal women used a qualitative assessment method for MD
assessment. The mean 2/16 ratio was 1.12 in the high risk group and 0.83 in the low
risk group, a 35% difference. The results also agree with the higher 2/16 ratio in
Finnish as compared to Asian women who have the lower BC risk (20). Although a
number of studies have investigated the 2/16 ratios and BC, the evidence does not
offer a definite answer to the question whether a higher 2/16 ratio reduces or
increases BC risk. An association with postmenopausal BC was detected in one
small case-control study (14), but a larger study did not support the hypothesis (33).
Two cohort studies (17, 18) found a higher 2/16 ratio associated with a non-
significantly reduced BC risk among premenopausal women. A recent study (16),
conducted among Chinese women, reported a reduced BC risk with a higher urinary
2/16 ratio, but only when urine was collected prior to BC treatment.
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The present study has a number of limitations. The strict eligibility criteria for
the nutritional interventions may have introduced selection bias. The fact that our
population was highly motivated, had a high proportion of subjects with a family
history of BC (14.4%), and relatively few children suggests that the women in the
study may have a higher than average risk to develop BC. Asian ethnicity at the age
group of the women studied, at least second generation migrants, probably does not
protect against BC. As shown in a large prospective study, BC incidence among
Japanese women in Hawaii and California is at least as high as among Caucasians
(34). The two urine collection protocols, overnight samples in premenopausal
women vs. spot urine specimens in postmenopausal women, may have introduced
additional bias. However, the possible effect on the results is difficult to assess.
Although no information on urinary volume was collected, we are confident that the
hormone concentrations reflect actual excretion patterns. For a subset of 196
premenopausal women who had creatinine levels available, we repeated the
correlation analysis and adjusted for creatinine as a surrogate for urinary volume.
None of the Es or As showed any association with percent MD.

Our results suggest an absence of a relationship between urinary sex steroids
and MD. Given the negative results in studies of circulating endogenous hormones
and MD (9,10), it appears likely the effects of hormones are not mediated through
MDs in premenopausal women. Unfortunately, the small number of postmenopausal
women not taking HRT made it impossible to make any valid conclusions for that
population. A larger study among women who have never taken HRT would be
needed to elucidate this question in postmenopausal women. To understand the
importance of different E metabolites in the etiology of BC may also require
assessment of additional metabolites, such as 4-OH metabolites, as well as studies
regarding the combined carcinogenic effects when different metabolites are present.
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Polymorphism of the Estrogen
Gene in Breast Cancer

Cristina Caraion, Nadine Vincent, Claude Lambert, Constantin
Caraion, Guorong Li, Pierre Seffert, Jean-Marc Dumollard, and
Christian Genin

Summary

Microsatellite polymorphism may influence gene expression or receptor
signaling function. In cancer, microsatellite sequences, even when located
in non-coding regions of a gene, are capable of modifying the
susceptibility to carcinogenic factors. The estrogen-receptors (ER) and

are involved in breast oncogenesis, with differentprognosis significance.
They mediate different and complex pathways. Recently, the expression
of the in breast tumors has been shown to be a marker for good
prognosis for breast cancer (BC). Although this piece of information
needs further testing, the involvement of the in BC signaling
processes has been clearly demonstrated. The goal of the present study
was to gain insight into the genetic polymorphism of and its possible
relationship to BC pathogenesis regarding estrogen dependence. We
conducted a case-control study comprising 27 BC samples and 30 control
samples, matched by age and hormonal status. Our results indicate that
the length of the genotype variants oscillates between 149-169 bp.
Clearly, the overall distribution had a bimodal distribution with a
majority of alleles ranging between 161 and 165 pb. A group of

alleles was significantly shorter (below 159 bp) with a predominant
peak at 155 pb. A comparison of the length of the genotypes
revealed that short alleles [below 21 cytosine (C) and adenosine (A)
repeats -159 bp] were significantly more frequent in BC patients (42.6%)
compared to controls (18.3%; t = -2.50; p = 0.013). In conclusion,
(CA)n polymorphism at the locus may represent a modulator factor
of BC risk.

Introduction

In BC, high susceptibility gene mutations of BRCA1 and BRCA2 are associated
with a 10.0-20.0-fold increased risk of the disease in females (1). However, the
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rarity of such carriers explains less than 10% of the BC cases. Therefore, it has been
established that low-penetrance polymorphic genes may play an important role in
BC development. Candidates for such potential high-prevalence genes are low risk
genes as those involved in mediating steroid hormone metabolism, activation or
detoxification of environmental carcinogens, DNA repair, signal transduction, and
cell cycle control, leading to a multigenic model for BC susceptibility (2).

Particular polymorphic variants may affect gene expression and/or function,
depending on their localization on the gene structure. If a coding region is involved,
the polymorphism could result in a sense-mutation, and eventually to an amino acid
substitution in the expressed protein. Also, polymorphism may modify the DNA
transcription, the stability of primary transcripts, or the translation process of
messenger RNA (3).

Exposure to estrogens (Es) is a modifier of BC risk. Es stimulate breast cell
proliferation via their receptors, resulting in the likelihood of the occurrence or
propagation of errors in DNA replication. The role of endogenous Es in BC etiology
is also supported by prospective epidemiological studies. Hankinson (4) has shown
that plasma E levels are higher in women who have developed BC compared to
those who remained disease free.

The ERs are nuclear receptor proteins with an E- and a DNA-binding domain.
They act as transcription factors and stimulate E-responsive genes. The presence of
ER in BC is a marker of a favorable prognosis and responsiveness to adjuvant
hormone therapy (5). About 66% of BCs are (6); however, it is not yet known
why 40% of those BCs are primarily resistant to hormonal treatment; neither whether

and BCs represent distinct forms of the disease with different risk factors
patterns. There are two isoforms of the ER: and encoded by different genes.
The two ER isoforms have different histological distribution and mechanisms of
action (7). This suggests that they may play different roles in gene regulation, and
that their relative levels could modify the response to Es or anti-estrogens. It has
been shown that the may have a role in tamoxifen resistance (8), therefore,
may be considered of clinical use. The has a polymorphic region composed of
variable numbers of CA repeats in the 3' end of the gene. In order to gain insight
into the regulation of expression in BC, we analyzed a previously described
genetic polymorphism in gene (9) in a BC case-control pilot study.

Materials and Methods

Study Subjects. We analyzed 27 peripheral blood samples from patients who had
surgical treatment of primary BC. All cases were invasive ductal carcinomas. None
had any familial history of BC. Histopathological characteristics (tumor stage and
size, histological agressivity) were ascertained from medical records. The age of the
patients ranged from 37-82 years old, with a mean age of 57.11 ± 12.98, and a
median age of 54 years old. Control subjects (n = 30) were randomly selected from
healthy female (free of diagnosed cancer) blood donors, matched by age and
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menopausal status. The age ranged from 19 to 81 years old, with a mean age of 51 -
96 (35 ± 11) and a median age of 52 years old.

Genotyping the Polymorphism. Genomic DNA was extracted from buffy coat
obtained from EDTA-blood, using Qiagen QIAamp blood kit. The (CA)n
microsatellite was amplified using a fluoresce labeled primer [5'-GGT AAA CCA
TGG TCT GTA CC-3' (forward)], and an un-labeled primer [5'-AAC AAA ATG
TTG AAT GAG TGG G-3' (reverse)]. Aliquots (~100 ng of DNA) were amplified
in a reaction volume, containing 1.5 mM 5 pM of each primer, 200 nM
dNTP, and 1.25 units of Taq-polymerase. PCR amplification was performed by an
initial denaturation at 94°C/2 min, followed by a 35 cycle amplification (94°C/45
sec, 53°C/45 sec, and 72°C/45 sec) followed by a final extension at 72°C/2 min.
The PCR products were separated on a polyacrylamide gel by automated
fluorescence detection in a sequencer . Allele sizes were interpolated using a size
standard, 20 DNA fragments from 60 to 400 bp, and with a CEQ™ 8000 DNA
Analysis System. The results were confirmed by re-running quality control samples.

Statistical Analysis. Mantel-Haenszel and t-test statistics across matched case-
control sets were used to compare the distribution of the different alleles. All p-
values are from two-tailed tests. The influence of the genotype length on the risk of
BC was tested with an unconditional linear logistic regression. Because the results
of significance tests may depend on the choice of cut-points for the continuous
variable, we tested the differences among the allele size distributions by use of the
Mann Whitney U test. All analyses were performed with the use of STATISTICA
6.0 software (StatSoft Inc, USA). Statistical significance level was set at a p value =
0.05.

Results and Discussion

Eleven alleles of different sizes, ranging from 16 to 26 CA repeats (149-169 bp,
respectively), were found. A bimodal distribution of  allele sizes was evident in
both BC and control groups (Figure 1). The chosen cutoff value was 159bp(21 CA
repetitions). Alleles longer than 21 CA repeats (median 163) were termed “long
alleles” (L), while those below 21 (median 155) were termed “short alleles” (S).
The S allele was more frequently found in BC patients compared to controls (Figure
2). The mean CA repeat length was lower in BC patients [159.55 bp (median 161
bp; SD 4.98)] than in healthy controls [161.73 bp (median 163 bp, SD 4.30); t= -
2.50; df =112; p = 0.013].
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Figure 1. Size distribution of (CA)n repeat in the gene. A bimodal
distribution was observed with two groups, shorter or longer than 159 pb (21CA).
The distribution was different between BC patients (n = 54) and healthy age-
matched controls (n = 60).

Figure 2. Cumulative distribution of
(CA)n allele sizes in BC cases and
controls. The (CA)n allele lengths were
frequently shorter in BC cases than in
controls.

The data in Table 1 show that the S allele repeats; 159 bp) was
significantly more frequent in BC patients (42.6 %) compared to controls (18.3%;
chi square = 6.45, df=1, p = 0.011). These results were confirmed using the Mann
Whitney U test that does not depend on cut-points (p = 0.019). The subjects with S
allele sizes had a 1.75-fold increased risk of BC compared with those
with L allele sizes (> 159 bp). When the influence of the genotype (SS, SL or LL) on
BC risk was assessed, a trend for higher risk in SS and SL carriers (chi square =
5.05, df=1, p = 0.02) compared to the LL carriers, was found (Figure 3).
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Moreover, to integrate the effect of both allele lengths of an individual
genotype, we compared the means of the two individual alleles between BC cases
and controls (sum of allele sizes/2). We found a more frequent “S” mean allele in
the BC group compared to the controls group [chi square = 7.81; df=1 (p = 0.0052)
and t-value = -2.29; df = 55 (p = 0.025)] suggesting that the effect of both alleles in a
genotype is more significant to determine BC risk (Table 2). Because of the small
size of the population tested, we could not calculate whether the allelic frequencies
values with respect to the Hardy-Weinberg equilibrium.

Figure 3. Distribution of genotypes
SS, SL, and LL in BC cases vs
controls The LL genotype is more
frequent in the control group, while
the SS and SL genotype are more
frequent in the BC cases (Yates
corrected p = 0.02).

Our results show that the (CA)n polymorphism in the gene may be
associated with a higher risk for BC. We hypothesize that the different levels of
steady-state expression of the variants, and/or their functionalities may
influence BC risk possibly through different hormonal susceptibilities. Whether this
polymorphism is functional or not, remains to be determined. Since it is located in
the 3' region of the gene, it is reasonable to consider that differences in allele lengths
may influence gene expression regulation. Studies of other genes have shown that
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the (CA)n region near the promoter or in the first intron of a gene affect its promoter
activity (10). Indeed, a 1.75 relative risk is not high enough, but reveals a significant
role of CA repeats among other BC risk factors, i.e., other genes, gene-gene
interactions, and gene-environment interactions. genetic variant interactions
with known BC risk factors may provide new insights into BC etiopathology.
Finally, a possible relationship of polymorphism with other E-dependant
diseases (endometriosis, fibroma, and atherosclerosis) should be considered.

Conclusion

gene polymorphism appears to confer a BC risk; however, a larger study with
integration of multiple BC risk factors, such as hormonal exposure, is needed to
confirm these results.
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Characterization of Genetic
Polymorphism of Glycine
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Hepatocellular Carcinoma
Yu-Chuen Huang, Yi-Ping Shih, Chun-Chih Li, Li-Ying Liao,
and Yi-Ming A. Chen

Summary

Previously, we reported that glycine N-methyltransferase (GNMT)
expression levels were diminished in human liver cancer. Herein,
the polymorphisms of GNMT in 5 hepatocellular carcinoma (HCC)
and 2 hepatoblastoma (HBL) cell lines were analyzed. In the HCC
cell lines, 4/5 had homozygous genotypes in all the GNMT
polymorphism markers expect PLC/PRF/5 which had a G/A
genotype of SNP3. Among 6 GNMT polymorphism markers,
HA22T/VGH had 3 homo and 3 heterozygous genotypes. In
contrast, both Huh 6 and Hep G2 HBL cell lines had heterozygous
genotypes in most of their GNMT polymorphism markers. The
INS/DEL genotypes of GNMT in peripheral blood mononuclear
cells of 308 HCC patients were analyzed. The data indicate that the
rates of homozygous insertion (INS/INS), heterozygous
(INS/DEL), and homozygous deletion (DEL/DEL) genotypes were
11.59%, 48.19% and 40.11%, respectively. When the SNP1
genotype was analyzed, we found that the genotype rates of T/T,
T/C, and C/C in HCC patients were 1.30%, 25.65% and 73.05%,
respectively. The frequency distribution of both INS/DEL and
SNP1 genotypes in HCC patients was not statistically different from
those of the 304 normal controls. When the interaction between
GNMT genotypes and HBV infection were analyzed, the data
showed that among patients without HBV infection, those with C/C
genotype had a 1.55-fold higher risk of developing HCC. Further
studies in the interaction between GNMT and risk factors for HCC
besides HBV are needed.

Introduction

GNMT is a protein with multiple functions (1-3). In 1998, we reported that
expression level was diminished both in human liver cancer cell lines and
tissues (4). GNMT is expressed only in breast, prostate, liver, kidney, and
pancreas. It regulates the ratio of SAM/SAH by catalyzing the synthesis of
sarcosine from glycine and SAM (1). This GMNT mechanism may be
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involved in carcinogenesis since GNMT may affect the cellular levels of
DNA methylation. SAM is the sole methyl donor for all the mammalian
methyl-transferases, except for those involved in methionine biosynthesis.
There is evidence that epigenetic events, i.e., abnormal DNA methylation,
may be critical in human diseases (5). DNA hypomethylation is an early
event, both in human and experimental hepatocarcinogenesis, and its role in
the activation of various genes, has been postulated (6, 7). In addition,
previous observations in rodent models indicated that the administration of
exogenous SAM greatly inhibits the development of pre-neoplastic lesions in
liver (8). The human GNMT gene is localized at chromosome 6p12 and its
genomic DNA has been isolated and characterized (9). In 2003, we identified
6 novel polymorphisms including two short tandem repeat (STRPs), 3 single
nucleotide (SNPs), and 1 insertion/deletion (INS/DEL) around flanking
region of exon 1 of the human GNMT gene (10) (Figure 1). Herein, we
determine expression of GNMT SNP1 and INS/DEL in relation to HCC risk.

Figure 1. Identification of six novel polymorphisms in the GNMT gene
including 2 short tandem repeat polymorphisms (STRPs), one
insertion/deletion (Ins/Del) polymorphism, and three SNPs.

Materials and Methods

Subjects. Taiwanese HCC patients (308) and healthy controls (304) were
recruited from Taipei Municipal Jen-Ai Hospital and Kaohsiung Yuan’s
General Hospital. Informed consent and peripheral blood (PBL) was
obtained from all participants. A questionnaire was designed to collect
relevant information regarding HCC risk factors, i.e., age at diagnosis, family
history of HCC, hepatitis B virus (HBsAg) or C virus infection (anti-HCV
antibody), diabetes mellitus, as well as AST and ALT, and
cigarette smoking. The protocols were approved by the Institutional
Reviewed Boards, Taipei Veterans General Hospital.

DNA Preparation. PBL was collected from each study participant. Buffy
coat samples were prepared and stored at -80°C until use. Genomic DNA was
prepared by conventional phenol/chloroform extraction (11), followed by
ethanol precipitation, and stored at -20°C until used for genotype analysis.
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GNMT INS/DEL GeneScan Analysis. To identify the genotypes of
INS/DEL, the primers were described in Tseng, et al. (10). PCR amplification
was carried out by using PBL DNA, 1.0 unit of AmpliTaq Gold,

of each primer, 0.5 mM deoxynucleotides, and 2.5 mM in a
total reaction volume of The PCR conditions used 93 °C for 10 min to
activate the AmpliTaq Gold, follow by 35 cycles of denature of 94°C for 30
s, annealing at 54°C for 30 s, and extension at 72°C for 30 s. The final
elongation is at 72 °C for 60 min. PCRs are running in a GeneAmp PCR 9700
thermocycler. PCR products were electrophoresed on a 377 ABI PRISM
sequencer, and the fluorescent signals from the different size alleles were
recorded using GENOTYPER version 2.1 software.

TaqMan Assay. The GNMT SNP1 genotype was determined using a
TaqMan assay. The procedures were described in Tseng, et al. (10).

Data Analysis. GNMT INS/DEL and SNP1 allele and genotype frequencies
were calculated. Odds ratios (OR) were calculated as a measure of
association between GNMT genotypes and HCC. OR and 95% confidence
interval (CI) were estimated from unconditional logistic regression models.
OR for GNMT INS/DEL and SNP1 genotypes were calculated after
subdividing cases based upon HBV infection and HCC.

Results

Characteristics of Liver Cancer Cell Lines and their GNMT
Polymorphisms. The properties of 5 HCC and 2 HBL cell lines and their
genotypes of different polymorphisms of GNMT gene are summarized in
Table 1. All the 7 cell lines were hyperdiploid except Huh 7. Two cell lines
(Hep 3B and PLC/PRF/5) had HBV genome integration, while 4/5 HCC cell
lines had homozygous genotypes in all the GNMT polymorphism markers,
expect that PLC/PRF/5 had a G/A genotype of SNP3. Among 6 GNMT
polymorphism markers, HA22T/VGH had 3 homozygous and 3 heterozygous
genotypes. In contrast, both Huh 6 and Hep G2 HBL cell lines had
heterozygous genotypes in most of their GNMT polymorphism markers.

Frequencies of INS/DEL and SNP1 Genotypes of GNMT in HCC
Patients. The INS/DEL genotypes of GNMT in PBL mononuclear cells of
308 HCC patients were analyzed using the GeneScan assay. The rates of
homozygous insertion (INS/INS), heterozygous (INS/DEL) and homozygous
deletion (DEL/DEL) genotypes were 11.59%, 48.19% and 40.11%,
respectively. The distribution of genotype INS/DEL frequencies in HCC
patients was not statistically different from that of the 304 normal controls
(Table 2). When comparing patients with the INS/INS GNMT genotype, the
OR of developing HCC in patients with INS/DEL or DEL/DEL were 0.88
(95% confidence interval [CI] = 0.51-1.53) and 0.78 (95% CI = 0.45-2.24),
respectively. The SNP1 genotype was analyzed in the same cohort mentioned
above using TaqMan assay.
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The results showed that the rates of T/T, T/C, and C/C genotypes in HCC
individuals were 1.3% (4/308), 25.65% (79/308) and 73.05% (225/308),
respectively.

The distribution of the SNP1 genotype frequencies between HCC
and normal groups was not statistically different (Table 2). The OR of
developing HCC in individuals with C/T or C/C genotype vs. persons with
T/T genotype were 1.19 (95% CI= 0.31-3.59) and 1.30 (95% CI= 0.34-4.91),
respectively (Table 2). If we combined the data of persons with T/T and C/T
genotypes and used as reference, then the OR of developing HCC for persons
with C/C was 1.10 (95% CI= 0.78-1.57).

Interaction Between HBV Infection and GNMT Polymorphism in HCC
Patients. We next analyzed the combined effect of the GNMT genotype
polymorphism and HBV infection on the risk of HCC development. As
shown in Table 3, the OR of HCC in persons with HBV infection and
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DEL/DEL genotype was 1.03 (95% CI= 0.45-2.33) when we used both
DEL/INS and INS/INS genotypes as a reference. For persons with DEL/DEL
genotype but without HBV infection, the OR was 1.09 (95% CI= 0.56-2.11).
In terms of the interaction between SNP-1 and HBV infection, the OR for
persons with C/C genotype and HBV infection was 0.97 (95% CI= 0.46-2.25)
when we used both C/T and T/T genotypes as a reference. Among HCC
patients without HBV infection, the results showed that for persons with C/C
genotype, the OR was 1.55 (95% CI=0.70-3.43) when we combined the data
of the C/T and T/T groups (Table 3, lower panel).

Discussion

All in all, we analyzed the polymorphisms of GNMT in different human liver
cancer cell lines including 5 HCC and 2 hepatoblatoma cell lines. The high
percentage of homozygous GNMT genotypes in the 5 HCC cell lines implies
that there may be high rate of somatic mutation of GNMT gene during liver
tumorigenesis. In terms of the HA22T/VGH cell line, among its 6 GNMT
polymorphism markers, 3 were heterozygous and 3 homozygous. Haplotypic
analysis showed that somatic mutation had happened. In contrast, the 2 HBL
cell lines had heterozygous genotypes in most of their GNMT polymorphism
markers.

We used 2 genotypic markers of GNMT-INS/DEL and SNP1 to
determine the association between GNMT polymorphisms and HCC
development. No significant differences of the GNMT INS/DEL genotype
frequencies between HCC and normal control groups were observed.
However, in individuals with 1 or 2 DEL-alleles, the OR of developing HCC
decreased. The risk for HCC among heterozygous individuals was
intermediate to those who were homozygous for the DEL-allele (OR of 0.88
and 0.78, respectively; Table 2). In terms of the SNP1, there was no
significant association between the SNP-1 genotype and HCC risk, while
increased risk for HCC was observed in individuals with at least one copy of
the C-allele. The risk for HCC among heterozygous individuals was
intermediate to those who were homozygous for the C-allele (OR of 1.19 and
1.30, respectively; Table 2). Studies with larger sample size are needed to
elucidate the usefulness of these GNMT polymorphism markers for the
genetic counseling of high-risk populations.

Finally, we investigated the interaction between GNMT genotypes
and HBV infection in HCC patients. After data stratification by status of
HBV infection, we found that among patients without HBV infection, those
with C/C genotype had a 1.55-fold higher risk of developing HCC (Table 3,
lower panel). This suggests that GNMT and HBV may be independent risk
factors for HCC development. The interaction between GNMT and other risk
factors for HCC, i.e., environmental carcinogens or HCV infection should be
further investigated in the future.
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Role of Soy Phytoestrogens
Genistein and Daidzein in Focal
Adhesion Assembly and Focal
Adhesion Kinase Activity in
Breast Cancer Cells
Nicolas G. Azios and Suranganie F. Dharmawardhane

Summary

Recently, our laboratory and others have shown that estrogen receptor
negative (-) breast cancer (BC) cells respond to estrogenic

compounds via rapid signaling mechanisms. To understand the role of soy
phytoestrogens in BC cell invasion, we analyzed focal complex formation
and focal adhesion kinase (FAK) activity, as detected by phospho-specific
anti-FAK antibodies to tyrosine residues 397 or 925. Stimulation of
T47D and MDA-MB-231 BC cell lines for 10 min with
estradiol daidzein, or genistein (GEN) increased the number of focal
adhesions and FAK activity. This data implicate and soy
phytoestrogens in the regulation of cellular interactions with the ECM via
novel signaling mechanisms.

Introduction

The steroid hormone mediates establishment and maintenance of female
reproductive physiology, as well as the initiation and progression of breast and
gynecological cancers via transcriptional activation of both and isoforms of the
ER. Loss of  expression is common in malignant progression of BC leading to
the metastatic state (1). In addition to this well-characterized genomic mode of
action, recent data have shown that can exert rapid effects on cell function,
possibly via plasma membrane ERs. Such rapid signaling events have been
implicated in mechanisms of cross talk with other signaling pathways such asG
protein coupled receptors and tyrosine kinase type growth factor receptors (2).
These novel mechanisms may help explain effects of estrogenic
compounds on cell functions relevant to BC progression, such as invasion and
survival.
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Recent data, including a report from our laboratory using both and
BC cell lines, have demonstrated that and related plant-derived estrogenic
compounds (phytoestrogens) modulate the activity of signaling proteins that
regulate cell survival and invasion (3, 4). The soybean phytoestrogens GEN and
daidzein, used in the present study, bind to and transactivate both and to
exert estrogenic and anti-estrogenic effects. The soy phytoestrogens bind   with
high affinity (5), which may explain activation of signaling in malignant BCs that
have lost expression (3).

During metastatic progression, BC cells invade the ECM both by degradation
of matrix components and by modulation of focal adhesions with the ECM. Focal
adhesions are multi-molecular complexes of structural and signaling proteins that
are formed as a result of clustering integrin receptors by ECM proteins (6).
Intracellular signaling by activated integrins and actin polymerization regulates cell
motility and cancer cell invasion, including BC metastasis (7). Actively migrating
cells contain smaller, more dynamic focal complexes at their leading edge that are
thought to generate forces necessary for forward movement. Thus, cell migration is
an integrated process that requires coordinated assembly and disassembly of
contacts with the ECM (8).

FAK is a key signaling intermediate recruited to the membrane in response to
integrin and tyrosine-kinase type receptor activation. Recent data have shown that
effects on cell migration via phosphorylation of residue 397 of FAK can be
uncoupled from activation of cell invasion via phosphorylation of residue 925 to
modulate Rho GTPase activity. FAK also activates matrix metalloproteinase
secretion, which facilitates ECM degradation. Thus, FAK-mediated increases in
cell proliferation, motility, and invasion have been correlated with tumor
malignancy (9).

has been shown to effect tyrosine phosphorylation of FAK in BC cells (10).
GEN has been shown to promote cell spreading and adhesion concomitant with
accumulation of FAK in focal adhesions, and transient FAK activation in prostrate
and breast cancer cell lines (11,12). These effects of GEN on FAK activity and
modulation of cell adhesion to the ECM are thought to be correlated with the
preventive effects of GEN in prostrate cancer metastasis (12). To understand the
relevance of estrogenic compounds to BC cell invasion, we investigated the role of

GEN, and daidzein in FAK activity and focal complex formation.

Materials and Methods

Cell Stimulation. T47D and MDA-MB-231 human BC cells were cultured in
DMEM with 10% FBS and starved for 48 h prior to experiments in phenol red
minus media. Quiescent cells were stimulated for 10 min with vehicle (DMSO), 50
ng/ml epidermal growth factor (EGF) (Upstate Biotechnology Inc., NY), 0.01 or

(Sigma, MO); 10, 25, 50, or 100 GEN or daidzein (LKT Labs, MN).
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Western Blot Analysis. Cells were disrupted in lysis buffer (20 mM Tris HCl (pH
7.5), 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 2.5 mM sodium pyrophosphate,
50 mM sodium fluoride, 10% glycerol, 1% NP-40,1 mM DTT, 0.5% deoxycholate
and protease inhibitors) at 4°C. Lysates were centrifuged at 14,000 rpm, the
proteins in the supernatant eluted with Laemmli sample buffer, equally loaded, and
separated on 10%SDS-PAGE gels. Proteins were transferred to PVDF membranes,
blocked with 5% bovine serum albumin (BSA), and probed with specific primary
antibodies. Positive bands were detected using an alkaline phosphatase conjugated
secondary antibody and developed with NBT/BCIP reagent (Pierce, IL). Anti-FAK
(against the N-terminus), anti-phospho-FAK (Tyr-397), and anti-phospho-FAK
(Tyr-925) antibodies were purchased from Upstate Biotechnology Inc., NY. The
density of positive bands was quantified using NIH Image software. The relative
FAK activity was calculated as the density of phospho-FAK in stimulated cell
lysate/density of FAK in stimulated cell lysate divided by density of phospho-FAK
in un-stimulated cell lysate/density of FAK in un-stimulated cell lysates.  The results
are representative of three separate experiments.

Immunocytochemistry. Cells were seeded on coverslips and serum-starved in
phenol red free media for 48 h. Cells were treated for 10 min with DMSO
(control), EGF (50 ng/ml), genistein, or daidzein (10, 50,
Cells were fixed in 3.7% formaldehyde, permeablized with 0.2% TritonX100, and
blocked with 5% BSA. Fixed cells were stained with rhodamine phalloidin to
visualize the actin cytoskeleton and a mouse monoclonal anti-phosphotyrosine
antibody (Santa Cruz Biotechnol., CA), followed by fluorescein-conjugated goat
anti-mouse secondary antibody (Cappel, PA), to visualize focal complexes. Ten
microscopic fields per treatment were photographed using a SPOTII digital camera
and quantified for two separate experiments.

Results

To determine the effect of estrogenic compounds on focal complex assembly and
the actin cytoskeleton, we monitored the changes in focal adhesions and
polymerized actin (F-actin) in response to or soy phytoestrogens. The
concentrations of and soy phytoestrogens used were in agreement with those of
these compounds that induce gene transcription via both and (13). GEN is
commonly used as a tyrosine kinase inhibitor at concentrations above (14).
Therefore, low medium and high concentrations of
phytoestrogens were used to differentiate their effects as estrogenic, anti-estrogenic,
or tyrosine inhibitory compounds.

As has been shown previously, EGF stimulation resulted in lamellipodia
extension with the assembly of a large number of smaller focal contacts along the
leading edge of polarized cells (15). For T47D and MB-231 cell lines,

and soy phytoestrogens increased the total number of focal adhesions compared
to controls (Figure 1A, B). Daidzein treatment at 10,50 and concentrations
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demonstrated a statistically significant increase in focal adhesions in MDA-MB-231
cells (Figure 1B). GEN also increased focal adhesions at These results are
similar to previous reports that documented GEN-induced cell spreading, adhesion,
and FAK activity in MCF-7, an BC cell line (11).

Figure 1A. Immunofluorescence microscopy of BC cell lines in response to and
soy phytoestrogens. T47D non-metastatic human BC cells (top panel) or
ERof MDA-MB-231 metastatic human BC cells (bottom panel) were serum-
starved in phenol red free culture media for 48 h and stimulated for 10 min with
DMSO (vehicle), 50 ng/ml EGF, or daidzein or GEN. Cells were
stained for F-actin with rhodamine phalloidin and for focal adhesions with anti-
phospho-tyrosine followed by a FITC-tagged secondary antibody.

FAK is a key signaling intermediate that is recruited to focal adhesions and
activated by auto-phosphorylation in response to integrin clustering (9). Therefore,
FAK activation in response to and phytoestrogens was determined by Western
blotting of stimulated cell lysates with phospho-specific antibodies. Data presented
demonstrate that phospho-FAK is altered in response to GEN and daidzein in both

and BC cell lines. In T47D cells, phospho-FAK levels increased
in a concentration dependent manner up to in response to daidzein and
genistein (Figure 2). Our previously published results were quantified using a C-
terminal anti-FAK antibody, which detected only the 125-kD form of full length
FAK (3). Herein, this assay has been improved by the use of an anti-FAK antibody
which specifically detects the N-terminus of FAK. This improved method allowed
the quantification of an often detected N-terminal fragment (90-kD) of FAK, which
contains the phosphorylated tyrosine residue 397 (16).
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Figure 1B. Mean focal
adhesions/cell assembled in
response to and
phytoestrogens. MB-231 cells
were stimulated with DMSO
(UN), 50ng/ml EGF,

or 10, 50, or
GEN (G) or daidzein (D).

Following immunofluorescence microscopy, 10 random microscopic fields per
coverslip were photographed, and the number of focal adhesions/cell quantified.
Results shown are from two separate experiments for 25-40 cells/treatment, and
represent the mean ± SEM.

N.G. Azios and S.F. Dharmawardhane

Figure 2. FAK activity in response to
genistein and daidzein in T47D cells. Serum-
starved cells were stimulated with 0, 1, 10,
25, 50, or        GEN or daidzein for 10
min and immediately lysed. Cell lysates were
Western blotted for total FAK (using an anti-
FAK N-terminus antibody) or anti-phospho-
FAK (Tyr-397) antibody. The relative FAK
activity was calculated and graphed relative
to un-stimulated controls, (i.e., the difference

between “P-FAK/FAK ratio” with stimulation and the “P-FAK/FAK ratio” without
stimulation, divided by the “P-FAK/FAK ratio” without stimulation), for each
compound tested. Results are representative of three separate experiments.

FAK phosphorylation as a response to and phytoestrogens was also
determined in MDA-MB-231 BC cells. Similar to cells, in MDA-MB-
231 cells, daidzein increased FAK activity in a concentration dependent
fashion, with peak activities at and decreased at 50 and (Figure 3).

The MDA-MB-231 cells responded to all phytoestrogenss tested by
enhanced FAK phosphorylation at low and medium concentrations (Figures 3 and
4). The effect of GEN on the phosphorylation of both FAK tyrosine residues 397
and 925 was tested. As indicated in Figure 4, phosphorylation of each tyrosine
residue demonstrated differential concentration dependence. Phosphorylation of
tyrosine residue 397 was maximal at and decreased slightly at in
response to GEN, suggesting that this effect is not dependent on the tyrosine kinase
inhibitory action of GEN. GEN enhanced FAK phosphorylation in residue 925 with
increasing concentration, again acting more as a stimulator of FAK activity rather
than as a tyrosine kinase inhibitor. Thus, our results demonstrate novel effects of
soy phytoestrogens on cell signaling.
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Figure 3. FAK activity in response to
daidzein in MDA-MB-231 cells. Serum-
starved cells were stimulated with DMSO
(control), EGF (50 ng/ml) or 10, 50, or

daidzein for 10 min and
immediately lysed. A) Cell lysates were
Western blotted for total FAK (using an
anti-FAK N-terminus antibody), or
phospho-FAK (using an anti-phospho-
FAK tyr-397 antibody). B) Relative
FAK activity is calculated as the density
of phospho-FAK in stimulated cell
lysate/density of FAK in stimulated cell
lysate divided by density of phospho-
FAK in un-stimulated cell lysate/density
of FAK in un-stimulated cell lysates.
Results are representative of three
separate experiments.

Figure 4. FAK activity in response to genistein in MDA-MB-231 cells. Serum-
starved cells were stimulated with DMSO (control), 10, or genistein for
10min and immediately lysed. Cell lysates were Western blotted for total FAK
(using an anti-FAK N-terminus antibody) or phospho-FAK with an anti-phospho-
FAK (Tyr-397) antibody (A, B) or anti-phospho-FAK (Tyr-925) antibody (C, D).
Relative FAK activity (B, D) is calculated as the density of phospho-FAK in
stimulated cell lysate/density of FAK in stimulated cell lysate divided by density of
phospho-FAK in un-stimulated cell lysate/density of FAK in un-stimulated cell
lysates. Error bars represent the mean ± S.D. n = 4.
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Conclusions

Soy phytoestrogens affect apoptosis, growth, differentiation, and have anti-oxidant
and anti-angiogenic properties (17). The present data clearly demonstrate an
additional function for soy phytoestrogens in modulating cell-ECM interactions.
and soy phytoestrogens increased focal adhesion assembly and FAK activity in

and human BC cell lines. Our novel data on the role of GEN in
enhancing phosphorylation of both 397 and 925 tyrosine residues of FAK reflect a
role for soy phytoestrogens in activation of multiple FAK-regulated signaling
pathways that promote both cancer cell proliferation and invasion. Since the effects
of soy phytoestrogens were similar to those of we predict that GEN and daidzein
act as estrogenic compounds via the same signaling pathways as to activate FAK
and regulate focal adhesion assembly.
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Identification of Genes Regulated
by the Antiprogestin,
Onapristone, in Breast Cancer
Cells using Microarray Analysis
Simon J. Crook, J. David Brook, Anette Sommer, Joern
Kraetzschmar, and John F.R. Robertson

Summary

Progesterone receptor (PR) antagonists are a potential new therapeutic
strategy for the treatment of patients with invasive breast cancer (BC).
One such progesterone antagonist is Onapristone. Onapristone has been
reported to have strong anti-progestational and anti-tumor activity. A
tumor remission rate of approximately 66% was found in a phase II
clinical trial of Onapristone as a first-line endocrine therapy in post-
menopausal patients with primary BC. However, during this trial, a
minority of the patients developed abnormal liver function test results. As
a consequence, the further therapeutic use off this drug has stop. Although
the mechanism of action of Onapristone has been suggested by animal
model experiments, the genes regulated by the drug in the breast are not
known. In the present study, the BC cell line T47D was treated with
Onapristone and examined with Affymetrix microarrays and real-time RT-
PCR to identify genes which were differentially expressed. Cells were
treated with Onapristone either alone or in the presence of progesterone,
and microarray analysis carried out upon the RNA extracted from the
cells. The expression of a selection of up- or down-regulated genes
observed was further investigated using real-time RT-PCR. In addition,
the expression of these genes was investigated in the cell line, MDA-
MB-231 treated with Onapristone, to ensure that any changes in gene
expression observed, were due to Onapristone effects via the PR.

Introduction

PR antagonists are a potential new therapeutic strategy for the treatment of patients
with invasive BC. One such progesterone antagonist is Onapristone (ZK98.299) (1,
2). Onapristone was reported to have strong anti-progestational and anti-tumor



Identification of Genes Regulated by Onapristone 309

activity. In the MXT mammary tumor model in mice, and the DMBA- and NMU-
induced rat mammary tumors, the anti-tumor activity of Onapristone was equal to or
even greater than that of tamoxifen and oophorectomy (3, 4). Furthermore, in the
Onapristone treated tumors differentiation of mitotically active polygonal tumor
cells towards dysplastic glandular structures was noted. This was accompanied by a
massive sequestering of secretory products (5). Morphometric data of tumor tissues
indicated that apoptotic cell death is enhanced by Onapristone treatment (5).
Additionally, tumor cells were found to accumulate in phase of the cell cycle
following Onapristone treatment, with an accompanying significant and biologically
relevant reduction in the number of cells in and S phases, using flow
cytometry (3). Thus, the accumulation of cells in may result from the
induction of differentiation. Although, mechanisms by which Onapristone exerts its
effects have been suggested, it is not known which genes are affected by the drug
treatment in BC cells. The aim of this study was to identify genes which are
affected by Onapristone in-vitro using microarray technology.

Materials and Methods

Cell Culture. The routine culture of the T47D and MDA-MB-231 BC cell lines
was carried out as follows: Cell lines were grown in Dubelecco’s Modified Eagle
Media (DMEM) containing 10% fetal bovine serum (FBS), and bovine
insulin for the T47D cell line, or RPMI 1640 media containing 10% FBS for the
MDA-MB-231. The media was supplemented for three days with Onapristone (a
gift from Schering AG) and/or progesterone (Sigma Aldrich) as follows:
Onapristone (O), progesterone (P6), progesterone
Onapristone (OP6), progesterone (P9), progesterone
Onapristone (OP9), and ethanol, the hormone vehicle as control (C).

RNA Extraction and Probe Generation. Total RNA was isolated from treated
BC cells using the PUREscript RNA Isolation Kit (Flowgen). Double stranded
cDNA was generated using of total RNA with the SuperScript Choice
System. A T7 tagged oligo-dT primer was used with this system to introduce a T7
RNA polymerase promoter site in the cDNA. This site was subsequently used to
produce biotin-labelled cRNA by in-vitro transcription using the
BioArray™HighYield™ RNA Transcript Labelling Kit (Ambion). Biotin-labelled
CTP and UTP, in addition to unlabelled nucleotides, were used in this reaction.
After the reaction, excess nucleotides were removed by RNeasy columns (Qiagen).

Array Hybridization and Scanning. To facilitate microarray analysis, a
aliquot of cRNA was fragmented for hybridization to a GeneChip® HuGeneFL
Array (Affymetrix). Fragmentation was carried out for 35 min at 94°C in
fragmentation buffer (40 mM Tris-acetate pH 8.1, 100 mM potassium acetate, and
30 mM magnesium acetate). Hybridization of of fragmented cRNA was
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carried out in a 2X MES hybridization buffer (200 mM MES, 40 mM
EDTA, 0.02% Tween 20) which was heated to 94°C for 30 min. Subsequently, the
cRNA was loaded onto the Affymetrix probe array cartridge and incubated at 45°C
for 16 h with constant rotation (60 rpm). After the hybridization, the arrays were
washed on a GeneChip® Fluidics Station. The arrays were washed ten times in 6X
SSPE-T at 25°C, and then for 4 cycles in MES-T at 50°C. The biotinylated cRNA
was labeled using streptavidin-phycoerythrin conjugate (final concentration

in Stain Buffer for 10 min at 25°C, and then washed ten times in 6X SSPE-
T at 25°C. Antibody amplification of the reaction was carried out by incubation
with biotinylated goat anti-streptavidin antibody and goat IgG antibody

as a blocking reagent, for 10 min. The array was then re-stained with
the streptavidin-phycoreythrin conjugate, and washed fifteen times in 6X SSPE-T.
The array was scanned at 560 nm using a Hewlett Packard GeneArray™ Scanner.
Analysis of the quantitative scanning data was carried out using the GeneChip®
Analysis Suite, and an independently constructed analysis program. The programs
were used to carry out the following pairwise comparisons; control vs
Onapristone; progesterone vs progesterone Onapristone; and

progesterone vs     progesterone Onapristone. Bioinformatic
analysis of gene expression profiles was carried out with the Expressionist TM
software (GeneData, Basel)

Analysis of Differential Expression by TaqMan RT-PCR. To confirm the
differential expression seen in the microarray analysis, TaqMan RT-PCR was
performed. These reactions were carried out upon cDNA prepared from RNA
isolated from the BC cell lines, T47D and MDA-MB-231, after the hormone
treatments detailed above by the PUREscript RNA Isolation Kit. The RNA was
reverse-transcribed using the Reverse-iT™ strand synthesis kit (ABGene).
TaqMan real-time PCR was carried out using qPCR™ Mastermix (Eurogentec).
Amplicons of 100 bp were amplified and the reactions were mediated by the
cleavage of TaqMan probe oligonucleotides containing FAM and TAMRA
fluorophores. The reactions were carried out upon an ABI Prism 7700 Sequence
Detector.

Results

Microarray Analysis of Onapristone Treated Breast Cancer Line, T47D. The
effect of Onapristone upon gene expression in the BC cell line, T47D was
monitored by microarray analysis. Correlation analysis of the data generated
identified a set of 18 genes that were consistently up-regulated by Onapristone in
each of the comparisons tested, while another set of 8 genes was consistently down-
regulated. The results are summarized in Table 1.

TaqMan RT-PCR Analysis. The expression of 6/26 genes that were consistently
differentially expressed in the three comparison experiments were examined by
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TaqMan real-time PCR. Three of the up-regulated genes were investigated, namely
intestinal trefoil factor, testosterone-repressed prostate message-2 (TRPM-2), and
interferon-inducible protein 9-27. In addition, three of the down-regulated genes
were investigated; prolactin-inducible protein, and CD9. The
putative down regulated genes investigated had expression profiles similar to that
found with the microarray data (Figure 1) when RNA isolated from the T47D cell
line was investigated using TaqMan RT-PCR. This reinforces that Onapristone is
capable of inducing differential expression of genes.

Effect of Progesterone Receptor Upon Differential Gene Expression. To
examine whether the effects of Onapristone identified in the microarray experiments
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are regulated by the progesterone receptor, real-time PCR was carried out upon
cDNA made from RNA extracted from the progesterone receptor negative breast
cancer cell line MDA-MB-231. The same putative down regulated genes were
examined as for the T47D cell line. Onapristone had no significant effect upon the
expression of any of the genes within the MDA-MB-231 cell line (Figure 2). These
data support the theory that Onapristone has its effects through the PR.

Figure 1.
Average fold
increases of
putative down
regulated genes in
the BC cell line,
T47D. The data
presented are
based on four

independent
reactions. The
bars represent the
mean ± 1 SD.

Figure 2.
Average fold
increases of
putative down
regulated genes in
the BC cell line,

MDA-MB-231.
The data presented
are based on four

independent
reactions. The
bars represent the
mean ± 1 SD.
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Conclusions

The anti-progestin, Onapristone is capable of influencing the expression of genes in
the BC cell line T47D, both in the presence and absence of progesterone.
Knowledge of the genes regulated by Onapristone, should provide a better
understanding of the molecular mechanisms by which anti-progestins inhibit tumor
cell proliferation, mediate cell differentiation, and induce apoptosis.
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Expression of Estrogen     and
Variants, Androgen, and
Progesterone Receptors in Human
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Endometrium
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Summary

The recent cloning of the estrogen receptor has been followed by
the discovery of a variety of its isoforms. Since endometrial cancer (ECA)
is an estrogen-dependent cancer, an analysis of its expression of and

isoforms may contribute to our understanding of the mechanism of its
development. Using the real-time RT-PCR assay, the quantitative
expression of and as well as
androgen (AR) and progesterone receptors (PR) was determined and
compared in normal and neoplastic endometrium. Our data demonstrates
the co-expression of all the isoforms in the normal endometrium, and
an up-regulation of the transcript in malignant endometrium. A
decrease in the levels of AR mRNA between normal and neoplastic
endometrium was also noted. With respect to clinical parameters, the
decreased expression of PR mRNA correlates inversely with endometrium
tumor grade. The expression profiles of and AR were different
between pre and postmenopausal endometrium, with a significant increase
during menopause.

Introduction

Estrogens influence growth, differentiation, and the function of many target tissues
in female and male reproductive organs. Their best-described mechanism of action
is through ER-mediated gene transcription. This ligand-activated transcription
factor is known to exist in two forms, and and multiple splice variants of both
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are present in a variety of tissues (1-3). The presence of these ERs and their
isoforms adds a high degree of complexity to their action, which may be cell/tissue
specific, or modulating a specific estrogen response.

Estrogen has long been known to stimulate uterine cellular proliferation.
In fact, hyperestrogenism is strictly connected with a high risk for ECA (4).
and have been identified in normal and neoplastic endometrium. Yet no
conclusive data regarding alterations in their expression has been reported, as in
breast and ovarian tumors, where the levels of decline in invasive breast and
ovarian cancers (5-7). As our understanding of the mechanism of steroid receptors
has increased, the analysis of isoforms, products of alternative splicing of and

has steadily gained acceptance as a marker for tumor prognosis and a guide for
best choice of treatment. For example, lacking exon 5 has been associated
with breast cancers (7), as the isoforms, and splice variant,
devoided of exon 5 sequences. Leygue, et al., Moore, et al. (3,8) have co-localized
another isoform, with other isoforms in human breast tumors. Moore, et
al. (3,8) have shown that correlates inversely with breast tumor grade, and that
the tumor expression level of and exceeds the expression of These
data suggest that changes in the transcript levels of ER isoforms take place during
tumorigenesis, and that they may be important both in the etiology and the
assessment of cancer invasion.

Materials and Methods

Patients and Samples. Samples of  ECA tissue were collected from women (ages
39 to 69) who underwent total abdominal hysterectomy. Normal endometrium was
obtained from patients undergoing surgery for reasons other than the endometrium
pathology. We examined 21 normal endometrium (6 post and 15 premenopausal)
and 19 malignant endometrium samples [10 in stage greater than IA and 8 greater
than IC, according to International Federation of and Gynecology and Obstetrics
(FIGO) 1988 criteria].

Semiquantitative RT-PCR. Semiquantitative RT-PCR was performed on all the
samples, prior to their Real-time PCR analysis. Equal amounts of RNA were
reverse transcribed with Expand Reverse Transcriptase (Roche Diagnostics) and
subjected to PCR, in accordance with the protocol provided with the enzyme. The
following primers were used: for (GenBank M1 2674): 5’
AATTCTGACAATCGACGCCAG and 3’ GCTTCAACATTCTCCCTCCTC;
forward primer common to (GenBank AB006590), (GenBank
AF051428), and splice variant lacking exon 5 (GenBank AF124790):
ATGATGATGTCCCTGACCAAG; and reverse primers specific for:
3’GCCCTCTTTGCTTTTACTGTC, and the and splice variant:
3’CTTTAGGCCACCGAGTTGGATT; primers for housekeeping gene G3PDH -5’
CAATGACCCCTTCATTGAC and 3’GCAGTGATGGCATGGACTGAGGTC.
(Figure 1). The cycling conditions were as follows: 94°C for 3 min, followed by 30
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cycles of 94°C for 30s, 60°C for 50s, 72°C for 1 min.
Digitized images of splice variant,

 and GAPDH products were imported into Scion
Image program (NIH) and the optical density of each
band was measured. The background density was then
subtracted from each measurement, and all PCR
products were normalized against G3PDH to obtain a
ratio of target product to the G3PDH housekeeping
gene for every sample.

Figure 1. Schematic
representation of
estrogens.

Real-time PCR. Total RNA was isolated following
the protocol supplied with TRIZOL reagent (GIBCO
Life Technologies) and was reverse transcribed in
final volume of     RT-PCR Buffer (500 mM each
dNTP, 3 mM MgCl, 75 mM KCl , 50 mM Tris-HCl pH
8.3), 10 units RNAsin RNAse inhibitor (Promega,
Madison WI), 10 mM DTT, 50 units Superscript II
RNAse- H Reverse Transcriptase (Life Technologies,
Inc, Gaithesburg, MD), and 1.5 mM random hexamers. Incubations: 20°C 10 min,
42°C 30 min, 99°C 5 min, 5°C 5 min. All PCR amplificationswere performed using
ABI Prism 7700 Sequence Detection System (Perkin-Elmer Applied Biosystems),
with SYBR® Green PCR Core Reagents kit (Perkin-Elmer Applied Biosystems).
Thermal cycling conditions: 95°C 10 min and 50 cycles at 95°C for 15 s and 65°C 1
min. Quantitative values were obtained from the cycle number (Ct value), at which
the increase in fluorescent signal associated with an exponential growth of PCR
products starts to be detected by the laser detector of the ABI Prism 7700 Sequence
Detection System, using the PE Biosystems analysis software according to the
manufacturer’s manuals. The higher the starting copy number of the target mRNA,
the earlier a significant increase in fluorescence was observed.

Statistical Analysis. To determine the statistical significance of any differences
observed between the normal and malignant samples P values were calculated using
the analysis, Kruskal-Wallis and Mann-Whitney U test.

Results

and total expression was observed in all examined samples of normal and
ECA. expression was further subdivided into its constituent isoforms. The
expression of transcripts for and was observed.
From these isoforms, only differed significantly (P = 0.010) between normal
and ECA samples showing an increase in the latter (Table 1). The levels of
expression of mRNA and the “wild-type” also increased, but were not
significant. Although the expression of in the healthy as well as in ECA was
observed, the level of expression was at the detection margins and its quantification
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unreliable. expression was at such low levels of target gene mRNA, that was
neither detected nor reliably quantified.

The expression levels of all ER transcripts were additionally analysed in
pre and postmenopausal normal endometria, and in two stages of increasing
tumor malignancy indicated by the degree of infiltration of myometrium, where

infiltration, was indicated as IC; and infiltration, as IB (Figure 2). The
mRNA expression was increased in normal postmenopausal endometrium as

compared to healthy premenopausal samples (P = 0.01) (Figure 3). Besides
estrogen, progestagens and androgens affect the biological function of the female
reproductive tract. Thus, we also assessed the profile of PR and AR mRNA in
normal and ECA tissue samples. We observed that the AR mRNA underwent
significant (P, 0.036) down-regulation in the ECA samples. With respect to its
profile in normal endometrium, the AR was significantly (P, 0.043) up-regulated
in the postmenopausal patients. The PR mRNA, on the other hand, showed a
decline (P, 0.041) in expression in more malignant ECA (1C), compared to ECA
with less or no infiltration of the myometrium (1A and 1B). (Figure 2).
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Figure 2. Expression of and PR in relation to FIGO. Myometrium
infiltration was IC;and      IB. PR down regulation was observed in IC grade
(P, 0.0041).

Figure 3. Expression of and AR in pre and
postmenopausal endometrium. Significantly increasing of ERa (P, 0.001) and AR
(P, 0.0043) in postmenopausal endometrium.

Discussion

The endometrium is the least-studied tissue in terms of changes in the cellular status
of ERs, especially the subtype. Matsuzaki, et al. (9) who analyzed ER and
mRNA expression in the uterus throughout the human menstrual cycle, concluded
that both ERs show cycle-related changes in their mRNA expression. Although

is the prevalent ER in the endometrium, a disruption of function results in
physical abnormalities of the uterus and poor reproductive capacity, as
demonstrated by Weihua, et al. (10) in knockout mice. Comparing the profile
of the ERs and the AR in normal pre and postmenopausal endometrium, we
observed significant changes (P, 0.016 and P, 0.043, respectively) in their transcript
levels, most probably in response to the changing steroid environment.

We demonstrate a co-expression of not only the principal subtypes of ERs,
but also of the isoforms of the less studied varients. Furthermore, we
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demostrated that these isoforms are differentially expressed in ECA. Changes in
levels of the various mRNA isoforms, as well as their protein, have been
documented in breast (3) and ovarian cancer (5, 6). The authors related such
changes to the progression of the neoplastic condition and furthermore, suggest that

status is a significant predictor of survival in patients with breast cancer. In-
vitro studies suggest that the protein products of these alternatively spliced mRNAs,
often lacking key functional domains, may possess dominant negative activities, and
thus may alter tissue response to estrogen or antiestrogens. This seems to be the
case of a ligand-independent supressor of and
transciption.

Both and tamoxifen, a leading anti-estrogen in breast cancer
treatment, increase uterine cell proliferation and incidence of endometrial tumors.
Although the exact mechanism has not been established, the profile (the types and
cellular levels) of ERs might play a significant role. is a partial agonist while

responds with a pure antagonistic effect to the administration of tamoxifen.
Weihua, et al. (10) have shown that when is disabled, as in knockout
mice, there is an unusual uterine cell proliferation. Therefore, the natural function
of appears to be anti-proliferative, when this effect is block by tamoxifen, it
may contribute to excessive endometrial cellular proliferation. Thus, the down-
regulation of any isoform, that is a ligand-independent antagonist of the
proliferative actions of may contribute to uterine cell proliferation.

We observe a decline in and splice variant through both the
traditional and real-time RT-PCR methods. Both ER subtypes form DNA-binding
homo-and heterodimers in tissues like the endometrium, which co-express all ER
subtypes, the estrogen signaling may occur through heterodimers formed by
and and perhaps also through their co-present isoforms. The  and ERs have
different gene transcription properties, as do their respective dimers and
heterodimers, under conditions of varying levels of estrogens and anti-estrogens.
Hence, it appears that not only the co-expression of the ERs and their isoforms, but
also variations in their cellular levels, may influence a tissue response to both
agonists and antagonists. splice variant, shown by our traditional RT-PCR to
be present in the endometrium and down-regulated in its neoplasms, is devoid of
exon 5 sequences, (ligand binding domain) yet retains other essential receptor
regions like a dimerization function and a ligand-independent transactivation
function (AF-1). Endometrial neoplasms are estrogen-dependent, and changes in
the mRNA levels of their various ERs reflect the tissue’s changing response to this
hormone. Since several reports indicated that ECA is influenced by androgens
mediated through their receptors, the observed down-regulation of the AR in ECA
may be instrumental in greater cell proliferation, favoring a malignant profile.

Our hypothesis is that a similar pattern of differential ER or PR subtype
expression may distinguish ECA from normal endometrium. Furthermore, such
privileged expression may explain why adenocarcinomas tend to be susceptible to
hormonal treatment, and assume significant anti-proliferative effect on endometrial
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tissue, and changes in expression of PR can lead to discoveries of new drugs and
explain the use of gestagens in therapy of advanced ECA.

Cancers of ovary, colon, and endometrium are all characterized by a
relative loss of normally predominant ER subtype. In the ovary and colon, is
the predominant ER form, while in the endometrium, is the main subtype. The
functional significance of these changes remains to be elucidated. However, such a
role has yet to be described for either ER isoform.
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Toremifene (ACAPODENE™)
Reduces High Grade Prostatic
Intraepithelial Neoplasis in a
Phase II a Clinical Trial
Mitchell S. Steiner

Summary

Men with high grade prostatic intraepithelial neoplasia (HG PIN) on
prostate biopsy are at high risk for prostate cancer (PCA). The ability to
reverse HG PIN, a precursor of PCA, may reduce the incidence or delay
the development of PCA. ACAPODENE ™ (toremifene) is a selective
estrogen receptor modulator (SERM) that has been shown in preclinical
models to both eliminate HG PIN and reduce the incidence of PCA.
Toremifene was evaluated for safety and efficacy in men diagnosed with
HG PIN. An open labeled, Phase IIa clinical trial enrolled 21 men (mean
age 64.7 years) who had HG PIN only on biopsy within 6 mo of entry into
the study. From those men, 18 (86%) completed toremifene treatment (60
mg/day PO for 4 mo) followed by a prostate biopsy to determine HG PIN
status. Serum prostate specific antigen (PSA), % free PSA, testosterone
(T), estradiol and quality of life were measured. Following
toremifene treatment, 72% of the HG PIN men compared to 17.9% of
historical controls had no HG PIN on subsequent prostate biopsies. Mean
PSA was trended higher and % free PSA was elevated. Quality of life was
not significantly affected, and there were no serious adverse events.
Toremifene appears to reduce HG PIN, and was well tolerated in this
small, exploratory trial. A double blind, dose finding, randomized, and
placebo controlled Phase IIb/III study is currently in progress in 516 men
with HG PIN to further study toremifene’s activity against PCA incidence.

Introduction

HG PIN is a well established pre-malignant lesion of the prostate because of its
potential to progress to PCA (1,2). PIN is the abnormal proliferation within the
prostatic ducts of pre-malignant foci of cellular dysplasia and carcinoma in-situ
without stromal invasion (1). In the USA, approximately 1,300,000 prostate
biopsies are performed annually to detect 189,000 new cases of PCA (3). The
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incidence of HG PIN averages 9% (range 4-16%) of prostate biopsies representing
115,000 new cases diagnosed each year (4). There is estimated to be 1,000,000
USA men with histologic proven HG PIN. The support for HG PIN as a PCA pre-
malignant lesion is based on several lines of evidence derived from PCA animal
models, epidemiological, morphologic, genetic, and molecular studies (4).

HG PIN is in the direct causal pathway to PCA, and its presence increases PCA
risk (5). When HG PIN is found on needle biopsy, there is a 39.5%, 57.1%, and
80% risk of finding PCA on subsequent biopsies after 1 (6), 2 (7-9), and 10 years
(10), respectively. The diagnosis of HG PIN changes the patient’s quality of life, as
there is great patient and physician anxiety about the concern that PCA may be
imminent. Although there is no medical consensus for the standard of care of HG
PIN, urologists recognize that HG PIN is a dangerous lesion and it should be
aggressively managed. The patient must be subjected to more frequent biopsies and
physician visits, as currently, the only way to diagnose whether HG PIN has
progressed to PCA is by prostate biopsy. Although some urologists have advocated
saturation biopsies (over 12 biopsy cores obtained) of the prostate following the
diagnosis of HG PIN, the more common recommendation is repeated prostate
biopsies every 3-6 mo for 2 years, then annually (8, 11).

Evidence for estrogen’s role in PCA has emerged not only from animal
studies, but also from epidemiological studies on diet in man (12). Phytoestrogens
like soy are non-steroidal substances that have weak estrogenic activity.
Essentially, they act like ER partial antagonists. Soy is consumed daily in large
amounts in China and Japan, regions where the PCA incidence is low (13). A direct
inverse correlation has been observed between serum levels of isoflavonoids from
soy and PCA incidence (14). In addition to its anti-estrogenic effects, isoflavonoids
have many other mechanisms that may account for this decrease in PCA (14).
Generally, SERMs are considered, like phytoestrogens, to be “weak estrogens”
because they possess both agonist and antagonist activities depending on the
specific tissue type. SERMs possess the ability to suppress prostate carcinogenesis.
Animal toxicity studies of toremifene and raloxifene (LY156758) have revealed a
dose dependent regression of the androgen dependent ventral prostate and seminal
vesicles in SD rats (15). Wang, et al. (16) treated wild type mice with T propionate
and for 4 mo. These mice developed prostatic hyperplasia, HG PIN, and
invasive PCA. Under the same treatment, mice (mice with
genetically knocked out) develop prostatic hyperplasia, but not HG PIN or invasive
PCA (16). Similarly, a prospective, placebo controlled study of transgenic
adenocarcinoma mouse prostate (TRAMP), a PCA mouse model, has been shown to
mimic human PCA. In toremifene-treated TRAMP mice a reduction in HG PIN,
significant decrease in PCA incidence, and an increase in animal survival were
observed (17). Thus, estrogenic signally through may play a key role in the
development of HG PIN and PCA.

The purpose of this study was to investigate whether agents that block
may potentially prevent HG PIN and decrease PCA risk. Toremifene is a SERM
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that antagonizes in the prostate, and is safer than tamoxifen because it does not
form DNA adducts (18). An exploratory Phase IIa trial was conducted in men who
have HG PIN to determine whether toremifene can reduce HG PIN.

Materials and Methods

Study Design. This study was an open-label, historically controlled, single center
phase IIa study in which men diagnosed with HG PIN were treated with 60 mg/day
of toremifene for 120 days. The study primary objectives were to determine whether
toremifene was able to reduce HG PIN in men with HG PIN, to evaluate its effect
on other intermediate endpoints including serum total PSA and % free PSA, as well
as its safety and impact on male hormonal status. The effects of toremifene on
quality of life issues, i.e., changes in libido, erectile function, and hot flashes were
also assessed. Once informed consent was obtained, subjects were referred to the
study if any prostate biopsy within the last 6 mo had HG PIN (at least 6 prostate
cores were needed to be included in the study). The prostate pathology was re-
evaluated to confirm HG PIN. Subjects who had HG PIN and fulfilled all of the
eligibility requirements were enrolled in the study. At study day 120, subjects
underwent transrectal ultrasound guided biopsies (8 prostate cores).

Exclusion/Inclusion Criteria. Subjects were eligible for the study if they met the
following criteria: Willing to participate in the study and sign an informed consent,
be years old male, have a histologically confirmed Grade II and/or III PIN on
biopsy; serum ng/ml, Zubrod performance status adequate bone
marrow, liver, and renal function. Subjects were excluded from the study if they
had any of the following: Underwent prior experimental therapy for
chemoprevention, evidence of PCA on initial evaluation (local, regional, and/or
distant metastasis), active systemic viral, bacterial, or fungal infections requiring
treatment, a serious concurrent illness or psychological, familial, sociological,
geographical, or other concomitant conditions which did not permit adequate
follow-up and compliance with the study protocol, concurrent treatment with other
investigational agents, were taking finasteride or T, herbal medicine or dietary
supplements for prostate health, and had a history of thromboembolic disease.

Efficacy and Safety Measures. Prostate biopsy and a quality of life questionnaire
were evaluated at baseline and at day 120. Serum PSA was evaluated at baseline,
days 60 and 120. Final prostate biopsies were obtained under transrectal ultrasound
guidance and standardized with 8 total biopsy cores taken from right and left apex,
right and left midbase, right and left base, and right and left lateral base. All
samples were reviewed by a single pathologist. Investigators questioned subjects on
any signs/symptoms experienced since the previous visit to determine whether the
subject experienced any adverse event (AE). AEs were assessed using the revised
NCI Common Toxicity Criteria.

323
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Statistics. The primary efficacy variable was the determination of the response of
HG PIN by prostate biopsy. T-tests were performed for serum PSA, hormones,
hematology, biochemistry, and quality of life to determine whether changes from
baseline were different from zero.

Results

Patient Characteristics. Of the 21 subjects enrolled, 57% were white and 43%
black. Their age ranged from 49-76 years (average, 64.7). All received toremifene,
60 mg/day. Three subjects discontinued the study early.

HG PIN Status. 86% (18/21) of the subjects completed 120 days of treatment,
while 90% (19/21) completed at least 60 days. The majority of subjects (72%) had
a complete response (complete disappearance) at day 120, while 22% had a partial
response reduction). HG PIN remained stable at day 120 in only one
subject (6%). In the patients that had a limited response or stable disease, there was
not a correlation among number of prostate cores or location of HG PIN, and the
subsequent amount or location of HG PIN in follow-up biopsies.

PSA Response. A summary of mean change from baseline to days 60 and 120 for
PSA and % free PSA values is presented in Table 1. There was an increase in mean
PSA at days 60 and 120 compared to baseline, but was not statistically significant.
Five subjects had baseline PSA values >10. Mean % free PSA increased at days 60
and 120 compared to baseline; at day 120 it was statistical significant (p = 0.045).

Quality of Life. A decrease in score indicates improvement. At baseline, the mean
quality of life score was 54.7 and increased by + 1.7 at day 120, but was not
statistically significant. There were no changes for libido, erectile function, and hot
flashes.

Safety. The incidence of AEs was low (only 2 subjects experienced 3 AEs). One
subject experienced 2 AEs (anemia and skin rash), both of which were mild in
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severity. The anemia was considered possibly related to toremifene and the rash
was unrelated. Both were ongoing when the subject completed the trial. The
second subject experienced hematospermia that resolved approximately 5 mo after
onset. None of the 3 AEs reported in the study required any alteration in toremifene
administration. There were no sudden adverse effects or deaths during the study.

A summary of mean change from baseline to days 60 and 120 for
hormonal values is presented in Table 2. Mean total T was increased at day 60, and
significantly increased at day 120 (p = 0.002) compared to baseline. Free T and
were significantly increased (p < 0.050) at days 60 and 120 compared to baseline.

325

Discussion

Treatment of pre-cancerous lesions would appear to be of clinical benefit
notwithstanding the potential for cancer prevention. These clinical benefits would
reduce morbidity, enhance quality of life, delay surgery or radiation, and increase
the interval for surveillance requiring invasive procedures (5). Examples of treated
pre-malignant lesions include: cervix- cervical intraepithelial neoplasia, breast
ductal carcinoma in-situ, colon-adenomatous polyps, bladder-carcinoma in- situ,
skin- actinic keratosis, esophagus-Barrett’s esophagus, and oral mucosa-dysplastic
oral leukoplakia (5). Like HG PIN, these all represent types of intraepithelial
neoplastic lesions (5).

HG PIN is also a pre-malignant lesion that merits treatment. The clinical
implications of HG PIN are very different than that for an elevated serum PSA.
Serum PSA is prostate, not PCA specific. Other conditions besides PCA more
commonly raise serum PSA levels including BPH, ejaculation, prostatitis, and
prostatic infarct. In fact, over 70% of men with an elevated PSA over 4 ng/ml will
ultimately be found to have no evidence of PCA. Interestingly, HG PIN does not
contribute to serum PSA or serum free PSA, which is not surprising since HG PIN,
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unlike PCA, has not yet invaded the vasculature of the prostate to leak secreted PSA
into the blood stream (19). Thus, HG PIN appears to precede even PCA related
serum PSA elevations.

The ideal chemopreventive agent must have minimal or no side affects or
toxicity to be accepted by otherwise healthy men who are at risk for PCA. One
class of compounds called SERMs has this profile. In this exploratory Phase IIa
open label single center study conducted in men with HG PIN, toremifene appeared
to be well tolerated. The primary purpose of this single center, pilot study was to
assess the efficacy of toremifene for the treatment of HG PIN. Twenty-one men
with HG PIN were enrolled in the trial and assigned to receive toremifene at a dose
of 60 mg/day for 120 days. In general, subjects had comparable demographic
characteristics and no significant medical histories. Toremifene (60 mg/day)
eliminated HG PIN in the final prostate biopsies in 13 of 18 men (72%). Four of 18
men (22%) had partial response  reduction in HG PIN). A single subject
(6%) did not have a reduction in HG PIN in response to toremifene therapy.

The real question is what does this change in HG PIN mean? First, what is
the limitation of prostate biopsy sampling and the prevalence of HG PIN compared
to PCA? HG PIN and PCA are morphometrically and phenotypically similar. HG
PIN occurs primarily in the peripheral zone and is seen in areas that transition to
PCA (20). HG PIN and PCA are multifocal and heterogeneous (10). In fact,
HGPIN is more prevalent as the precursor lesion than PCA. As a “field defect,”
random biopsies are performed to sample the “field.” This is no different than
prostate cancer where a focal lesion in a biopsy core does not reliably predict the
amount of the disease in the prostate. The detection rate of 8 random biopsies,
therefore, really becomes the critical issue. Prostate biopsy sampling error has been
shown to be average of 17.9 % for men who have HG PIN based on 6 studies
(Table 3). Up to 80% of men who have HG PIN had HG PIN or PCA when
subjected to 6 core sample repeat biopsy which is similar to prostate cancer
detection rates using 6 core sample biopsies (8, 11). In PCA series, if 8 core
samples are obtained the detection rate for PCA increases to 95% (21).

In our study, the finding that 72% of patients treated with toremifene had
no HG PIN in follow-up prostate biopsies compared to 17.9% expected based on
historical data suggests that toremifene may be reducing HG PIN and that the
reduction of HG PIN cannot be accounted by detection error alone (6-9, 19,23).

The results of this pilot study support the preliminary efficacy, safety, and
tolerability of toremifene for treatment of HG PIN. These results provide rationale
for future studies to assess the effectiveness of a range of toremifene doses for
treatment of HG PIN in a larger number of subjects, and to examine closely the
effects of toremifene. The clinical significance of the reduction of HG PIN should
be correlated with a reduction of PCA incidence. This current trial provided the
proof-of-concept support behind a currently fully enrolled 515 patient placebo
controlled, randomized dose finding Phase IIb/III clinical trial that is currently
being conducted in 65 sites in the USA. This trial is investigating the efficacy of
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toremifene to reduce PCA incidence in men who have HG PIN. Men with HG PIN
are treated for 12 mo with placebo or various doses of toremifene and undergo a
repeat prostate biopsy at 6 and 12 mo (additional information may be found at
GTxinc.com). The placebo arm will prospectively assess the true natural history of
HG PIN.
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Stereological Study of Mean
Nuclear Volume Weighted by
Volume in Normal Prostate,
Prostatic Intraepithelial
Neoplasia, and Adenocarcinoma
Fernando Teba, Rocio Martín, Vicente Gómez, and Luis Santamaría

Summary

Prostatic interepithelial neoplasia (PIN) is considered a precursor of
prostate cancer (PCA). In the majority of the PINs, the atypia is more
marked in basal than luminal nuclei. The aim of this study was to
quantitate the differences in the Stereological estimation of mean nuclear
volume weighted by volume between basal and luminal cells of
PIN, in relation to normal prostate epithelium, and PCA. Ten PIN cases
were compared with 50 PCA, and 5 normal prostates. All the specimens
were routinely processed and stained with haematoxylin-eosin. The mean
± SD of nuc was evaluated for all the groups. The epithelium of both
normal and PIN specimens was segmented in basal and luminal
compartments, and the nuc measured in both strata. Comparisons
among groups were performed by ANOVA (p < 0.05). The value of
nuc was significantly lower in normal epithelium compared to both PIN
and PCA. Basal layer PIN nuc was significantly higher in comparison
to the luminal stratum. Luminal PIN nuc was similar to nuc of PCA.
The similarities in nuclear size between PIN and PCA are according to the
pre-malignant character commonly assigned to PIN. The increase of basal
layer PIN nuc may indicate that the changes heralding the progression
from PIN to PCA are produced in this layer, whereas the nuclear features
of luminal layer are the same to those of the carcinoma.

Introduction

The relationship between PIN and PCA of the peripheral prostatic zone in men has
been well documented (1,2). A number of studies concluded that high-grade PIN
(HG PIN) represents a pre-malignant lesion that could evolve into invasive PCA



330 F. Teba, et al.

(2). Molecular and immunohistochemical markers have been used in the
characterization of human PIN progression. These markers include the increase
expression of anti-apoptotic proteins (bcl-2, bcl-X, and bax) (3-5), changes in
several genes that encode cell proliferation regulators (p53, bcl-2, p16, p22, and c-
erbB2) (5, 6), an increase in cell proliferation, and genetic instability (7, 8).
Nevertheless, few studies have evaluated the nuclear size and its variability in the
PIN pre-neoplastic epithelium. Some authors have suggested that the cytologic
atypia and nuclear pleomorphism are more remarkable in the basal layer in
comparison to the apical or columnar stratum of PIN lesions (9). The aim of this
study was to quantitate the differences in the stereological estimation of mean
nuclear volume weighted by volume between basal and luminal (columnar)
PIN cells, in comparison to normal prostate epithelium, and PCA.

Materials and Methods

Evaluation of nuc. All the pieces were used for stereologic evaluation of the
nuc. The estimation was carried out on three systematically random sampled H&E
stained sections per specimen, using the stereologic software GRID (Interactivision,
Silkeborg, Denmark) (10). This software allows the selection of fields to study per
section by random systematic sampling after the input of an appropriate sampling
fraction. Since the number of nuclei per specimen needed to obtain reliable results
was within 70-100 nuclei (11), in the present study, an average of 100 nuclei were
point sampled per case. The sampling protocol for the normal prostate and PIN was
designed to estimate separately the nuc of the basal and columnar layers. The
epithelial lining of both normal and PIN glands was segmented in two strata: a basal
compartment, wide from basal membrane; and a columnar layer from the limit
of the basal compartment to the glandular lumen. In both strata, nuc was
independently estimated. All the measurements were carried out using an Olympus
microscope equipped with a 100 X oil immersion lens (numerical aperture of 1.4) at
a final magnification of 1200 X. The software used to evaluate the nuc enables
the generation of random test-line directions that were superimposed onto the
microscope images (12). The nuclear intercepts were measured along these test-
lines. The length of nuclear intercepts was processed to obtain an
unbiased estimate of nuc independent of nuclear shape, which, because of point

Samples.  Ten cases of HG PIN, and 50 specimens of PCA were selected either
from prostate biopsies or surgical pieces (namely radical prostatectomies). Five
prostate specimens obtained from autopsies of young men without prostatic disease
were used as controls. The tissues were fixed immediately after surgery in 10%
paraformaldehide for 24 h. Afterwards, the samples were paraffin embedded, and
serially sectioned at The sections were stained with haematoxylin-eosin
(H&E).
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sampling, emphasizes larger nuclei rather than smaller ones. In addition, estimates
of nuc combine information regarding the three-dimensional nuclear size with
knowledge of variability of nuclear size (13). The measurements obtained in PCA
and PIN cases were compared to those obtained in controls. In control and PIN
epithelium, the mean nuclear size measured in basal layer was also compared with
the measurements performed in columnar stratum.

Statistical Analysis. All comparisons made were carried out by ANOVA using
Fisher and Behren’ s test. The contribution of each of the three sampling levels (i.e.,
nuclear intercepts and their measurements, fields of vision, and individual cases) to
the totally observed variance associated with estimates was investigated by nested
analysis of variance (14).

Results

The prostatic acini affected by PIN, showed a remarkable enlargement of the
epithelial layer with pseudo-estratification and crowding of the nuclei in comparison
to normal acini from control samples (Figures 1, 2). The nuclei from PIN lesions
were larger on size than those observed in normal epithelium (Figure 1) or in PCA
(Figure 3), showing cytological atypias and frequent nucleoli (Figure 2). The
nuclear size in PIN lesions decreases towards the glandular lumen (Figure 2). No
mitotic figures were visualized in any of the groups studied.

Figures 1-3. Morphological
characteristics. 1. Normal acini
from a control prostate: The
epithelium is columnar, with a well
defined basal layer, the apical
cytoplasm is abundant and clear. 2.
PIN lesion: The epithelium shows
pseudo-estratification with nuclear
crowding. Some isolated basal cells
are seen. The nuclei are increased in
size, showing atypias and frequent
nucleoli. A negative gradient of
nuclear size was observed towards
lumen. 3. PCA: Tumoral acinus
with cribriform pattern. The nuclei
were irregular, and heterogeneous in
size. Some enlarged nucleoli are
seen. H&E. X400.



332 F. Teba, et al.

The PIN nuc of nuclei from basal compartment was significantly higher than
that of all the other groups examined including PCA. However, PCA nuc was
significantly higher than in the controls, and without differences when comparing to
the columnar compartment of PIN. Moreover, both estimates from PIN columnar
and PCA were significantly higher than those observed in controls basal and
columnar. There were not significant differences between nuc of controls (basal
and columnar). A summary of the results is depicted on Table 1.

In columnar stratum of both control and PIN, basal compartment of PIN,
and PCA, the greatest contribution (53-77%) to the totally observed variance was
provided by the highest level of sampling, i.e., by the biologic variation among the
cases. However, when the basal stratum of the controls was considered, the
contribution to the total variance provided by the nuclear intercepts and their
measurements was higher (56%) than that provided by the individual cases (44%)
(Table 1).

The relative contribution to overall variance is estimated by regarding the
observed variance at each level of sampling as the sum of the true variance at that
level plus the variance of the mean at the lower level of sampling. Thus,
large variances at the lower levels are diminished in their contribution to totally
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observed variance by the number of observations at that particular level. The
individual values of each measurement are indicated in Figure 4. In comparison
with controls, a greater dispersion around the mean was observed in both PIN and
PCA measurements.

Figure 4. Scatter plot of individual values for nuc, in basal stratum of controls
(Ctrl B), columnar stratum of controls (Ctrl C), basal stratum of PIN (PIN B),
columnar stratum of PIN (PIN C), and carcinoma (Ca). The horizontal lines in the
graph indicate the correspondent mean.

Discussion

The increase of nuc in a number of neoplasias is related to several factors:
histological grade (15, 16), prognosis (15, 17, 18), or the response to the therapy
(19). In the present study, a significant increase of nuc was detected in PIN
when compared to normal prostatic epithelium, this fact can be put in relation to the
presumptive pre-malignant character of this lesion. Similar data, a progressive
increase of nuclear volume from normal prostate acini to low grade PIN, high grade
PIN, and PCA have been reported by others (20).

It is interesting to note that the basal layer of PIN showed variability and
the highest values for both nuc. This might indicate that basal cells of PIN
correspond to cells in a stage of transient proliferation (with features of
pluripotential cells). These cells, when they reach the luminal compartment,
decrease in nuclear size, maintaining their potential for proliferation (21, 22) and
malignancy. In fact, they are similar to those observed in invasive PCA. Thus, in
contrast to the description in other neoplasias (23,24) the invasive features in PCA
are not immediately related to the increase of nuclear volume.
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Conclusion

The similarities in nuclear size between PIN and PCA are according to the pre-
malignant character commonly assigned to PIN. The increase of basal nuc in
PIN might indicate that the changes heralding the progression from PIN to PCA are
produced in this layer, whereas the nuclear features of luminal layer are the same to
those of the carcinoma.
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Constitutively Active Androgen
Receptor Variant Detected in a
Human Prostate Cancer
Jocelyn Céraline, Marion D. Cruchant, Eva Erdmann, Philippe
Erbs, Jean-Emmanuel Kurtz, Brigitte Duclos, Didier Jacqmin,
Dominique Chopin, Patrick Dufour, and Jean-Pierre Bergerat

Summary

Human androgen receptor (AR) mutation is a possible alternative used by
prostate adenocarcinoma (PCA) cells to escape androgen dependence.
These mutations may broaden the specificity and/or the sensitivity of the
AR to other hormones, resulting in the inappropriate receptor activation,
and thus, affecting the PCA response to hormonal therapies. We have
developed a yeast-based functional assay to detect mutant ARs in PCA by
analyzing their transactivation capacities in response to different ligands.
We report herein the detection of two different mutant ARs within the
same metastatic tumor sample. Concomitantly to the T877A mutant AR,
we identified an additional double mutant AR harboring the nonsense
mutation Q640Stop, just downstream of the DNA binding domain together
with the T877A point mutation. This mutation leads to a C-terminal
truncated AR. This study is the first description of this type of mutation in
PCA. We demonstrated that this truncated AR exhibited constitutive
transactivation properties. In conclusion, our data suggest that mutation-
induced constitutive activation of the AR may be an alternative mechanism
used by PCA cells to escape androgen deprivation.

Introduction

Androgen ablation is the standard first line therapy for advanced PCA (1,2). The
benefit of this therapy is only transitory, lasting some months or years, and all
patients will eventually relapse with tumor cells whose growth escapes the androgen
deprivation (3). AR mutations, selected during hormonal treatments, are one of the
possible mechanisms to explain the development of these androgen-independent
PCAs (4). Indeed, some AR mutations can expand the specificity and/or the affinity
of the AR to other hormones and allow it to respond to different steroids as well as
anti-androgens (5, 6). The presence of tumor clones with such AR mutations should
be considered as hormonal therapies that may ultimately exert a positive selection of
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these tumor cells. We have previously described a yeast-based functional assay to
simultaneously detect and analyze AR mutations in PCA (7). We used a
Saccharomyces cerevisiae yeast strain which is deficient in aminoimidasole
ribonucleotide carboxylase (ADE2), an enzyme that intervenes in purine
biosynthesis. In these yeast cells, we reintroduced the wild type ADE2 open reading
frame placed under the control of an androgen–dependent promoter. After
transformation with a plasmid encoding the human AR, the expression of the ADE2
gene, and consequently, the growth of the yeast cells in an adenine-depleted
selective medium depends on the specificity and the affinity of the AR for the ligand
added in the medium. Therefore, mutant ARs can be distinguished from wild-type
AR by comparing their specificity and affinity for a range of steroid
hormones and anti-androgens.

In the present study, we described the results obtained with a hormone
refractory PCA from a bone marrow aspirate of a consenting patient. Two different
mutant ARs, T877A and Q640Stop/T8777A, were detected within this metastatic
PCA sample. The analysis of functional properties of the new Q640Stop/T8777A
double AR mutant revealed a constitutive activity in the absence of androgens. This
report is the first identification of such a constitutively active mutant AR in PCA,
and our data suggest a previously unknown mechanism for androgen-independent
growth for PCA after androgen ablation.

Materials and Methods

Tissue Sample, RT-PCR, and AR Yeast-based Functional Assay. The patient
was diagnosed with T3NxMo PCA at age 76, and was first treated with leuprorelin
and flutamide. The patient responded to this complete androgen blockade for 17
months, and relapsed thereafter. Using bone scanning, diffuse bone marrow
metastases including bilateral posterior iliac metastases were revealed at that time.
He was later treated by alternative hormonal (cyproterone acetate, cortisol,
medroxyprogesterone) and chemotherapy. The bone marrow sample was aspirated
at the site of a hyperfixation area on the right posterior iliac crest, five years after
the initial diagnosis, and cytologic examination showed the presence of numerous
metastatic PCA cells. Total RNAs were isolated from the bone marrow sample, and
an AR fragment (1786 bp, 2311 - 4097) was amplified by RT-PCR, and cloned into
a yeast expression plasmid. The AR functional assay has been described (7).

Results

A Yeast-based Functional Assay to Detect Mutant ARs in PCA. We used a
previously described AR yeast-based functional assay (7) (Figure 1) to detect and
characterize mutant AR in PCA from patients who failed androgen ablation therapy.
Total RNAs were extracted from bone marrow samples from patients with
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metastatic PCA, and an AR fragment was amplified by RT-PCR. The PCR product
was cloned by homologous recombination into a yeast expression plasmid
containing the N- and the C-terminal parts of the AR. The expression of the full-
length AR leads to yeast growth in the presence of specific agonists. In this assay,
mutant ARs were distinguished from the by comparing their responsiveness
to a panel of steroid and non steroid ligands tested.

Figure 1. Functional AR assay in yeast. The expression of the ADE2 gene is
androgen-dependent. A. Activation of the by dihydrotestosterone (DHT) or
testosterone (T) leads to the expression of the ADE2 gene resulting in yeast growth
on selective adenine-deprived medium. B. There is no expression of ADE2 gene
and consequently no yeast growth in the presence of steroid molecules that
binds to with low affinity. C. Mutant AR with a broaden specificity can be activated
by different ligands resulting in yeast growth on selective adenine-deprived
medium.

Detection of AR Mutations in a Metastatic PCA.  Figure 2 depicts data obtained
from a patient with advanced PCA who had escaped androgen-ablation therapy.
When compared to the (Figure 1 A), an abnormal yeast growth response was
observed in the presence of 100 nM androstenedione, flutamide, 100 nM
progesterone (Prog) and 100 nM medroxyprogesterone (MProg) (Figure 2B). This
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profile suggests the presence of tumor clones expressing ARs that exhibit a higher
affinity for androstenedione, Prog, and MProg than the and a paradoxical
response to flutamide. Moreover, a significant number of yeast colonies were also
observed in the absence of any ligand (lane control, Figure 2B), suggesting the
presence of mutant AR molecules with a constitutive activity. To further
characterize these AR molecules with modified transactivation capacities, yeast
colonies were picked from both the control and the 100 nM Prog containing plates,
and re-assayed.

The AR expressed in yeast cells isolated from the Prog-containing plate
demonstrated a strong response to low concentrations of androstenedione, Prog, and
MProg, and a paradoxical response to flutamide, confirming the data obtained from
the first screening. The sequencing of plasmid DNA rescued from these yeast cells
revealed the presence of the mutation ACT (threonine) to GCT (alanine; T877A) in
codon 877 within the ligand binding domain of the AR.

As expected, yeast cells from the control plate exhibited a ligand
independent growth. Yeast proliferation was observed independently of the addition
of a ligand in the medium, suggesting a constitutive activation of the AR expressed
in these yeast cells. The sequencing of plasmid DNA rescued from these yeast cells
revealed the presence of two mutations within the same AR molecule, the
CAG(Gln)  TAG(Stop) mutation at codon 640 (Q640Stop) in addition to the
T877A mutation. As these data represent the first description of the
Q640Stop/T877A mutation, we further investigated the functional analysis of this
double mutant AR.

Figure 2. AR mutations detection in a
hormone refractory PCA. Histograms
represent the number of colonies
obtained with (A) or AR from
the metastatic PCA (B), in response to
increasing doses (10 nM to of
the indicated ligand, except flutamide
(100 nM to Arrows indicate
changes in specificity and/or
sensitivity of the ARs expressed in the
yeast cells for the indicated ligand.
Androstenedione (Adione);
dehydroandrosterone (DHEA);
flutamide (F); cortisone acetate (CA);
aldosterone (Ald); spironolactone(SP).

Western Blot Analysis of the Q640Stop/T877A Mutant AR. The amino acid
Q640 is located in the hinge region of the AR, between the DNA binding domain
and the ligand binding domain. To confirm that the Q640Stop mutation leads to a
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truncated AR protein, western blot analysis was performed on protein extracts from
yeast cells expressing this mutant AR. As shown in Figure 3, the Q640Stop mutant
AR was highlighted by an immunological band with an approximate size of 75 kDa.
In the controls, was expressed in our yeast strain at the expected size of 110
kDa, No AR expression was detectable in the non-transformed parental yeast strain
EJ250.

Figure 3. The Q640Stop mutation leads to a
truncated AR molecule. Western-blot analysis of
the and the Q640Stop AR expressed in the
transformed yeast strain. The parental yeast strain
is shown as control. Protein extracts were prepared
from yeast cells as previously described (7), loaded
on an 7.5 % SDS-PAGE and transferred onto

nitrocellulose membranes. Blots were probed with mouse mAb G122-434
against human AR and peroxidase-conjugated secondary antibodies, and specific
AR signal was detected by chemiluminescence.

The Q640Stop Mutant AR is Exclusively Localized in the Nucleus. Because
the Q640Stop mutation was located just after the nuclear localization signal (NLS1)
within the second Zn finger of the DBD and the hinge region, we examined the
cellular compartmentalization of this truncated mutant AR by using the EGFP
technique in CV1 cells. As presented in Figure 4, the nuclear import of the EGFP-

fusion protein from the cytoplasm was androgen-mediated. In steroid
hormone-free medium, was evenly distributed between the cytoplasm
and the nucleus (Figure 4a). After DHT treatment, the fluorescence was
concentrated within the nucleus of the transfected cells (Figure 4b). In contrast, the
nuclear import of the was ligand-independent. All the transfected
cells showed exclusively nuclear fluorescence whether DHT was added in the
medium or not (Figure 4c, d). The DHT treatment did not modify the localization
of EGFP alone (Figure 4e, f).

Figure 4. Mutant AR Compartmentalization in
CV-1 Cells. CV-1 cells were transiently
transfected with or pEGFP-

Twenty four hours after transfection,
cells received fresh medium containing 10%
charcoal-stripped FCS and 100 nM DHT or
vehicle. Slides of transfected cells were rinsed
with PBS 24 h later, fixed in freshly made
PBS/4% paraformaldehyde and mounted for
visualization by fluorescence microscopy.
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The Q640Stop Mutant AR Exhibits Constitutive Transactivation Properties.
CV-1 cells were transiently co-transfected with wild type (pARo) or mutant

AR expression vectors and the reporter plasmid pMMTV-Luc.
The expression of the luciferase reporter gene was regulated by the androgen-
responsive elements present in the MMTV-LTR. The showed minimal
luciferase activity in the absence of androgen, but were highly stimulated (~120.0-
fold induction) in the presence of 100 nM DHT (Figure 5). On the other hand, the
truncated mutant AR exhibited a strong luciferase activity, which was androgen-
independent. In the absence of androgen, the Q640Stop mutant AR showed
maximal activity (~275.0-fold induction). DHT treatment did not improve the
transactivation capacities of this double mutant AR. These results support the
conclusion that this double mutant AR exhibits constitutive transactivation
properties.

Figure 5. Constitutive transactivation
properties of the Q640Stop mutant AR. CV-1
cells were transfected with 200 ng pMMTV-
Luc, 20 ng of pARo or and
50 ng of pEGFP-C3 as the internal control.
Cells received fresh medium containing 10%
charcoal-stripped FCS and 100 nM DHT or
vehicle, 24 h after transfection. Thereafter, the
luciferase activity was assayed using the
Luciferase Assay System (Promega). The
induction of luciferase activity is indicated in
arbitrary units. All points were done in
quadruplicate, and the results represent the
mean ± 1SD.

Conclusions

Herein, we describe the presence of two tumor cell clones harboring different AR
mutations within the same hormone refractory metastatic PCA. These findings
provide direct evidence for the clonal outgrowth of androgen-independent PCA
cells with AR mutations in response to selective pressure from hormonal therapies.
The coexistence of tumor clones expressing mutant ARs harboring either the T877A
mutation or the Q640Stop/T877A double mutation argues that the event Q640Stop
has occurred later during the disease history probably in response to a new selective
pressure from one of the treatments that followed flutamide.

This study is the first report of a constitutively activated mutant AR in
PCA and describes a new way by which PCA cells may escape androgen
deprivation. In addition, this study demonstrates the great efficacy of our yeast
functional assay for the detection of mutant ARs in PCA, and the analysis of their
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transactivation properties. By performing the assay on total RNA isolated from
primary tumor samples, from hormone-sensitive metastases, and ultimately from
hormone-resistant metastatic foci, we should be able to detect the clonal outgrowth
of PCA cells with mutant AR during the disease evolution. Data obtained from
these studies will provide a better understanding of the AR functions in the
metastatic progression of the disease, and in the escape to androgen-dependent
growth after androgen ablation therapies.
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Cancer Prevention by Green Tea
via EGCG-Mediated Inhibition of
Fatty Acid Synthase
Koen Brusselmans, Ellen De Schrijver, Walter Heyns, Guido
Verhoeven, and Johannes V. Swinnen

Summary

Green tea is widely accepted to lower the risk of developing cancer,
including hormone-responsive cancers, but the precise mechanism of its
cancer-preventive effect is not fully understood. Recently, the green tea
component epigallocatechin-3-gallate (EGCG) was demonstrated to inhibit
in-vitro enzymatic activity of chicken liver fatty acid synthase (FAS), an
enzyme that is frequently overexpressed in many epithelial tumors. Since
chemical FAS inhibitors such as cerulenin and C75 are known to inhibit
growth and to induce apoptosis of several cancer cell lines in vitro and
tumor xenografts in vivo, it was investigated whether EGCG also inhibited
FAS activity in cultured prostate cancer (PCA) cells in vivo and how this
inhibition affected lipogenesis, cell proliferation, and cell viability. EGCG
significantly inhibited FAS activity in PCA cells (with high FAS
expression levels). This FAS inhibition was paralleled by decreased
lipogenesis, growth inhibition, and apoptosis. In contrast, epicatechin,
another closely related catechin that does not influence FAS activity, had
no effect on PCA cell proliferation or survival. EGCG also inhibited FAS
activity and proliferation of normal fibroblasts (with low FAS expression),
but did not induce fibroblast apoptosis. Taken together, it can be
concluded that EGCG efficiently inhibits FAS in cultured cells, and
specifically induces apoptosis in PCA cells but not in normal fibroblasts,
thereby providing interesting perspectives for using EGCG in anti-
neoplastic therapies.

Green Tea and Cancer Chemoprevention. Epidemiological studies have
indicated that multiple health benefits may be accredited to green tea, such as
preventive effects against atherosclerosis, coronary heart disease, stroke, obesity,
but also cancer, the second most common cause of death in the western world (1,2).
Frequent consumption of green tea has been suggested to lower the risk for PCA
(1,2). In addition, Chinese men, who drink green tea on a very frequent basis, show
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the lowest incidence of PC A worldwide. Frequent consumption of green tea has
also been demonstrated to lower the risk of developing cancer of the breast,
stomach, colon, esophagus, and pancreas (1,2). Although the cancer-preventive
effect of green tea is generally accepted, the precise mechanism by which green tea
exerts its anti-carcinogenic activity is not fully understood.

Cancer-Preventive Effects of Green Tea are Primarily Mediated by
Epigallocatechin-3-Gallate (EGCG). Most of the cancer-preventive effects of
green tea have been ascribed to EGCG (Figure 1) (1,2). EGCG has been shown to
inhibit proliferation and induce apoptosis of several human tumor cell lines in vitro,
including PCA and breast cancer (BC) cells (3, 4). In addition, experiments with

prostate tumor and breast tumor xenografts in
mice have demonstrated that administration
of EGCG decreases the tumor size (1, 5, 6).
Several molecules have been proposed as a
target for EGCG. Interestingly, EGCG
inhibits urokinase and matrix
metalloproteinases, enzymes that are
essential for matrix degradation and tumor
invasion (1, 7). Furthermore, EGCG
decreases expression of vascular endothelial
growth factor, thereby reducing tumor
angiogenesis, which may limit the vascular
supply of oxygen and nutrients (7). EGCG
has also been shown to block protein tyrosine

kinase activity of EGF receptor, PDGF receptor, and FGF receptor, all important
signal transduction mediators that often show an abnormal regulation in tumor cells
(1,7). In addition, EGCG may also influence tumor cell proliferation and viability
directly, as it causes G0/G1 cell cycle arrest in epidermoid carcinoma cells (8) and
inhibits Bcl-XL phosphorylation in PCA cells, a process associated with apoptosis
(9). Finally, with regard to hormone-sensitive tumors, it is worth mentioning that
EGCG administration reduced blood levels of testosterone and estradiol in rats (10).
Nevertheless, the precise contribution of these and other potential targets to the
anti-carcinogenic effects of EGCG remains elusive.

Figure 1. Chemical structure
of EGCG.

Fatty Acid Synthase, a New Target for Anti-neoplastic Therapy. FAS is a key
metabolic enzyme that catalyzes the synthesis of long-chain fatty acids (12).
Expression of FAS is low in most human tissues, as the majority of the required
lipids is obtained from the diet, but is markedly elevated in a variety of human
cancers, such as cancer of the prostate, breast, ovary, oesophagus, stomach, colon,
kidney, bladder and lung (13, 14). Moreover, FAS up-regulation occurs early
during tumorigenesis and is more pronounced in more advanced tumors, whereas
high tumor FAS levels often correlate with a poor prognosis.
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Studies in our laboratory have revealed that androgens stimulate FAS
expression in PCA cells via a mechanism involving activation of the sterol
regulatory element binding protein (SREBP) pathway (15, 16). SREBPs are
transcription factors that control the expression of enzymes belonging to the two
major lipogenic pathways: fatty acid synthesis and cholesterol synthesis.
Accordingly, androgen-mediated SREBP activation did not only stimulate FAS
expression in prostate tumor cells in vitro, but also expression of other lipogenic
enzymes including ATP-citrate lyase, acetyl-CoA carboxylase and malic enzyme
(15). FAS upregulation in tumors is most likely part of a general stimulation of the
fatty acid synthesis pathway, since prostate and breast cancers with high FAS levels
also showed increased acetyl-CoA carboxylase expression (17, 18). Others
observed that SREBPs also regulate FAS overexpression in BC cells (19).

Remarkably, several studies have shown that the chemical FAS inhibitors,
cerulenin and C75, are growth inhibitory and cytotoxic for various tumor cell lines
in vitro, including BC and PCA cells (20, 21). In addition, administration of
cerulenin or C75 delay tumor progression in xenograft models of BC and ovarian
cancer in mice (22, 23). Since EGCG was recently shown to inhibit in-vitro
enzymatic activity of FAS (11), our group investigated whether EGCG also blocked
fatty acid synthesis and lipogenesis in cultured human PCA cells, and whether this
EGCG-mediated FAS inhibition also influenced growth and viability of tumor cells.

EGCG is a Potent Inhibitor of FAS in Cultured PCA Cells. We analyzed the
impact of EGCG on the FAS activity of LNCaP cells, a PCA cell line with high
FAS expression levels. Exposure of LNCaP cells to different concentrations of
EGCG significantly reduced the enzymatic activity of FAS (24). The EGCG-
mediated reduction of FAS activity was caused by chemical inhibition, not by a
decrease in FAS expression. The decreased FAS activity in EGCG-treated LNCaP
cells resulted in a reduced lipid biosynthesis as revealed by measuring the
incorporation of acetate. TLC analysis showed that EGCG severely
reduced synthesis of triglycerides and phospholipids (including
phosphatidylethanolamine, phosphatidylcholine, phosphatidylserine, phosphatidyl-
inositol and sphingomyelin), lipid fractions that are rich in fatty acids (Table 2)
(24). EGCG also inhibited the synthesis of cholesterol, most likely not through
FAS inhibition but via inhibition of squalene epoxidase, a rate-limiting enzyme in
the cholesterol synthesis (25). Taken together, it can be concluded that EGCG is an
efficient FAS inhibitor in intact cells.

EGCG Inhibits Proliferation and Induces Apoptosis in PCA Cells. The
chemical FAS inhibitors cerulenin and C75 inhibit proliferation and are cytotoxic to
various cancer cell lines in vitro (20,21). Since EGCG inhibits FAS as efficiently
as cerulenin and C75, we analyzed whether FAS inhibitory EGCG concentrations
also affected growth and viability of PCA cells. EGCG concentrations, that
significantly inhibited FAS activity in LNCaP cells, also inhibited cell growth and
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induced cell death of LNCaP cells (Table 1), as revealed by trypan blue dye
exclusion assays. Stainings with Hoechst 33342 and Annexin V-EGFP/propidium
iodide demonstrated that cell death of LNCaP cells was primarily due to apoptosis
(24). The parallelism between the EGCG dose-response curves reflecting FAS
inhibition on the one hand and those reflecting growth inhibition and cell death on
the other hand strongly suggests that EGCG-mediated tumor cell death is a result of
FAS inhibition.

Epicatechin (EC), Which Does Not Inhibit FAS, Has No Effect on Growth or
Viability of PCA Cells. The correlation between EGCG-induced FAS inhibition
and cytotoxicity was further illustrated by treatment of LNCaP cells with another
green tea polyphenol closely related to EGCG, epicatechin (EC). Contrary to
EGCG, EC did not inhibit FAS activity neither lipogenesis in LNCaP cells.
Interestingly, EC had no effect on cell growth or viability, as LNCaP cells
continued proliferating and did not show any signs of cell death (24), thereby
illustrating that the cytotoxicity caused by EGCG was most likely due to the FAS
inhibitory effect of EGCG.

The FAS Inhibitor EGCG Selectively Induces Cell Death in PCA Cells But Not
in Normal Human Fibroblasts. To explore the potential of EGCG as a
chemotherapeutic compound that selectively targets cancer cells but not normal
cells, the effect of EGCG was also analyzed on non-malignant human fibroblasts,
which show low FAS expression levels similar to that in vivo conditions. Baseline
FAS activity levels were about 20 times lower in fibroblasts than in LNCaP cells
(24). EGCG also inhibited FAS activity and proliferation of normal fibroblasts in a
dose-dependent way. However, in contrast with LNCaP cells, EGCG did not
induce cell death of fibroblasts (24). Therefore, it can be concluded that the FAS
inhibitor EGCG is selectively cytotoxic for PCA cells with high FAS expression
levels, but not for normal human cells. Taken together, these findings may provide
interesting perspectives for the possible use of EGCG as a therapeutic agent in
future anti-cancer treatment.

By Which Mechanism Does EGCG-mediated FAS Inhibition Result in
Apoptosis of PCA Cells? The precise mechanism by which inhibition of FAS
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induces growth retardation and cell death of cancer cells is not fully understood.
Possibly, FAS inhibition inhibits tumorigenesis by limiting the amount of lipids that
are necessary for the membrane synthesis of rapidly dividing tumor cells. It has
also been proposed that the cytotoxicity mediated by FAS inhibition in cancer cells
with high FAS expression levels is caused by toxic accumulation of malonyl-CoA
(22). As the up-regulation of FAS in tumor cells is part of a general stimulation of
fatty acid synthesis (15, 17, 18), also enzymes catalyzing early steps in fatty acid
synthesis are up-regulated in tumor cells, such as acetyl-CoA carboxylase which
converts acetyl-CoA to malonyl-CoA. When FAS is inhibited in cancer cells, the
increased activity of acetyl-CoA carboxylase may cause intracellular accumulation
of the fatty acid precursor malonyl-CoA, which may become cytotoxic. However, it
can not be excluded that the cytotoxic effects of FAS inhibition towards cancer cells
are caused by alterations in the membrane composition. Indeed, FAS plays a major
role in the synthesis of phospholipids partitioning into detergent-resistant membrane
microdomains, also known as ‘rafts’ (26). These membrane micro-domains have
been implicated in various cellular processes such as signal transduction,
intracellular trafficking, cell polarization and cell migration (27), all of which play
key roles during tumor progression and metastasis. FAS inhibition may
significantly change the membrane lipid composition of cancer cells, thereby
possibly causing dysregulation of particular membrane functions.

Conclusion

We have demonstrated that EGCG is a potent natural inhibitor of FAS in intact cells
and that the EGCG-induced inhibition of the high FAS activity in PCA cells is
accompanied by inhibition of cell proliferation and induction of apoptosis (24).
Remarkably, growth inhibition and apoptosis are most pronounced at EGCG
concentrations that also efficiently inhibit FAS activity. This striking parallelism
between the dose-response curves reflecting FAS inhibition and those reflecting
growth inhibition and apoptosis indicates that EGCG-mediated tumor cell death is
most likely a result of FAS inhibition. However, it can not be excluded that EGCG,
in addition to the induction of cell death via FAS inhibition, may also influence
tumor development via other effects. Indeed, EGCG has also been demonstrated to
inhibit various tumor-promoting factors including matrix metalloproteinases,
vascular endothelial growth factor, receptor tyrosine kinases and sex steroids (1,7,
10). In contrast with PCA cells, EGCG does not induce apoptosis of normal
fibroblasts (24), which display low FAS activity, a feature shared by most human
cells in vivo. Therefore, it can be concluded that the FAS inhibitor EGCG is
selectively cytotoxic for PCA cells but not for non-malignant fibroblasts. Taken
together, these data strongly suggest that FAS inhibition may substantially
contribute to the tumor preventive and anti-neoplastic effects of EGCG and green
tea, thereby providing interesting perspectives for future anti-cancer therapies.
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Silencing of the Fatty Acid
Synthase Gene by RNA
Interference Inhibits Growth and
Induces Apoptosis of LNCaP
Prostate Cancer Cells
Ellen De Schrijver, Koen Brusselmans, Walter Heyns, Guido
Verhoeven, and Johannes V. Swinnen

Summary

A screening for androgen-regulated genes in prostate cancer (PCA) cells
revealed that androgenes, apart from their well known effects on cell
survival, proliferation, and differentiation, stimulate the expression of
several lipogenic genes, including the gene encoding fatty acid synthase
(FAS). FAS, a key enzyme in the biosynthesis of fatty acids, is markedly
overexpressed in many epithelial cancers including cancer of the prostate,
breast, ovary and endometrium. To gain more insight into the role of FAS
in cancer cells and to explore its potential as a novel target for
antineoplastic therapy, we have used the potent and highly sequence-
specific technique of RNA interference (RNAi) to silence FAS in LNCaP
prostate cancer cells. RNAi-mediated down-regulation of FAS expression
resulted in a major decrease in the synthesis of triglycerides and of
phospholipids partitioning into detergent-resistant membrane
microdomains. These effects were accompanied by marked morphological
changes, including a reduction in cell volume, a loss of cell-cell contacts,
and the formation of spider-like extrusions. Furthermore, silencing of the
FAS gene by RNAi significantly inhibited LNCaP cell growth and
ultimately resulted in induction of apoptosis. In striking contrast with
LNCaP cells, RNAi-mediated inhibition of FAS did not influence viability
of nonmalignant fibroblasts. The data presented herein suggest that
overexpression of FAS induced by hormones, growth factors, or other
mechanisms may play an important role in cancer cell biology, and that
RNA interference, particularly targeting lipogenic genes, constitutes a
promising tool for the development of new cancer treatments.
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Introduction

Steroid hormones have a strong influence on the biology of several common human
cancers, including cancer of the prostate, breast, endometrium, and ovarium. To
gain more insight into this process, a screening for androgen-regulated genes was
set up in PCA cells (1). In addition to their well known effects on cell survival,
proliferation, and differentiated function, androgens markedly stimulate the
expression of several lipogenic enzymes, including the one encoding fatty acid
synthase (FAS) (2).

FAS is a key enzyme in the biosynthesis of fatty acids from small carbon
substrates such as acetyl-CoA and malonyl-CoA (3). In most human tissues, FAS
expression is low, as the bulk of the required lipids are obtained from the diet, with
the exception of lactating breast and cycling endometrium (4). In contrast, elevated
expression of FAS and FAS activity are frequent phenotypic alterations in many
human epithelial cancers including cancer of the prostate, breast, endometrium,
ovary, lung, colon, stomach, tongue, oral cavity, and esophagus (5-8). Expression
of FAS increases very early in cancer development, and is further elevated in more
advanced tumors, particularly those with a poor prognosis. Although the underlying
mechanism of FAS overexpression in tumor cells is not completely understood,
recently, it was shown that FAS overexpression is part of a more general coordinate
up-regulation of multiple lipogenic genes (9,10). Factors that have been shown to
contribute to FAS overexpression include steroid hormones and alterations in
growth factor production or signaling. Effects of both factors are mediated by
activation of sterol regulatory binding proteins (SREBPs), lipogenic transcription
factors that play a key role in cellular lipid homeostases (11-15).

To gain more insight into the role of FAS in cancer cells, and to explore its
potential as a novel target for antineoplastic therapy, chemical inhibitors of FAS,
such as cerulenin and c75, have been used (5, 16-20). However, these inhibitors
have several shortcomings. Cerulenin, a natural mycotoxin, harbors a very reactive
epoxide group that may interact with other proteins, and, therefore, affect processes
other than fatty acid synthesis. In this respect, cerulenin suppresses protein
palmitoylation (21), cholesterol synthesis (22), and proteolysis (23, 24). In
addition, the use of cerulenin as FAS inhibitor is limited because of its chemical
instability (5). Recently, more stable FAS inhibitors, such as c75, have become
available (17), but the specificity of these compounds requires further investigation.

To avoid potential non-specific effects related to chemical inhibitors, we
have explored the use of the potent and highly sequence specific technique of RNA
interference (RNAi) to silence FAS in LNCaP PCA cells. RNAi is a cellular
process resulting in enzymatic cleavage and breakdown of mRNA, guided by
sequence-specific double stranded RNA oligonucleotides (siRNAs) (Figure 1) (25-
27).
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Figure 1. Principle of siRNA-mediated RNA interference. Small interfering RNA
(siRNA) interacts with helicase (circle) and nuclease (oval) to form a complex
termed RNA-induced silencing complex (RISC). Helicase in RISC uses ATP to
unwind siRNA, enabling the antisense strand to bind to its target in messenger
RNA. Nuclease in RISC cleaves the mRNA, which is then quickly degraded by
other RNAses.

Results and Discussion

To specifically silence the FAS gene, LNCaP cells were transfected with FAS
siRNA as previously described (27). As a control for specificity of RNAi, LNCaP
cells were transfected with siRNA-targeting luciferase, which is not expressed by
LNCaP cells. Western blot analysis demonstrated that expression of FAS was
severely decreased in LNCaP cells transfected with FAS siRNA compared to
control cells transfected with luciferase siRNA (Figure 2).

Figure 2. Effects of FAS RNAi on
FAS expression. LNCaP cells were
transfected with luciferase siRNA or
FAS siRNA as previously described
(27). FAS protein levels (and CK18
as a control for equal loading) were
determined by western blot analysis
72 h after transfection.
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Commensurate with the lower FAS protein expression, FAS RNAi resulted
in a 4.0-fold decrease of FAS activity in LNCaP extracts, and reduced total
lipogenesis as quantified by measuring the incorporation of acetate
into cellular lipids of growing LNCaP cells (27). To investigate the impact of the
decreased lipid synthesis by silencing the different lipid species, lipid extracts were
analyzed by TLC for phospholipids and neutral lipids, respectively. The majority of

in control cells was incorporated into phospholipids (80%), specifically
in phospholipids partitioning into detergent-resistant membrane microdomains (28).
FAS RNAi caused 2.0- to 3.0-fold decrease in the synthesis of these phospholipids,
suggesting that FAS plays an important role in the control of membrane
microdomain biology. Smaller amounts of label were found in triglycerides and free
cholesterol (Figure 3). FAS RNAi caused a 7.0-fold decrease in the synthesis of
triglycerides in LNCaP cells. In contrast, no effect was observed on the total
cellular cholesterol content, illustrating the specificity of the effects of RNAi.

Figure 3. Effects of FAS RNAi on lipid
biosynthesis. LNCaP cells transfected with
siRNA-targeting luciferase or FAS. After 72
h, cells were treated with
acetate for 4 h. Lipids were extracted as
previously described (1). Radioactivity was
measured by scintillation counting. Acetate
incorporation was analyzed after TLC lipid
separation, and was
quantitated by PhosphorImager screens. PC,
phosphatidyl-choline; PS, -serine; PI, -
inositol; PE, -ethanolamine; TG,
Triglycerides; C, cholesterol; CE cholesterol
esters. Significantly different from the
luciferase control condition.

As a result of FAS RNAi, LNCaP cells underwent striking morphological
changes reminiscent of those seen after androgen-deprivation. The cells became
smaller, made poor cell-cell contacts, and displayed multiple spider-like extensions
(27). In addition, inhibition of FAS by RNAi inhibited growth of LNCaP cells, and
ultimately, resulted in apoptosis and cell death (Table 1) (27). To explore whether
FAS RNAi may cause a growth disadvantage selectively to cancer cells expressing
high levels of FAS, we evaluated the effects of RNAi in a control line with low
levels of FAS expression. Since normal epithelial cells (which show low FAS
expression in vivo) expressed high levels of FAS when cultured in-vitro, we turned
to nonmalignant human fibroblasts, as a model of low FAS-expressing cells.
Interestingly, in these fibroblasts, siRNA-targeting FAS still reduced FAS
expression and activity, but this decrease did not result in either growth inhibition or
induction of apoptosis (27) (Table1).
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Taken together, these data suggest that overexpression of FAS induced by
hormones, growth factors, or other mechanisms may play an important role in
cancer cell biology, and that RNA interference targeting lipogenic genes constitutes
a promising tool for the development of new cancer treatments.
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Androgens Stimulate the SREBP
Pathway in Prostate Cancer Cells
by Inducing a Shift in the SCAP-
Retention Protein(s) Balance
Hannelore Heemers, Walter Heyns, Guido Verhoeven, and
Johannes V. Swinnen

Summary

In human prostate cancer (PCA) cells, androgens (As) coordinately
stimulate the expression of genes involved in the synthesis of fatty acids
and cholesterol. Interestingly, several of these genes are overexpressed in
human cancers, particularly those with a poor prognosis, and are
promising targets for anti-neoplastic therapy. Exploration of the
mechanism underlying the lipogenic effects of As revealed that As induce
activation of Sterol Regulatory Element-Binding Proteins (SREBPs),
proteolytically activated transcription factors that play a central role in the
control of cellular lipid homeostasis. The exact mechanism by which As
interfere with the SREBP pathway remains to be investigated. Herein, we
show that A-activation of the SREBP pathway depends on the presence of
the structural elements required also for its sterol-regulated activation.
Detailed studies revealed that As substantially increase the expression of
the transporter protein SCAP in 2 of the 3 cell lines tested. Co-
transfection of an expression vector encoding SCAP lead to a marked
increase in the transcription of a key gene involved in cholesterol
synthesis. In support of the involvement of activated SREBPs in the
observed effects, SCAP-mediated transcriptional activation of this
lipogenic gene was dependent on the presence of intact SREBP binding
sites in its promoter region, and was counteracted by addition of dominant-
negative SREBP forms. These data suggest that As activate the SREBP
pathway by inducing a change in the normal cellular balance between
SCAP and its retention protein complex.

Introduction

Since the development of endocrine therapy for the treatment of PCA (1),
androgens (As) have been known to play a major regulatory role in PCA cell
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biology. In a search for novel A-regulated genes, using the LNCaP PCA cell line as
an experimental paradigm, As were shown to coordinately stimulate the expression
of several genes involved in the synthesis, transport and metabolism of fatty acids
and cholesterol (2). Interestingly, increased lipogenesis, characterized by over-
expression of fatty acid synthase (FAS), a key enzyme in the biosynthesis of fatty
acids, has been observed in many human cancers, including PCA (3). Increased
expression of FAS is considered as one of the most common molecular alterations
found in PCA (4). As interference with lipogenesis delays tumor growth in several
experimental models, these findings may have a significant therapeutic potential (3).
In view of these observations, efforts were directed towards identifying the
mechanism underlying the lipogenic effects of As in LNCaP PCA cells. These
studies revealed that As activate SREBPs (2).

SREBPs are a family of transcription factors involved in the maintenance
of intracellular cholesterol homeostasis, the control of fatty acid synthesis and the
differentiation of adipocytes. Synthesized as inactive 125-kDa precursor proteins,
SREBPs are anchored into intracellular membranes where they form a complex
with SREBP-cleavage activating protein (SCAP). SCAP in turn interacts with a
retention protein complex. When cellular sterol levels are low, interaction between
SCAP and its retention protein complex is lost, permitting the SREBP/SCAP
complex to translocate to the Golgi apparatus. Within this cell organelle two
proteases [site 1 protease (S1P) and site 2 protease (S2P)] act to release a 68-kDa
aminoterminal SREBP fragment. This transcriptionally active SREBP fragment
(nuclear SREBP, nSREBP) migrates to the nucleus, where it activates the
transcription of a large set of sterol regulatory element (SRE)-containing genes
belonging to the pathways of fatty acid and cholesterol synthesis (5-7) (Figure 1).

Figure 1. Structure and sterol-mediated activation mechanism of SREBPs.

Treatment of LNCaP cells was shown to lead to increased nuclear levels of
mature active SREBPs. Moreover, the stimulatory effects of As on the expression
of key lipogenic genes such as FAS and HMG-CoA-synthase (SYN) depended on
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the presence of intact SREs in the promoter regions of these genes and were
counteracted by dominant-negative SREBP forms (2,8). Recently, similar effects
of As on SREBP-dependent transcription of lipogenic genes have been described
also in MDA-PCa-2a (9) and PC346c (10) PCA cells (8). Taken together, these
data provide evidence for the involvement of the SREBP pathway in the A-
induction of the lipogenic program in PCA cells. The exact molecular
mechanism(s) by which As affect the SREBP pathway remained to be investigated.

Results

Androgen Activation of the SREBP Pathway Relies on the Presence of the
Structural Elements Required for its Sterol-Regulation. To unravel the
mechanism(s) by which A treatment of PCA cells gives rise to an increase in the
content of nSREBPs, we investigated whether the action of As involves the same
segments of the SREBP precursor protein that are required for its sterol regulation
(such as the cleavage sites for S1P and S2P and the SCAP-interacting
carboxyterminal domain). By means of site-specific mutagenesis of an expression
construct for SREBP-2 (pTK-HSV-BP2) expression constructs for SREBP-2 were
generated that had undergone mutations (site 1 and site 2) or deletions (COOH
terminus) at these crucial sites (Figure 2A). Recombinant SREBP was provided
with an HSV epitope tag. Immunoblot analysis using an antibody directed against
the HSV epitope was performed on total cell extracts (SREBP precursor protein
expression), as well as on nuclear extracts (nSREBP expression) of LNCaP cells
grown either in the presence or absence of As or in the presence or absence of
sterols. As shown in Figure 2B, activation of SREBP was observed only in cells
expressing wild type SREBP precursor proteins, indicating the importance of intact
recognition sites for S1P and S2P and the need for interaction with SCAP for As to
cause maturation of SREBP precursors (Figure 2B).

Androgen Treatment of LNCaP and MDA-PCA-2a Cells Markedly
Upregulates the Expression of the Transporter Protein SCAP. The data shown
in Figure 2) suggest that the structural elements involved in the A-activation of
SREBP precursor proteins are identical to those required for sterol-regulated
SREBP activation. Thus, we investigated whether As affect the expression of
components essential for the sterol-regulation of the SREBP pathway. In the three
cell lines studied, slight increases in the mRNA expression for SREBP-1c and
SREBP-2, known nSREBP target genes (11,12), and S2P were observed following
A exposure. SREBP-1a and S1P were not affected (data not shown). In both
LNCaP and MDA-PCa-2a cells, A treatment caused a more pronounced increase in
the mRNA expression of SCAP. In PC346c cells such a stimulatory effect on the
expression of SCAP was not observed (Figure 3).
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Figure 2. Mutation of sites required
for sterol regulation of SREBPs
prevents A-induced SREBP activation.
Schematic representation of the

locations of the mutations, as well as
the HSV epitope tag (A). Total cell and
nuclear extracts derived from LNCaP
cells expressing either wild type
SREBP-2 (wt) or SREBP-2 in which
site 1 (S1mut) or 2 (S2mut) was
mutated or in which the C-terminus was
deleted (Ctermdel), incubated in the
absence (-) or presence (+) of R1881,
or in the +/- of sterols, were subjected
to western blotting with an antibody
directed against the HSV epitope (B).
Results shown are representative of
three independent experiments.

Figure 3. As markedly stimulate the expression of SCAP
in LNCaP and MDA-PCa-2a cells. Cells were cultured in
the presence (+) or absence (-) of R1881 for 2
(LNCaP and MDA-PCa-2a cells) or 3 (PC346c cells) days.
Total RNA was isolated and northern blot analysis was

performed with a SCAP probe. Data shown are
representative of two independent experiments.

Overexpression of SCAP Leads to Activation of the SREBP Pathway. To
explore whether increased SCAP expression is actively involved in the A-induced
activation of the SREBP pathway, an expression vector encoding SCAP
(pcDNA1.1-SCAP) was generated.  COS-7 cells were transiently transfected with
pcDNA1.1-SCAP and pTK-HSV-BP2.  Two days later, nuclear extracts were
prepared and immunoblot analysis was performed using an antibody directed
against the HSV-epitope. Figure 4A shows that enhancing cellular SCAP levels
does indeed result in a pronounced increase in mature nuclear SREBP. To
investigate whether such a SCAP-induced elevation of nuclear SREBP levels is
responsible for the observed increase in lipogenic gene expression, pcDNA1.1-
SCAP was co-transfected into MDA-PCa-2a cells with a promoter-reporter
construct derived from SYN.  Co-transfection of pcDNA1.1-SCAP gave rise to a
marked increase in SYN reporter activities. Mutation of SREs in this promoter
fragment prevented SCAP-induced transcriptional activation of the reporter gene
(Figure 4B). Co-transfection of MDA-PCa-2a cells with increasing amounts of an
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expression construct encoding a dominant-negative form of SREBP-1 (DN-SREBP)
gradually prevented the stimulatory effect of enhanced SCAP expression on both
FAS (data not shown) and SYN (Figure 4C) promoter-reporter constructs. Similar
SCAP-induced stimulatory effects on the transcriptional activation of these genes
were observed in LNCaP cells (data not shown) (8).

Figure 4. Effect of increased cellular
SCAP levels on nSREBP-dependent
lipogenic gene transcription. (A) COS-7
cells were transiently transfected with
pTK-HSV-BP2 and 20 ng of an
expression construct encoding human
SCAP (pcDNA1.1-SCAP).
Representative data from two independent
experiments. (B) MDA-PCa-2a cells were
transiently transfected with either a
plasmid containing a luciferase reporter
gene driven by a HMG-CoA-synthase
(SYN) promoter fragment harboring two
SREs (SRE-1 and SRE-2) (wt), or a
similar construct in which either SRE-1 or
SRE-2 was mutated (mut-1 and mut-2).
Fourty ng of an expression construct
encoding human SCAP (pcDNA1.1-
SCAP) was added. (C) Increasing
amounts of a plasmid encoding a
dominant-negative form of SREBP (DN-
SREBP) were added. Luciferase activity
was expressed in relative luciferase units
(RLU). The data represent the mean ±
SEMs of incubations performed in
triplicate.

Discussion

To investigate whether the molecular mechanism underlying the A activation of the
SREBP pathway in PCA cells makes use of the same structural elements required
for its sterol-regulated activation, site-specific mutations were made in the SREBP-
2 precursor protein. These studies demonstrated the involvement of elements
typically involved in the sterol-mediated activation of SREBPs such as the cleavage
sites 1 and 2 and the SCAP-interacting SREBP-domain also in the A-induced
maturation of SREBPs. These findings are in agreement with earlier observations
that the size of the nSREBP fragments generated after A exposure is similar to the
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size of the fragments resulting from sterol-depletion (data not shown). Further
studies investigating whether As affect the expression of elements involved in
sterol-mediated activation of the SREBP pathway revealed that As induce an
increase in the expression of SCAP in 2 of the 3 cell lines studied. Since alternative
routes of SREBP activation, e.g. by cholesterol depletion, do not result in a similar
stimulation of SCAP expression (data not shown), we concluded that the observed
increase in SCAP expression is not an indirect effect of SREBP activation. In
support of this conclusion is the finding that SCAP is up-regulated just before the
accumulation of mature SREBP and well before the activation of lipogenic gene
expression (data not shown) (8). The hypothesis of a direct link between the
increase in SCAP expression and the stimulation of lipogenic gene expression by As
was further corroborated by the finding that forced overexpression of SCAP led to
enhanced nuclear accumulation of mature SREBP and to activation of lipogenic
gene expression in an SRE- and SREBP-dependent manner in MDA-PCa-2a as well
as LNCaP PCA cells. These data suggest that although A-activation of the SREBP
pathway makes use of the same structural elements as does sterol-regulation, the
mechanism by which As activate the SREBP pathway is different from the one
observed under conditions of sterol depletion. Low intracellular concentrations of
cholesterol are sensed by SCAP and reduce the interaction with its retention protein
complex that holds the SREBP/SCAP complex in the endoplasmic reticulum (7).
As a result the SREBP/SCAP complex is released from the endoplasmic reticulum
and moves to the Golgi complex where the SREBP precursor is cleaved and
activated. As might reach the same effect by promoting SCAP production and
changing the balance between SCAP and its retention protein complex. Although A
treatment of PC346c cells also gives rise to maturation of SREBP precursors and
SREBP-dependent transcription of lipogenic genes, in this particular cell line the A-
induced increase in the expression of SCAP could not be observed, suggesting that
apart from up-regulation of SCAP other mechanisms may contribute to the A-
induced activation of the SREBP pathway. In this respect it will be exciting to
explore whether As also affect the expression of the recently identified proteins
insig-1 and insig-2 (13,14), components of the postulated SCAP retention complex.
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Metabolism of in
ACI Rat Liver and Mammary
Gland After Chronic Estradiol
Treatment
Sonia Mesia-Vela, Rosa I Sanchez, Kenneth R. Reuhl, Allan H.
Conney, and Frederick C. Kauffman

Summary

Introduction

Metabolism of the major endogenous estrogen (E), regulates both the level and
activity of this hormone in MG and other target tissues. Alterations in
metabolism have been implicated in the progression of hormone-dependent cancers
because they may lead to the formation of abnormal amounts of reactive catechol
estrogens (CE). Formation of CE in E-target organs may promote extensive
oxidative stress and/or the generation of DNA mutations with the potential to

A comparative study of the effects of chronic treatment
on microsomal oxidation and conjugation of via Phase I and II enzymes
in the ACI rat mammary gland (MG) and liver was performed. NADPH-
dependent oxidation of was not detected in the MG, but was readily
measured in the liver. Oxidation was not altered by chronic treatment.
Ascorbic acid stimulated oxidation (non-enzymatically) in MG
microsomes, but had no effect in the liver. Hepatic but not MG
NADP(H):quinone oxidoreductase and glutathione S-transferase activities
increased 4.0- and 2.0-fold, respectively, after 6 weeks (w) of treatment.
MG catalase activity was decreased 64% after 28 w of when
the rats had developed 100% incidence of MG adenocarcinomas.
Moreover, the activities of phenolsulfotransferase SULT1 A1and fatty

decreased by 95 and 80%,
respectively, in the MG but not in liver. Decreases in these enzymes were
maximal after 6 w and preceded induction of MG tumors. Collectively,
these data indicate that regulates the expression of antioxidant and

enzymes differentially in the ACI rat liver and MG. The
decreased activities of SULT1A1 and may favor accumulation of

available for receptor binding and conversion to catechol estrogens,
both of which are implicated in mammary oncogenesis.
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initiate cancer (1-3). Formation of high amounts of 4-CE and their conjugates have
been reported in human and rodent cancerous MGs (4-6); and 4-hydroxylase
activity, an enzyme linked to CEs formation, has been observed in human breast
tumor samples (7). Moreover, differential formation of 4- over 2-CE correlates
with susceptibility to cancer in E-dependent organs such as the Syrian hamster
kidney (8, 9), CD-1 mouse uterus (10), and rat pituitary (11). Thus, alterations of

leading to the formation of high amounts of CE, and in the activity
of enzymes that control CE availability, i. e., SULTs and  may influence the

of MG tumors.
Herein, we evaluate the effect of chronic treatment on key oxidative and

conjugative enzyme activities associated with metabolism in the MG and liver of
ACI rats (12), a strain highly susceptible to the induction of mammary ductal
adenocarcinomas (MDAs) after E exposure (12-15).

Materials and Methods

Animals and Treatments. Female ACI rats, 7-8 weeks of age, were treated with a
single 20-mg pellet containing 3 mg of + 17 mg of cholesterol, implanted sub-
pannicularly in the shoulder region, as previously described (16). Control animals
received 20-mg cholesterol pellets. Animals were killed after 6, 12, or 28 weeks
and tissues were removed for analyses.

Preparation of Sub-cellular Fractions. Cytosol and microsomal fractions were
prepared by differential centrifugation as described previously (17), and stored at–
80°C until used. Protein concentration was determined by the BCATM protein assay
kit.

Enzyme Assays. NAD(P)H quinone oxidoreductase (NQO1) was measured as
reported by Jaiswal et al. (18). Cytosolic glutathione S-transferase (GST),
glutathione peroxidase (GPx) and catalase (CAT) activities were measured as
described earlier (19-21). Sulfotransferase (SULT) activity was determined as
described previously (22) using as cofactor. NADPH- dependent
oxidation of (CYP450 assay) was measured as described previously (23) using 5

(MG) or 50 (liver) at 37 °C, for 60 and 30 min, respectively.
Blanks, heat-inactivated microsomes, were analyzed with and without NADPH or
ascorbic acid. Glucuronidation of was assayed as described previously (24).

activity was determined with 25 (MG) or 50 (liver) as
described previously (25). Kinetic parameters were determined using six different
concentrations of substrate.

Statistical Analysis. Differences among means were assessed by ANOVA
followed by Bonferroni post hoc test for P values < 0.05. The kinetic parameters
(Km and Vmax) of the enzymatic reactions were derived graphically by computer
linear regression analysis using Khaleida Graph for Windows program.



Metabolism of in the Liver and Mammary Gland 369

Results

Enzyme Assays. Effects of MG and liver cytosol on antioxidant enzyme activities
are depicted in Figure 1. In general, specific activities were notably higher in liver
compared to MG ranging from ~ 6.0-fold higher for NQO1 to 100.0-fold higher for
CAT. for 6 and 12 w increased hepatic NQO1 activity by 4.1- and
3.7-fold, respectively (Figure 1B); while GST increased by 1.5- and 2.0-fold,
respectively (Figure 1D). Both activities returned to control levels by week 28
(Figure 1B, D). Hepatic GPx activity did not change significantly over the course
of the treatment (Figure 1, F); however, its activity increased significantly in MG
tissue at 28 w (Figure 1E). CAT activity decreased in liver and MG tissue at 28 w
(Figure 1G, H).

Figure 1. Antioxidant enzyme activities in MG and liver of  ACI rats
Data represent the mean ± SE of 3 rats/group. Data from control animals (C) at

different periods were similar and pooled together (n = 9). Statistically different
from C.

SULT1A1 activity was reduced markedly (95%) after treatment (Figure
2), and preceded the appearance of MG tumors.

Figure 2. MG and liver SULT1A1 activity of ACI rats. Data represent
the mean ± S.E. of 3rats/group. Data for control animals (C) at different periods
were similar and pooled together (n = 9). *Statistically different from C.
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SULT activity was measured using PNP, and DHEA as substrates
targeting activities of SULT1A1, -E1, and -2A1, respectively. Kinetic parameters
for liver and MG SULTs activities are described in Table 1.

Liver microsomal NADPH-dependent oxidation of formed majoritary
and estrone and small amounts of and as reported

previously (23, 26) (Table 2). exposure caused a modest increased in
formation (~ 1.5-fold). In MG microsomes, several oxidized derivatives such as
, and and 6-keto- and and were detected in small
amounts (data not shown). Blanks without NADPH or with heat-inactivated protein
formed similar amount of metabolites, however in the absence of ascorbic acid,
they were not formed.



Metabolism of in the Liver and Mammary Gland 371

Control liver microsomes incubated with and 2 mM UDPGA
resulted in the formation of two metabolites: (128 ± 9
pmol/mg/min) and (87 ± 13 pmol/mg/min) respectively. The
formation of these metabolites was not altered by chronic treatment at any of the
time periods examined. MG microsomal formation of glucuronides was not
detected under the same conditions used for liver microsome.

Liver or MG microsome incubations with in the presence of
oleoyl-coenzyme A as a cofactor, followed by HPLC detection, revealed a single
radioactive peak less polar than corresponding to ester as reported
previously (25). Chronic treatment did not alter hepatic esterification, but was
reduced by ~ 80 % of control values in the MG (Figure 3). This decrease in MG
esterification occurred as early as 6 w. The Vmax but not the Km for this
reaction was decreased markedly after treatment (from 6.017 to 2.725
pmol/mg/min).

Figure 3. Effect of chronic treatment on activity in ACI rat MG and
liver. Data represent the mean ± S.E. of 3 rats/group. Data from the control (C)
group at different time periods were similar and pooled (n = 9). * Statistically
different from C group, p < 0.05.

Discussion and Conclusions

Chronic, low dose treatment of ACI rats induced a marked decline in MG
SULT1A1 and but not in the liver. Since both enzymes are involved in
the inactivation of it is noteworthy that the marked decreases in the activity of
both enzymes occurred before the appearance of the MG tumors. Sulfonation is an
important pathway of inactivation in rodents and humans (27). Reduction in the

sulfonation rate may prolong the availability of in target tissues, and enhance
its interaction with estrogen receptors (ER). A possible link of impaired sulfonation
to carcinogenesis is suggested by the recent finding that polyhalogenated aromatic
hydrocarbons and their OH-metabolites are potent inhibitors of several SULTs
including SULT1A1 (28).

Our finding that chronic treatment strongly reduced MG esterification
rates are consistent with observations made in MCF-7 human breast cancer
cells in which fewer esters were formed compared to those in MDA-MB-
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231 and MDA-MB-330 human cells (29). Greater amounts of are present in
cells than in cells (30) suggesting that the presence of unconjugated

is of prime importance for initiation/development of MG tumorigenesis. Aside
from storage, no other physiological function of esterified metabolites has been
described. The possibility that reduction of and sulfonation occurs
after chronic exposure to leading to higher amounts of biologically active in
the MG of ACI rats warrants further study.

Our data indicate that chronic treatment did not alter the specific
activity of antioxidant enzymes in the MG as it did in the liver. This finding
indicates that the regulation of expression of these enzymes by differs in liver
and MG. The expression of NQO1 and GST is mediated, at least in part, through
the antioxidant/electrophile response element (ARE/EphRE) (31) found in the
regulatory regions of their genes. GPx is also induced in response to oxidative
stress but through mechanisms that involve sp-1 and AP-2 regulatory sequences in
the promoter region of the rat liver GPx gene which lacks the ARE/EphRE
regulatory sequences (32). Also, the induction of cytosolic CAT activity suggests
that oxidative stress after 28 weeks of treatment may be a consequence of the
presence of MG tumors, and may not be a predominant factor during the
initiation/development of these tumors in the rat.

In summary, the most prominent enzymatic changes noted in MG tissue of
female ACI rats treated chronically with were marked decreases in sulfonation
and esterification. These changes appeared specific for MG tissue and preceded the
appearance of MG tumors. Also, MGs from E sensitive ACI rats readily formed
several metabolites, including CEs in a non enzymatic i.e., independent of
NADPH and active microsomes way. Further studies are needed to determine
whether these changes in conjugating enzymes are related to accumulation of
available for binding and promotion of MG tumors in ACI rats.
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Modulation of Transforming and
Clastogenic Activities of Catechol
Estrogens by a Catechol-O-
methyltransferase Inhibitor in
Syrian Hamster Embryo
Fibroblasts
Takeki Tsutsui, Takeo W. Tsutsui, Yukiko Tamura, and J. Carl
Barrett

Summary

Catechol estrogens (CEs) are considered critical intermediates in estrogen
(E)-induced carcinogenesis. Previously, we demonstrated that estradiol

estrone and four of their catechol estrogens, 2- and and
2- and induced morphological transformation in Syrian hamster
embryo (SHE) cells, and their transforming activities varied as follows: 4-

which are consistent with
the genetic effects, i.e., chromosome aberrations and DNA adduct
formation, of each E. To further elucidate the mechanism of hormonal
carcinogenesis, we studied the effect of the catechol-O-methyltransferase
(COMT) inhibitor Ro41-0960 on the transforming and clastogenic
activities of the CEs using SHE cells. The frequencies of transformation
and chromosome aberrations induced by were not affected by co-
treatment with Ro-41 -0960, but those induced by were markedly
enhanced. The frequency of transformation induced by was
markedly decreased by in a concentration dependent manner, but this
decrease was not inhibited by Ro41-0960. Cell treatment with

or alone induced apoptosis as detected by the TUNEL
method. Additive effect on the induction of apoptosis was observed in
cells treated with or The % apoptotic cells induced
by and decreased in the presence of Ro41-0960, while those
induced by and did not. These results suggest an important
role of both the substrate specificity of COMT and the induction of
apoptosis in CE-induced carcinogenesis.
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Introduction

Es are carcinogenic in humans and rodents (1, 2). Accumulating evidence has
suggested that estrogenic activity is necessary but not sufficient to explain the
carcinogenic activity of Es in-vivo and in-vitro (3). Another mechanism related to
genetic alterations has been suggested in studies of E-induced carcinogenesis (4, 5).

Endogenous Es are implicated as a possible etiological factor in the
causation of certain types of human cancers such as breast, endometrium, ovary,
prostate, and, possibly, brain cancers (6). undergoes oxidative metabolism at C-
17 to yield which can be hydroxylated to yield andCEs and

is metabolized to estriol by
dehydrogenase. also can be hydroxylated to or These CEs are
mainly inactivated by O-methylation, catalyzed by COMT, but conjugative
metabolism by glucuronidation and/or sulfonation also plays a role in conversion of
the CEs to hormonally inactive metabolites (6). CEs are considered critical
intermediates in E-induced cancer (7-9). The oxidative metabolites of the CEs, i.e.

2, 3 or 3, 4-quinones, covalently bind to calf thymus DNA and form DNA
adducts (10).

We have used SHE fibroblast cell cultures as a model system to study the
ability of Es to transform cells directly (5). SHE cells do not express measurable
levels of estrogen receptor and E treatment is not mitogenic to the cells (5).
Thus, estrogenic stimulation of cell proliferation can be excluded as the mechanism
of action in this in-vitro assay. However, the cells do have the ability to metabolize
Es (5). We have shown that treatment of SHE cells with or four of their CEs
induces cellular transformation. The transforming abilities of the Es vary as
follows: which are consistent with
the genetic effects, i.e., chromosome aberrations and DNA adduct formation, of
each E (11-13). To further elucidate the mechanism of hormonal carcinogenesis,
herein, we studied the effect of a COMT inhibitor, Ro41-0960 on the transforming
and clastogenic activities of the CEs using SHE cells.

Materials and Methods

Cells and Chemicals. SHE cell cultures were established from 13-day-gestation
hamster fetuses and grown as previously described (11). and
were purchased from Sigma (St. Louis, MO) and dissolved with DMSO at 3 mg/ml.
DMSO was added to control cultures at a final concentration of 0.33%.

Cellular Transformation. Cells were plated, incubated overnight, and
treated with test Es for 48 h. After trypsinization, 2,000 cells were replated, and
incubated for 7 days to form colonies. The cells were fixed with absolute methanol
and stained with a 10% aqueous Giemsa solution. The number of surviving
colonies with > 50 cells and morphologically transformed colonies were scored
using previously established criteria (5, 11).



Modulation Activities of Catechol Estrogens 377

Chromosome Aberrations. SHE cells were plated into flasks.
After overnight incubation, the cells were treated with test Es for 24 h. Three hours
before the end of the treatment time, Colcemid (GIBCO, Grand Island, NY) was
administered at and metaphase chromosomes were prepared. After
trypsinization, cells were treated with 0.9% sodium citrate at room temperature for
13 min, fixed in Carnoy’s solution (methanol:acetic acid, 3:1), and spread on glass
slides using the air-drying method. Specimens were stained with a 3% Giemsa
solution in 0.07 M phosphate buffer (pH 6.8) for 7 min. For determination of
chromosome aberrations (gaps, breaks, exchanges, dicentric chromosomes, ring
chromosomes, and fragmentations), 100 metaphases/experimental group were
scored. Achromatic lesions greater than the width of the chromatid were scored as
gaps, unless there was displacement of the broken piece of chromatid. If there was
displacement, these were recorded as breaks.

Detection of Apoptotic Cells. SHE cells were plated into flasks.
After overnight incubation, cells were treated for 24 h with each test E. In some
experiments, cells were pretreated with the caspase inhibitor
(Peptide Institute, Osaka, Japan) at for 2 h. After harvesting with 0.1%
trypsin, the cells were fixed in 4% neutral buffered formalin for 10 min, and a
volume of cell suspension at a density of cells/ml was dropped on slide
glasses and air-dried. To detect apoptotic cells, the cells on the slide glasses were
stained using the TUNEL method and an apoptosis in situ detection kit (Wako Pure
Chemical, Tokyo, Japan) according to the manufacturer’s instructions. More than
1,500 cells were scored for each group, and the % apoptotic cells were determined
from the number of apoptotic cells relative to the total number of cells x 100.

Results

Treatment of SHE cells with or induced morphological
transformation in SHE cells. The transforming activities of these Es were ranked as
follows: When SHE cells were co-treated with 2- or

together with the specific COMT inhibitor Ro41-0960 the
transformation frequency induced by was not affected, but that induced by

was markedly enhanced.
Chromosome aberrations in SHE cells were induced by treatment with 2-

or but not by treatment. The rank of the clastogenic activities of 2- or
determined by the induced frequencies of chromosome aberrations, was as

follows: The frequency of chromosome aberrations induced by
was not affected by co-treatment with Ro41-0960, but that induced by

was markedly enhanced.
The frequency of morphological transformation induced by was

markedly decreased by co-treatment with in a concentration dependent manner,
but the decrease by was not inhibited by Ro41 -0960. Cell treatment with
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or alone induced apoptosis as detected by the TUNEL method.
Additive effect on the induction of apoptosis was observed in SHE cells treated with

in combination with or The induction of apoptosis by these Es
was inhibited by the caspase inhibitor The % apoptotic cells
induced by co-treatment with and was decreased when Ro 41 -0960 was
administered to the cultures, while the % apoptotic cells induced by co-treatment
with and was not decreased by Ro41-0960.

Discussion

The effects of the COMT inhibitor Ro41-0960 on the transforming and clastogenic
activities of CEs in SHE cells were examined. Because the transforming and
clastogenic activities of CEs in SHE cells are higher than those of the CEs
(12), we studied the effects of the COMT inhibitor on the transforming and
clastogeniic activities induced by 2- or The difference in the transforming
activities between and CEs are consistent to the abilities of these CEs to
induce chromosome aberrations, gene mutations at the ATPase and/or
HPRT loci, and DNA adduct formation in SHE cells (11-13), suggesting that
genetic damage at the gene and/or chromosome levels acts as one of the causal
mechanisms of CE-induced cellular transformation in SHE cells. In the hamster
kidney tumor model, 4-OH CEs are carcinogenic, whereas 2-OH CEs are not (7,8).
Although the incidence is lower than that of induces uterine
adenocarcinoma in mice (9). The hamster kidney contains high estrogen 4-
hydroxylase activity (14) and the methylation of by COMT is inhibited by

in-vitro (15). This may facilitate accumulation of in the hamster
kidney. However, few or low carcinogenic activity of in hamsters and mice
may also be due to rapid methylation and rapid metabolic clearance of itself
(16). The frequencies of transformation and chromosome aberrations induced by

were not affected by co-treatment with Ro41-0960, but those induced by
were markedly enhanced by the COMT inhibitor. The results suggest that

SHE cells retain COMT activity which is more specific for than for
Because SHE cells have endogenous metabolizing enzymes that exhibit

oxidative and peroxidative activity (5), could accumulate and undergo
metabolic conversion in SHE cells to reactive intermediates such as quinone
estrogen (CE-2,3-quinone) that may enhance chromosome aberrations and cellular
transformation. Studies on the substrate specificity of COMT in SHE cells are
currently in progress.

The frequency of transformation induced by was markedly
decreased by co-treatment with in a concentration dependent manner, but the
decrease by was not inhibited by Ro41-0960. This suggests that another
mechanism rather than COMT may participate in the decrease in the induced
transformation frequencies. Treatment of SHE cells with or 2-or alone
induced apoptosis which was enhanced by co-treatment with in combination with
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2- or The % apoptotic cells induced by co-treatment with and
were decreased by Ro41 -0960, while that induced by co-treatment with and

was not. These findings also suggest that the substrate specificity of COMT
affects the induction of apoptosis induced by Es, which leads modulation of the
transformation frequencies induced by CEs in SHE cells.

In summary, CEs are considered critical intermediates in E-induced
carcinogenesis. The transforming activity and genetic effects in SHE cells varied
among CEs. The substrate specificity of COMT and the induction of apoptosis may
modulate these activities.
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Bi-directional Regulation of
Human Progesterone Receptors
and the Mitogen Activated
Protein Kinase Pathway in Breast
Cancer Cell Models
Emily Faivre, Ming Qiu, and Carol A. Lange

Summary

Breast cancers (BCs) often have increased mitogen-activated protein
kinase (MAPK) activity. This pathway influences BC cell growth in part
by targeting steroid hormone receptors. Activation of p42 and p44
MAPKs increases progesterone receptor (PR) transcriptional activity in
the presence of progestins, and triggers their rapid down-regulation by the
ubiquitin-proteasome pathway. In turn, progestins increase the expression
of type I growth factor receptor tyrosine kinases that feed into MAPK
activation. Recently, progestins have been shown to activate the p42/p44
MAPK module in a PR-dependent manner, but independently of their
function as transcription factors. Mechanisms of bi-directional cross-talk
between these two pathways are becoming well-documented. Herein, we
provide an overview of the primary ways in which steroid hormone
receptor and growth factor cross-talk occurs, using examples from our
work with human PR as a model receptor; we demonstrate MAPK
regulation of PR subcellular localization, transcriptional synergy, and
regulation of cyclin D1 expression. Cross-talk between growth factor and
PR-mediated signaling events is an important means by which growth
regulatory genes are coordinately regulated, and may contribute to the
growth of hormonally responsive normal breast tissue and to BC.

Introduction

Progestins are Mitogens in the Breast. BC is the most frequently diagnosed
cancer in western women; over 180,000 new cases are identified annually in the
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United States alone (American Cancer Society; www.cancer.org). Of those cases,
approximately 60% of BC patients present with a hormone-dependent form of
disease, wherein the proliferation of the cancer cells is under the control of the
ovarian steroid hormones estrogen (E) and progesterone (P). Both E and P are
important molecules implicated in normal mammary gland development as well as
BC progression; however, several lines of evidence, including developmental
studies conducted with E and PR-null mice (8,12), indicate that P is a primary
mitogen in the breast epithelium (4, 22, 23). Further, recent clinical trials
demonstrated a significantly greater BC risk for post-menopausal women receiving
E and P hormone replacement therapy (HRT), as compared to E HRT alone (6),
implicating P action in increased BC risk.

Figure 1. The role of
MAPK activation in PR
actions. PR and growth
factors independently
activate MAPKs.
MAPKs positively
regulate PR action via
direct phosphorylation of
PR or indirectly via
phosphorylation of PR
co-regulators. Direct
phosphorylation of PR
occurs in both the

absence and presence of steroid hormone ligands, and plays a role in nuclear
sequestration of unliganded PR (18). Phosphorylated PR may in turn act on
PRE-containing gene promoters or other PR-regulated genes. Additionally,
activation of MAPKs by PR provides for regulation of gene promoters
independently of the transcriptional functions of PR (i.e., via MAPK-regulated ETS
factors).

The mitogenic actions of progestins may in partially explained by
interactions between PR and canonical mitogenic signal transduction pathways.
This article will focus on direct regulation of PR by phosphorylation, and the role of
MAPK signaling in PR actions (11, 18, 21). We highlight recent findings: 1) PR
and growth factors activate MAPKs independently, and this may result in positive
regulation of PR action via “feed-back” regulation (i.e., direct phosphorylation),
occurring in both the absence and presence of steroid hormone ligands and on PRE-
containing gene promoters, and 2) activation of MAPKs by PR provides for
regulation of gene targets whose promoters do not contain PREs and are otherwise
independent of PR-transcriptional activities. This important linkage provides for
tight control of a large number of genes coordinately regulated in response to
convergence of growth factor and PR-mediated signaling events (Figure 1).
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Direct Phosphorylation of PR by MAPKs. Phosphorylation of the PR is an
important mechanism of regulation, influencing subcellular localization (18),
transcriptional activation (21), and degradation (11). PR Ser294 is a ligand-
inducible site, becoming rapidly upon exposure to hormone (25). Ser294
is also a proline-directed (SP) or MAPK consensus site (PXXSP). Extensive
studies have uncovered a role for MAPK in the regulation of numerous PR
functions (11,18,21). Ser294 is required to sustain transcriptional synergy in
the presence of progestins and growth factors (21), and to signal for ligand-induced
receptor degradation (11). Additionally, Ser294 mediates nuclear translocation of
PRs in the absence of ligand (18) (Figure 2).

Figure 2. MAPK mediates nuclear localization of unliganded PR. A. MAPKs are -
activated by growth factors, but not progestins. B. The MEK1/MEK2 inhibitor,
U0126, blocks EGF- but not R5020-induced PR nuclear accumulation.
Representative fields are shown from one of three independent experiments. Scale
bar, Adapted with permission from Qiu, et. al. (18).

Growth factors, such as EGF, are strong activators of p42/p44 MAPKs
(Figure 2A), and interestingly, within 5 min of EGF treatment in the absence of
progestins, PR Ser 294 becomes and a rapid nuclear accumulation of PR
occurs, as measured by both fluorescence microscopy and cellular fractionation
experiments (18). Mutation of the consensus MAPK site, Ser294 to Ala (S294A),
abolished EGF-mediated translocation, however the ability of progestin (R5020) to
induce nuclear localization of S294A PR was unaffected (18). To investigate the
role of MAPK activation in regulation of both ligand-dependent and -independent
PR localization (Figure 1), PRs were visualized by fluorescence microscopy under
circumstances when MAPK activation is blocked. Hela cells transiently expressing
GFP-PR fusion proteins were serum starved for 24 h, then pretreated with vehicle
control or U0126, a small molecule inhibitor of MEK1 and MEK2, upstream
kinases required for activation of p42/p44 MAPKs (Figure 2B). Cells were then
treated with EGF for 5 minutes or the synthetic progestin, R5020, for 2 h; time
points were determined to represent the peak of PR nuclear accumulation induced
by either agent (18). A dual staining method was employed, wherein all nuclei were
stained with propidium iodide, while GFP-PR in transfected cells were measured by
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direct fluorescence. Inhibition of p42/p44 MAPKs by pretreatment with U0126
blocked EGF-induced PR nuclear accumulation, but did not affect R5020-induced
translocation (Figure 2B). These results suggest a mechanism for ligand-
independent transcriptional activation of PR.

Role of MAPK Activation in PR Transcriptional Activity. We previously
reported transcriptional synergy between progestins and constitutive active
MEKK1, a strong activator of p42/p44 MAPKs, in both T47D and HeLa cervical
carcinoma cells (21). This event occurred using wt PR-B, but not S294A PR-B.
Interestingly, MAPK inhibition had little or no effect on PR transcriptional activity
induced by ligand alone, but effectively blocked the large synergistic component of
PR activity in the presence of both R5020 and MEKK1 (21). To directly determine
the effects of MAPK activation on PR in the complete absence of ligand binding,
we utilized N-terminal PR-B (NTB), a deletion mutant of PR lacking the C-terminal
hormone-binding domain (24). Confocal microscopy using monoclonal antibodies
to the PR N-terminus demonstrated that like wt-PR-B, NTB is found in both nuclear
and cytoplasmic compartments of resting HeLa cells (Figure 3A). However, in
contrast to wt-PR (Figure 2B), the cytoplasmic portion of NTB does not localize to
the nucleus in response to progestin, but translocates only in response to EGF (5

± R5020, and constitutively active MEKK1 in HeLa cells (Figure 3B). As
previously reported (21), wt PR-B transcriptional activity was further increased by
expression of constitutive active MEKK1 (Figure 3B), and increased in a
concentration dependent manner over a 10-1000 ng range of NTB DNA (24).
MEKK1 expression constitutively activated p42/p44 MAPKs in T47D cells (21)
and HeLa cells (Figure 3B inset) and surprisingly, greatly increased NTB
transcriptional activity. Again, addition of progestin had no effect on NTB
transcriptional activity. To illustrate the MAPK-dependence of MEKK1 on PR
activity, experiments were repeated with and without co-expression of dominant
negative (dn) MEK-1(13). Dn-MEK1 inhibited p42/p44 MAPK activity (Figure 3C
inset) and blocked the effect of MEKK1 on NTB transcriptional hyper-activity
(Figure 3C), thus indicating the participation of the p42/p44 MAPK signaling
module. MEKK1 had no effect on a luciferase reporter gene lacking a PRE, or
containing an ERE in place of the PRE, indicating that regulation is specific to
transcriptional signaling by PR (not shown). These data demonstrate that ligand
binding is not an absolute requirement for “hyper-activation” of NTB mutant PR by
activated kinase pathways, and reveal a MAPK-dependent component of PR
transcriptional activity that is separable from that induced by ligand alone.

min) treatment. We then compared NTB transcriptional activity to that of wt-PR-B
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Figure 3. MAPK elevates N-terminal PR-B transcriptional activity. A. Nuclear
translocation of NTB in response to EGF, but not R5020. HeLa cells were
transiently transfected with N-terminal PR-B (24); NTB; lacking the C-terminal
ligand binding domain). Cells were washed and placed in serum-free medium
(SFM) for 24 h, then untreated (vehicle control) or treated with EGF (30 ng/mL) for
5 min, or R5020 (10 nM) for 2 h. NTB in transfected cells were visualized by IHC
and direct fluorescence as described in the legend for Figure 2. Omission of the
1ary antibody indicated that staining was specific for NTB PR (Neg. Control).
Scale bar, B. MEKK1 activates N-terminal PR-B. HeLa cells were
transiently co-transfected with wt PR-B or NTB, and either pCMV control “empty”
vector or MEKK1, and a PRE-driven luciferase reporter construct. Cells were
treated with vehicle control (EtOH) or R5020 for 24 h. Cells were lysed and firefly
luciferase/Renilla activity was measured using a Dual-luciferase assay kit. (Inset:
MEKK1 activated p42/p44 MAPKs in HeLa cells, as measured using phospho-
specific MAPK antibodies. C. Dominant negative dn-MEK blocks MEKK1
activation of NTB. Hela cells were transiently co-transfected with pSG5 control
empty vector or NTB (in pSG5), and either pCMV control vector, MEKK1 (in
pCMV), or both MEKK1 and dn-MEK. Cells were placed in SFM for an additional
24 hrs prior to lysis and luciferase/Renilla measurements were taken as above.
Inset: MEKK1 activation of p42/p44 MAPKs is blocked by co-expression of dn-
MEK1.

Activation of MAPK Modules by Liganded PR. In addition to the well-
documented actions of PR as transcription factors, liganded PR induce a rapid
activation of cytoplasmic signaling in a receptor-dependent manner, including that
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of kinase (3, 14), PI3-K (5), and p42/p44 MAPKs (3,14). P non-genomic
effects, via the activation of analogous signaling molecules in fish and amphibian
eggs is recognized as important for the oocyte maturation (15, 16, 19). In the
mammalian system, however, the physiologic role(s) of activation of these signaling
molecules is not yet clear, but could theoretically serve to potentiate several
functions of the PR (Figure 1). One prospective role of this cytoplasmic activation
is to provide a mechanism for rapid, direct of PR coincident with ligand
binding, thus allowing a form of PR-induced amplification of the signal or positive
“feedback.” We propose that this feedback has a dramatic influence on PR
function (Figure 1).

Progestin stimulation of multiple cytoplasmic kinases in BC cells suggests
that these pathways may contribute to the mitogenic actions of progestins (3). The
activation of p42/p44 MAPKs is initiated by the upstream activation of
kinase via complex formation with the liganded PR (3). This complex formation is
mediated by a direct interaction between the SH3 domain of kinase and a
polyproline region in the PR N-terminus. Other groups have reported that
activation is facilitated through a complex formed by the liganded PR, and

kinase (2,14).
To test the ability of PR to activate MAPKs, variant T47D-YB BC cells

engineered to stably express only the full-length B isoform of the PR (20) were
serum-starved for 24 h and treated for 1.5, 5, and 15 min with the synthetic
progestin R5020 or vehicle control. Western blotting for the activated form of
p42/p44 MAPKs using a phospho-specific antibody indicates a strong, rapid
activation of p42/p44 MAPKs between 5 and 15 min of progestin treatment. At
later time points, the activity was reduced to near basal levels by 60 min (data not
shown). No activation of p42/p44 MAPKs was observed in PR null T47D-Y cells
(20), demonstrating the PR dependence of this event (data not shown).

Another member of the MAPK family stimulated in response to growth
factors and implicated in BC is p38 MAPK. The putative involvement of p38
MAPK in P signaling was suggested by the observation that a small molecule
inhibitor of p38 (SB203580) could block transcriptional synergy of hormone
activated PR with growth factors in a manner similar to MEK1 inhibitors (21).
Therefore, we examined the activation of p38 MAPK by Western blotting with
phospho-p38-specific antibodies. We found that p38 MAPK can be activated in
response to progestin in a time course similar to that of p42/p44 MAPKs; the
mechanism by which liganded-PR are able to activate p38 MAPK is not yet known.

PR Regulation of Cyclin D1 Expression Requires MAPK. As an alternative to
feedback regulation of PR, rapid activation of cytoplasmic signaling cascades by
liganded PR may provide a separate mechanism by which transcriptional regulation
in the nucleus is achieved (Figure 1). For example, growth factor stimulation of the
p42/p44 MAPK signaling module results in phosphorylation and activation of
numerous transcription factors, including c-Ets-2, a member of the large family of
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ETS transcription factors. ETS proteins promote G1 phase progression by the
regulation of a number of genes involved in cell growth regulation, including the
cell cycle regulator cyclin D1 (1).

The cyclin D1 promoter is complex, containing multiple target elements
for transcription factors inputs, but lacks a canonical PRE. Cyclin D1 protein levels
increase in response to progestin treatments alone (7), and are synergistically
regulated by progestins and growth factors in a MAPK-dependent manner (9,10), a
phenomenon that may partially explain the mitogenic actions of progestins. To
demonstrate progestin-dependent regulation of cyclin D1 protein levels, T47D-YB
BC cells were serum starved for 48 h, treated with or without the synthetic progestin
R5020 for periods of 2, 6, 12, and 24 h. Cyclin D1 levels were examined by
Western blotting (Figure 3). Within 2 h of R5020 treatment, cyclin D1 protein
increased, peaking between 6-12 h, a time-course similar to that induced by growth
factor treatment (17), by 24 h, cyclin D1 expression returned to basal levels.

Figure 4. MAPK signaling
is activated in response to
R5020 treatment. Proteins
were separated by SDS-
PAGE, and activation of (A)
p42/p44 MAPKs and (B) p38
MAPK was measured by
Western blotting using
phospho-speciflc MAPK
antibodies.

To examine the MAPK-dependency of progestin-mediated regulation of
cyclin D1 protein levels, T47D-YB cells were pre-treated for 30 min with or
without U0126 (to inhibit MEK1/MEK2), or SB203580 (an inhibitor of p38
MAPK), followed by a 6 h treatment with or without R5020. Control experiments
demonstrated the specificity of the inhibitors for their respective kinases (Figure 5B,
bottom panel). Cyclin D1 protein levels were upregulated by R5020 in the absence
of inhibitors. By comparison, R5020-dependent upregulation of cyclin D1 was
significantly diminished in cultures pretreated with U0126 (Figure 5B). Inhibition
of p42/p44 MAPKs also caused a reduction of basal cyclin D1 levels. These data
suggest that p42/p44 MAPKs are required for both basal cyclin D1 expression
levels, and efficient progestin-induced cyclin D1 upregulation. Inhibition of p38
had no effect on basal or R5020-induced cyclin D1 protein levels, demonstrating
the specificity of progestin-activated p42/p44 MAPKs for cyclin D1 expression.
Currently, we are testing the effects of progestins on the cyclin D1 promoter in
reporter assays. PR-induced p38 MAPK may influence other actions of liganded
PR (21) or the activity of additional MAPK-regulated transcription factors. Thus,
the activation of cytoplasmic signaling pathways by liganded-PR provides both
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feedback onto the receptor for enhanced PR action at specific PR-regulated genes
(Figure 3), and couples this to the regulation of additional growth regulatory genes
(whose promoters function independently of PR but require PR-activated MAPKs)

Conclusion

Herein, we have demonstrated, using examples from our recent studies (18) that
MAPKs can directly regulate PR subcellular localization (Figure 2). Previously, we
showed that MAPK activation by growth factors induced rapid nuclear translocation
of wt, but not S294A mutant PR; both receptors concentrated in the nucleus
following progestin treatment (18). Notably, the MEK inhibitor, U0126, blocked
EGF but not progestin-induced translocation of wt PR (Figure 2).

Figure 5. PR regulates
cyclin D1 protein levels. A.
Time course of cyclin D1

regulation by R5020.
Western blot analysis of
cyclinD1. B. Inhibition of
MAPK reduced R5020-
inducted cyclin D1 protein
expression. Cyclin D1
protein was measured as in
Figure 3A.

Also, MAPKs profoundly influence PR transcriptional activity (21). NTB-
PR localized in the nucleus following growth factor treatment, but not progestin
treatment, and exhibited greatly increased transcriptional activity that was entirely
MAPK-dependent (Figure 3). Finally, progestins rapidly activated p42/p44 and p38
MAPKs (Figure 4) and increased the expression of the cell-cycle mediator, cyclin
D1 (Figure 5). Changes in cyclin D1 expression required the activity of p42/p44
MAPKs, but not p38 MAPK.

In sum, upregulation of growth factor-mediated signaling pathways during
BC progression is predicted to profoundly influence steroid hormone
responsiveness via direct regulation of steroid hormone receptor nuclear
localization and transcriptional activity of both PR and MAPK regulated gene
targets. Cross-talk between MAPK pathways and steroid hormone receptors is
emerging as an important regulatory paradigm that may contribute to ultimate
endocrine failure in steroid receptor-driven cancers.
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Abnormal Properties of Mutants
in the Hinge Region of 
Implications in Breast Cancer
Carlos Martínez-Campa, Pedro Zuazua, Juana María García-
Pedrero, Pedro Casado, Pedro Sánchez Lazo, and Sofía Ramos

Summary

In the search for differences between estrogen receptor (ER) and
we proved that but not directly interacts with calmodulin (CaM)
through the hinge region. The transcriptional activity of a mutant unable
to interact with CaM becomes insensitive to inhibition by CaM antagonists
(W7). These residues are acetylated by p300 and substitution of lysine
302 and 303 with other residues enhance sensitivity,
suggesting that acetylation normally suppresses ligand sensitivity.
Also, the somatic mutation K303R has been identified in early pre-
malignant breast lesions.  K303R normally binds E but shows
increased E-induced transcriptional activation and increased proliferation
in response to E when transfected into breast cancer cell (BC) lines.
Herein, we show that mutations K303R and K303 A, render an unable
to interact with CaM and therefore insensitive to W7. K303 homodimers
and K303 mutant/wt heterodimers show increased sensitivity to E.
Contrary to the wt      AP1 transcriptional activity is inhibited by
estradiol and OH-Tamoxifen (OH-TAM) in both K303R and K303 A
mutants.

Introduction

The discovery of (1), made possible to show that and mediate different
biological actions. appears to be the quantitatively dominant over in
bone, cardiovascular system, urogenital tract, kidney, central nervous system,
immune system and lung, whereas has a significant role in the reproductive
system, both in males and females (2, 3). is over-expressed in more than 60%
of BCs. Activation of both receptors by induces and mediated
transcription of genes regulated by E-responsive elements (ERE) (1). However,
only mediates  transcription of genes regulated by AP1 (4) and
Sp1 (5). In contrast, specifically mediates JNK inhibition (6).
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For all the reasons exposed above, the finding of selective inhibitors of
and is of paramount importance, both to identify the roles of each receptor

and to eliminate the deleterious effects of E therapy. Novel ligands that function as
selective E or anti-estrogens for or have been reported (7, 8), and studies
providing basis for some differential transcription activities between both receptors
have also been published (9).

The interaction of CaM with ER has been demonstrated, and a CaM
binding domain has been postulated (10). Since then, several reports have indicated
that CaM was essential for the interaction of with DNA, and for activation of
responsive promoters (11). We have demonstrated that is tightly bound to
CaM. Its transactivation capacity is dependent on CaM, and therefore able to be
inhibited by the CaM antagonist W7. In contrast, does not interact with CaM,
and its transactivation capacity is not altered by W7. Furthermore, we converted
the W7-sensitive into a W7-insensitive by mutating aminoacids located at
the putative CaM binding site (12). Remarkably, these lysines are targets for
acetylation by p300 (13) and, K303 is mutated to arginine in 34% of pre-malignant
breast lesions (14). (K303R) mutant homodimers, and interestingly, also
K30R/wt and K303 A/wt heterodimers show increased sensitivity to E. Moreover,
contrary to the wt  AP1 transcriptional activity mediated by both K303R and
K303A mutants is inhibited by and OHTAM.

In summary, all these results strongly suggest that these residues (K302,
K303) located in the hinge region might play a crucial role in the regulation in
vivo and open new ways of searching for inhibitors which do not interfere

functions.

Results

but not Interacts with Calmodulin. Full-length and were
 in vitro and immunoprecipitated with anti-ER or anti-CaM antibodies.

was co-immunoprecipitated with anti-CaM and polyclonal anti-ER’s antibodies. In
contrast, was not co-immunoprecipitated with the anti-CaM
antibodies, indicating that only interacts with CaM. Additional evidence of
direct interaction was obtained using purified GST-ERs hybrid proteins
and dansyl-CaM. Emission spectra of dansyl-CaM was determined before
and after addition of the indicated GST- proteins or equivalent amounts of buffer in
the controls. In the presence of (1-595) an enhancement of the
fluorescence of dansyl-CaM was observed, as expected if the dansyl group bound to
CaM reached a more hydrophobic environment as a consequence of CaM
interaction with Moreover, the fluorescence of complex
was decreased by 40% upon addition of indicating that the change
induced by in affects the interaction pattern. However, GST-

did not alter the fluorescence of dansyl-CaM independently of the presence of
The data confirmed that of the two ERs only interacts with CaM(12).
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The Mutant (K302, 303G) is Unable to Bind CaM. Sequence analysis of
the postulated CaM binding site (10) in (aa 298-310) revealed important
differences between and In particular, residues K302 and K303 of
are both substituted for glycine in We tested whether these aminoacids were
essential for CaM binding. For this purpose, K302 and K303 were substituted for G
in Bothwt and the mutant (K302,303G) were in-vitro labeled with

followed by immunoprecipitation with anti-CaM or anti-ER
antibodies. The results obtained showed that 95% of wt but only 18% of

(K302,303G) was immunoprecipitated with anti-CaM antibodies (12). These
data strongly indicate that substitutions of K302 and K303 for G in

(K302,303G) renders a receptor with a notably reduced affinity for CaM.

Specific Inhibition of Transcriptional Activation by W7. To
further understand the different regulation of and by CaM, we transiently
transfected HeLa cells with or K302,303G expression vectors,
along with the 3x-ERE-TATA-Luc reporter plasmid. A wide range of W7
concentrations to specifically inhibit
transactivation while neither nor K302,303G were affected (Table 1).
These results indicate that W7 induces conformational changes in CaM which
prevent transcription probably by destabilization of the

complex (12). This destabilization neither occurs in the mutant receptor
nor in due to its inability to bind CaM.

The Mutant (K299A, R300G, K302A) is Sensitive to W7. The basic
residues 299, 300, and 302 are dispensable for interaction with CaM. We transiently
transfected HeLa cells with or (K299A, R300G, K302A) expression
vectors along with the 3x-ERE-TATA-Luc reporter plasmid. A wide range of W7
concentrations to specifically inhibit the transactivation mediated by
both (K299A, R300G, K302A) and wt These results indicate that all the
basic residues that were modified are dispensable for interaction with CaM (Table
2).
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The Mutant (K303R) is Hypersensitive to and Does Not Respond to
W7. We next substituted lysine 303 with arginine, exactly the same mutation
described in pre-malignant breast lesions (14), maintaining intact the rest of basic
residues in the CaM-binding site, and we assayed the response to low
concentrations of and the effect of the CaM antagonist W7 on
transactivation of this mutant. It has been reported that K303R is
hypersensitive at low concentrations of (14). Indeed, in our particular culture
conditions and using 3x-ERE-TATA-Luc as reporter we found that the mutant
transactivates much more efficiently than the wt              at low concentrations of  (Table3).

Contrary to the wt the mutant K303R is not inhibited by CaM
antagonists, strongly suggesting that the mutation impairs CaM binding to the ER.
Similar results have been obtained when lysine 303 was substituted with alanine,
excluding the possibility that the effect observed for K303R might be due to the
presence of a positively charged arginine that can not be neutralised by acetylation.
Therefore, it seems that lysine 303 is essential for the normal regulation of the wt

and that mutation in this residue results in abnormal regulatory properties.



Abnormal Properties of in Breast Cancer 395

K303R and K303A Heterodimers are also Hypersensitive
to Since K303R transactivates more efficiently than the wt receptor, we
next determined the activity of the heterodimers. To compare the activity of
homodimers with heterodimers K303R and K303A,
we used a system designed by Tremblay, et al. (15). By mutating three residues
located at the base of the first Zn finger module of the DNA binding domain,
the DNA-binding specifity of the ER can be made identical to that of the
glucocorticoid receptor (GRE). The altered is cotransfected with wt

K3 03 R, or K303A and a reporter plasmid containing a hybrid ERE-GRE
that allows transcription to occur exclusively in the presence of the
K303 heterodimers. K303 mutants/wt heterodimers (Table 4) transcribed much
more efficiently than homodimers when cells were treated with
concentrations ranging from  Therefore, K303 mutants are more
sensitive to as homodimers, but also when they form heterodimers with wt

K303R Mediated Transactivation in AP1 is Inhibited by and OH-
TAM. Next, we compared the effect of K303R and over AP1 responsive
genes by transiently transfecting HeLa cells with  73-Luc reporter plasmid.
We found (as published) that AP1 activity was increased by EGF when HeLa cells
were transfected with either wt or K303R. and OH-TAM significantly
potentiated the activity of AP1 in cells (12). These data agree with
previous reports indicating that EGF synergize with but only in cells expressing
ER. Similar results were also obtained with OHT (Table 5).

Importantly, the synergistic effect of EGF and either or OH-TAM
observed for was not observed when the cells were transfected with
K303R (Table 5). and OH-TAM treatment results in a strong inhibition of AP1,
similarly to what happens for We have previously described that CaM is a
regulator of pathways since the transcription mediated by is
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sensitive to CaM antagonists, and the inhibition by W7 was statistically significant
(12). Here, we show that the mutation K303R that impairs CaM-binding to the ER
results in abnormal properties of AP1  transactivation.

Conclusions

but not directly interacts with CaM through the hinge region.
Substitutions (K302,303G), (K303R), or (K303A) but not (K299A, R300G,
K302A) of render a mutant whose transcriptional activity becomes insensitive
to inhibition by CaM antagonists. K303R is hypersensitive to as
homodimer but also as heterodimer with wt Contrary to wt

 transactivation at AP1 promoters is inhibited by and OH-TAM.
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The Effects of Eicosapentaenoic
Acid Upon Proliferation and

Activity in MCF-7
Breast Carcinoma Cells
Alison S. Whitehouse, Eftychia Oikonomou, and Eric F Adams

Summary

Estradiol dehydrogenase is an enzyme involved in both the
activation and the inactivation of estrogen, which plays an important role
in breast cancer (BC). Polyunsaturated fatty acids (PUFA’s) are also
implicated in the development of BC, although the mechanisms are not
fully understood. The aim of this investigation was to examine the growth
effects of the n-3 PUFA-eicosapentaenoic acid (EPA) on the MCF7 human
BC cell line in parallel with its effects upon A bell shaped
growth inhibition of MCF7 cells was observed at around A single
dose of EPA significantly inhibited cell proliferation at every time point
measured over a twelve-day period. In the presence of
alone, cell proliferation was increased peaking at The effect was
completely abolished by co-incubation with activity
was measured in both the reductive [estrone and the oxidative

directions. These results show that whilst weakly
stimulates activity in the reductive direction, it strongly drives the
reaction in the oxidative direction. This effect was specific to EPA as the
structurally related n-6 fatty acid arachidonate, had no effect. These
results suggest that EPA might, in part, exert its effects in BC through
driving activity towards the production of the less biologically
potent as well as having a direct inhibitory effect on activity.

Introduction

It is well established that PUFAs have a protective effect in BC. The aim of this
research was to investigate the effect the EPA on the system. is
responsible for the interconversion of and Of the three endogenous
estrogens, is the most potent because it has the highest affinity for estrogen
receptors (ER). on the other hand has very little and, at times, no significant
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biological activity. Several studies have indicated increased levels of in
malignant breast tissue when compared to normal breast tissue (1-4).

Whilst it has been shown that progestins and estrogens directly stimulate
reductive activity (5), there are relatively few other studies examining the
control of this complex. To the best of our knowledge, only one publication has
considered the effects of fatty acids upon the activity of this enzyme. Blomquist, et
al. (6) showed that isolated human placental activity was inactivated by
several unsaturated fatty acids (oleic, arachidonic, linoleic, linolenic), and
postulated that the soluble enzyme may contain a binding site at or near pyridine
nucleotide binding sites. The work presented herein is novel since it is the first to
consider the effects of fatty acids upon the system within a functioning cell,
and to consider the significance of this process in cancer.

Blomquist, et al. suggested that fatty acid manipulation of the
system was possible. Adams, et al. (5) showed that altering the activity had
a profound influence upon the growth of MCF7 cells in culture. Taken together
these observations (6, 5) suggest a potential mechanism through which dietary
PUFA’s might influence cell growth in malignant breast tissue. The aim of this
report is to investigate whether EPA might in part exert its anti-tumour effects
through manipulation of activity.

Methods

MCF7 cells (ECACC) were maintained in a pre-confluent state in Eagle’s MEM
supplemented with 1% penicillin/streptomycin, 1% glutamine, non essential amino
acid solution, and pH’d to 7.2-7.4. Cells were seeded at           in T25 flasks and
allowed to attach overnight. The cells were subsequently grown in phenol red free
medium and the fetal calf serum used was stripped with dextran coated activated
charcoal (8). Cis-5,8,11,14,17 eicosapentaenoic acid was prepared in an equimolar

and equal mass bovine serum albumin in PBS and stored under Cells
were treated with up to EPA (9), repeat doses were applied every three
days unless otherwise stated.

The measurement of DH activity was carried out according to the
methods of Gompel, et al. (10) and Adams, et al. (11). To measure reductive and
oxidative enzyme activities, cells were incubated in 2 nM/1 (40 Ci/mM) or

respectively, for four h at 37°C . Reaction blanks in which cells were
omitted were run in parallel. After the incubation, 2 ml of the media was removed
and added to or (5000 cpm) recovery labels. Steroids were then
extracted into 4ml ether and dried at 40°C under N. Thin layer chromatography
using 4:1 v/v dichloromethane:ethyl acetate solvent, separated the steroids and both
product and recovery activity determined by scintillation counting according to
James and Newton (12).  Results are expressed as % control fmol product
formed/cell and are a function of recovery and cell number. An n of 3 was used for
each variable and each experiment was repeated at least twice. In all experiments
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cells were counted by measuring nuclei number as described by Butler, et al. (13).
Statistical significance was determined with one-way ANOVA and Tuckey’s post
test as appropriate.

Results

The effects of a single dose of EPA upon MCF7 proliferation in vitro, is
shown in Figure 1. The increase in cell numbers evident after three days was
significantly reduced by incubation in EPA and continued at days 5 and day 7.
Following 7 days, cell numbers in both treatment and control groups fell, and
although EPA treated groups continued to demonstrate significant reductions in cell
number, it is to be anticipated that the highly confluent state of both groups resulted
in significant amounts of non-specific cell death.

Figure 1. The effects of a single Figure 2. The effects of
dose of Eicosapentaenoic arachidonic acid upon MCF-7

acid upon MCF-7 proliferation proliferation.
over 12 days.

Figure 2 shows the effects of arachidonic acid upon MCF-7
proliferation. No statistically significant difference (p > 0.05) in cell numbers was
observed with this structurally similar fatty acid, suggesting that the effect was
specific to EPA. A dose response of EPA (Figure 3) stimulated both the
reductive and oxidative actions of activity in MCF7 cells. However the
effect upon the reductive activity did not reach statistical significance when
compared to respective control. Oxidative activity was much more profoundly
affected with a peak of stimulation at EPA. Multiple dosing of the
structurally similar n-6 arachidonic acid had no effect (p >0.05) upon the reductive
(Figure 4) or oxidative (Figure 5) action of activity in MCF7cells.
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Conclusion

We have presented data here that
demonstrates that the polyunsaturated
fatty acid EPA significantly inhibits
MCF7 proliferation with a single dose for
up to 7 days. The effect is dose dependent
and specific to EPA and not the n-6 AA.
We have also presented the novel finding
that EPA can preferentially drive the

system (the enzyme complex
responsible for altering the bioavailability
of estrogen) towards the production of the
less biologically potent This effect
was dose dependent and showed a highly
statistically significant correlation with a
fall in cell numbers.

Figure 5. Effects of arachidonic
acid upon the oxidative
action of

That EPA can manipulate enzyme systems in malignant breast tissue is not
a new idea, indeed the reduction in cell numbers observed following EPA treatment
of breast tumours is often ascribed to the inhibition of the PUFA metabolizing
enzyme – (cyclo-oxygenase) COX2 which promotes mammary carcinogenesis. It is
unlikely however, and many reports support the idea (14) that suppression of
tumour growth is entirely mediated through COX dependent pathways.

The question that arises then is ‘how can fatty acids influence enzyme
activity?’ One possible explanation is that as PUFA’s compete for the same
desaturases and as one fatty acid could inhibit the conversion of another, EPA for

Figure 3. The effects of Eicosapentaenoic
acid upon the reductive and
oxidative action of

Figure 4. Effects of arachidonic
acid upon the reductive

action of
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example could be incorporated into the biologically labile fraction of phospholipids
at the expense of the n-6 arachidonic acid. This could alter the eicosanoid axis to
generate an entirely different set of products which tend to suppress oxidative

activity rather than augment it. There is no documented evidence that n-6
fatty acids or their metabolites have a reductive effect upon activity and so
this hypothesis remains to be tested. Although a loss of desaturase activity has
recently been reported in MCF7 cells (15), suggesting that the ability to elongate
and desaturate the parent n-3 and n-6 PUFAs may have been compromised,
EPA is post and so it is still feasible that metabolic competition with some n-6s
may explain our findings.

Furthermore, EPA might act through the generation of reactive oxygen
species (ROS) generated during fatty acid peroxidation. It is well established that
ROS act as subcellular messengers and although the molecular mechanisms are not
fully understood it is possible that oxidation or reduction of protein sulfhydrils in
intracellular proteins leads to conformational changes which can promote protein
complex formations and/or the release of inhibitory subunits resulting in altered
functioning (16). In addition, Stoll (17) demonstrated that n-3 fatty acids increase
apoptosis in mammary tumours in a manner that is associated with increased lipid
peroxidation and could be reversed by anti-oxidants. Although whether this is
related to steroid hormone responsiveness is questionable as Gonzales, et al. (18)
showed that anti-oxidants can increase lipid peroxidation and suppress human
breast carcinoma growth in the negative MDA-MB-321 cell line. Similarly
Chamras, et al. (9) showed that the inhibitory effects of EPA upon MCF7 growth
was not due to lipid oxidation or reversed by vitamin E.

Fatty acids can also modify signal transduction by direct binding to a
peptide (19,20). It seems that they can be linked to an amino acid residue directly
or indirectly as a component of a phosphatidyl moiety attached to COOH terminal
through an intervening glycan structure, reviewed in Muszbeck and Laposata, (20).
It is possible that EPA might exert its oxidative effects upon activity via a
direct linkage to the complex or as recent studies have shown that the overall

activity of human breast cells is due to the action of at least three different
enzymes, two of which catalyse the oxidative direction whilst the third catalyses
both oxidative and reductive directions (21), EPA might differentially alter the
activity of these enzymes in favour of the oxidative activity.

Another tempting yet speculative option is that transcription of the
complex itself may have been altered. EPA can influence transcription in MCF7
cells, Tiwari, et al. (22) showed that both EPA and linoleic acid could induce
expression (genes 1-8) in MCF7 cells and induced second messenger signals similar
to the ones generated by interferons. Also, fatty acids can both inhibit (androgen)
and stimulate (estrogen) steroid hormone receptor binding patterns (23),
demonstrating that EPA works at least in part by altering ligand binding capacities.
Thus it seems likely that the effects of EPA are multi-factorial and modulation of
the system represents another facet of a concerted attack on malignant cells.
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In conclusion we have demonstrated that activity can be
profoundly influenced by the fatty acid EPA, particularly in the oxidative direction,
which may in turn influence tissue availability of and mammary tumor
progression.
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Effect of Dietary Genistein on
Estradiol-induced Mammary
Carcinogenesis in the ACI Rat
Valerie K. Turan, Kenneth R. Reuhl, and Paul E. Thomas

Summary

We evaluated the possible effectiveness of genistein (GEN) as an inhibitor
of mammary cancer in the ACI rat, a strain genetically susceptible to
estrogen-induced mammary carcinogenesis. In this study, three-week old
ACI rats were fed a phytoestrogen-free diet or a diet containing 250 ppm
GEN. At nine weeks of age, the rats were implanted with 20 mg pellets
containing either 2 mg cholesterol or cholesterol
alone. The appearance of palpable mammary tumors (MTs) was recorded.
Our results show that rats fed the GEN diet both prepubertally
and as adults had the highest incidence of palpable MTs. rats
fed the GEN diet only prepubertally had delayed appearance of palpable
MTs but the incidence quickly approached that of the rats fed GEN for the
whole treatment period. Dietary GEN fed to adult rats had the
lowest incidence of MT. Rats implanted with the cholesterol pellet and
fed either diet did not develop MTs.

Introduction

In the year 2000, breast cancer (BC) was the leading cancer in women, and the one
with the highest mortality worldwide (1). The American Cancer Society estimates
that BC will have the highest number of new cases, and the second highest number
of new deaths in women, after lung cancer, in the USA in the year 2002 (ACS
webpage, cancer.org). Epidemiological studies indicate that BC risk includes
factors related to reproductive history and non-hormonal factors. Risk factors
relating to reproductive history may reflect longer lifetime exposures to endogenous
ovarian hormones. Factors that increase the number of ovulatory cycles increase
the risk, while reducing the number of cycles may be protective against BC (2).

For this study, we examined mammary carcinogenesis in the ACI rat. This
strain is highly susceptible to mammary carcinogenesis when continuously exposed
estrogens, but expresses a low rate of spontaneous mammary tumors (MTs) (3).
Continuous treatment with induces MTs in ovary-intact but not
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ovariectomized adult female ACI rats (4), and when hormone treatment was ended
by removing the implants, all of the tumors regressed, demonstrating that the
MTs are dependent upon exogenous    (5).

Fisher 344 (F344) rats that are continuously exposed to rapidly
developed prolactin-producing pituitary tumors (6). Ovariectomized F344 rats fed
an energy-restricted diet demonstrated an inhibition of prolactin-producing pituitary
tumors from continuously administered (7), while ovariectomized ACI rats
administered continuous and fed the energy-restricted diet did not demonstrate
an inhibition of prolactin-producing pituitary tumors (8). Together, Spady, et al.
concluded that the effects of energy restriction are strain-specific and are strongly
affected by genetic background (7, 8). Ovary-intact ACI rats subjected to dietary
energy restriction demonstrated inhibition of MT development from continuously
administered     (9). Prolactin-producing pituitary tumors induced in ovary-intact
ACI rats by were not inhibited by dietary energy restriction, indicating that the
inhibitory effects of energy restriction on MT development is tissue specific and is
independent of circulating levels of prolactin and (10).

Li, et al. have studied the ACI rat mammary carcinogenesis model using
cholesterol pellets as the vehicle (11). They evaluated the serum levels of in
ACI rats implanted with 2 mg cholesterol pellets over a 6.0-mo period.
The serum levels, which plateaued around 2 mo, ranged from 52 to 89 pg/ml (11),
which are within normal range for cycling Sprague-Dawley (SD) rats (12).
Concomitant treatment of ACI rats with pellets containing tamoxifen, a known anti-
estrogen, prevented induction of the MTs (11). The ACI rat
mammary carcinogenesis model has some critical distinctive differences from other
chemical carcinogen-induced mammary carcinogenesis models. Early genomic
destabilization (aneuploidy) and c-myc amplification, features commonly found in
invasive human ductal carcinoma in-situ and ductal BC, were reported in

ACI rat MTs but not in chemical carcinogen-induced MTs from other rat
strains (13).

Epidemiological evidence suggests that Asian women consuming a diet
high in soy are less susceptible to BC than women consuming low levels of soy (14-
16), yet when they emigrate to the USA, only the first generation maintains this
protection (17). Since the protection is not conferred from one generation to the
next, the protection has been attributed to dietary or environmental factors as
opposed to genetically conferred protection. It has been suggested that this
protection can be attributed to consumption of the phytoestrogens present in soy
(18). In a BC case-control study of patients in Singapore, premenopausal women
consuming modest amounts of soy had ~ 50% reduction in BC (16), while a meta-
analysis of case-control and cohort studies indicates that in postmenopausal women
high soy intake did not reduce cancer risk (19). Together, it suggests that the timing
of the exposure to genistein (GEN), the primary phytoestrogen in soy, may be an
important factor to consider with regard to its chemopreventative capabilities.
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Considerable debate exists regarding the effect of dietary GEN on
mammary carcinogenesis in rodent models. In a series of studies, female SD rats
were fed GEN in their diets at various time points in their development to evaluate
how the timing of exposure affected DMBA-induced MTs (20-22). Female SD rat
pups fed dietary GEN on days 0-20 postpartum and injected with DMBA developed
fewer MTs than did rats fed a diet lacking GEN, in a dose/dependent manner (20).
Since DMBA exposure occurred after GEN treatment had ceased, the authors
concluded that the prevention of chemically induced MTs resulted from events
following early GEN treatment, rather than a direct GEN action during MT
formation and development. In a related study, female SD rats were fed a diet
containing GEN through breeding and pregnancy, and were switched to a diet
without GEN following parturition. Female pups were injected with DMBA and
monitored for MTs. Prenatal GEN exposure did not affect DMBA-induced
mammary carcinogenesis, suggesting that the critical time for GEN
chemoprevention of DMBA-induced MTs is the postnatal to perinatal period (22).
The authors demonstrated that the greatest protection from DMBA-induced MTs
occurred with GEN exposure prepubertally and as adults. GEN, fed from breeding
to weaning or from parturition to weaning, reduced the number of MTs/rat, yet
when fed from breeding to parturition there was no effect (20, 21). The authors
concluded that in this model, GEN exposure must occur prepubertally to exert a
chemopreventative effect (20).

Gallo, et al. fed SD rats an extract of soy and evaluated its effect on
DMBA-induced mammary carcinogenesis. Female SD rats were fed a soy-
supplemented diet from weaning until the end of the study. DMBA was injected to
induce MTs. There was an increase in the MT latency with the dietary soy, but no
difference in final incidence or multiplicity (23, 24). Appelt and Reicks and
Constantinou, et al. studied the effects of dietary soy or isoflavones on DMBA-
induced MTs in adult SD rats. Appelt and Reicks observed nonsignificant
decreases in MT incidence and burden (25), while Constantinou found
nonsignificant decreases in MT multiplicity, but no effect on incidence (26).

Gotoh, et al. studied the effect of dietary soy, miso, or biochanin A, a
precursor of GEN, on NMU-induced mammary carcinogenesis. Adult female SD
rats were injected with NMU, and subsequently fed a supplemented diet. There was
no significant difference in the incidence of MTs, however MT multiplicity was
decreased in all three supplemented diet groups (27). Cohen et al. studied MTs
induced by NMU in adult female F344 rats. One week before NMU injection, rats
were fed diets supplemented with soy protein. They found that soy protein had no
inhibitory effect on MTs (28).

The MT of the ACI rat is a unique model in that does not
require an exogenous carcinogen, and the rats are ovary-intact and continue
progressing through the estrous cycle. In this study, 3-week old female ACI rats
were fed diets with or without GEN. At 9 weeks of age, the rats were implanted
with pellets, composed of cholesterol with or without and fed the control or
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GEN diet. The results of this study will allow us to determine not only whether
GEN can modulate the ability of to induce MTs, but also whether the timing of
GEN exposure is an important factor in the induction of MTs in the ACI rat.

Materials and Methods

Three-week old female ACI rats were obtained from Harlan Sprague-Dawley and
immediately allowed free access to the AIN-76A diet (AIN) or AIN supplemented
with 250 ppm GEN, their prepubertal diet. The AIN diet is a casein-based, open
formula purified diet that contains nondetectable levels of phytoestrogens. At 9
weeks of age, they were subcutaneously implanted in the shoulder region with a 20
mg pellet containing either cholesterol or cholesterol as previously
described (11). The rats remained either on AIN or were switched to the GEN-
containing diet. Treatment protocols are summarized in Table 1. Body weights
were recorded weekly. Rats were palpated twice weekly for MTs, with the date of
appearance and location of each MT recorded. When the MT reached in
size or when rats showed clinical evidence of discomfort the rats were euthanized.

Results and Conclusions

Table 1 summarizes the results after 36 weeks of treatment. The cumulative MT
incidence and the % rats/treatment group with palpable MT show that rats fed GEN
prepubertally, and are more susceptible to
mammary carcinogenesis. There were not significant differences in the mean MT
latency period between rats regardless of the diet regimen. The rats fed
GEN prepubertally, and had greater MT burden, but
the difference was not significant.
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Dietary consumption of 250 ppm GEN had no effect on body weight or
general health when consumed by prepubertal or adult rats (Figure 1). Rats
implanted with pellets weighed significantly more than those treated with
cholesterol alone at 15 and 21 weeks after treatment, regardless of diet regimen,
though these body weight differences disappeared after 27 weeks post implantation.

Figure 1. Variations in body
weight after different treatments.

AIN/Chol/AIN,
AIN/Chol/GEN,

GEN/Chol/AIN,
GEN/Chol/GEN, solid lines;

dotted lines.

Preliminary results show that at 36 weeks post pellet implantation,
rats fed the GEN diet prepubertally and as adults, had the

highest incidence and lowest latency of palpable MTs (Figure 2). rats fed
the GEN diet only prepubertally, had delayed appearance of palpable
MTs, but the MT incidence quickly approached that of the rats fed GEN throughout
the treatment period. Dietary GEN fed to adult rats,
resulted in the lowest incidence of MTs. Rats implanted with cholesterol alone, fed
either diet, did not develop MTs.

Figure 2. Cumulative incidence of
palpable MTs, starting after nine
weeks of age.

Choi-treated, all diets.

At 36 weeks of treatment, the results observed with prepubertal GEN
exposure in the ACI rat carcinogenesis model do not correspond to
those reported for the SD rat DMBA-induced MT model, which suggests that
dietary exposure to GEN prepubertally is chemopreventative (27-29). This
discrepancy may be due in part to the differences between MTs in the
ACI rat and chemically induced MTs in other strains that were described by Li, et
al. (20).
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Cytogenetic Analysis of Genomic
Destabilization in Solely Estrogen-
Induced Female ACI Rat
Mammary Neoplasms
Dan Papa, Jonathan J. Li, and Sara Antonia Li

Summary

A high frequency of aneuploid cells in carcinoma in-situ (CIS) and in
small and large mammary tumors of female ACI rats are induced by
estrogen (E) treatment alone. Employing G-banding karyotype analysis,
consistent numerical chromosome alterations were detected as gains in
chromosome 7, 11, 13, 19, and 20, and loss of chromosome 12, when the
data were analyzed by binomial distribution for a frequency of occurrence

30.0%. Recurrent chromosome gains were also detected in
chromosomes 3, 4, 6, 10, 14, and 15, whereas infrequent losses were
observed in chromosome 5. Regional genomic alterations were detected
by comparative genomic hybridization (CGH) in eleven individual E-
induced primary mammary gland tumors (MGTs) obtained from an equal
number of female ACI rats. CGH analysis revealed consistent regional
gains at 1p11, 1q11-q22, 4q41-q44, 7q31-q33, 11p12-q11, 13p, and
20p12.

Introduction

Sporadic breast cancer (BC) comprises ~ 85-90% of all BC cases among women.
Consequently, an understanding of the underlying mechanisms of BC causation is of
utmost public health importance (1). Evidence has accumulated that estrogens (E),
either endogenous or exogenously ingested, play a crucial role in the causation and
development of human BC (2, 3). Probably, the most compelling argument for a
crucial role for Es in BC causation has come from the Breast Cancer Prevention Trial
in which Tamoxifen, an anti-estrogen, was shown to decrease the BC risk in women
considered at increased risk for the disease (4). Recently, solely E-induced primary
MGT in female ACI rats, as well as androgen-promoted MGTs in male Noble rats
exhibited high aneuploid frequencies (5). In addition, in human ductal carcinoma in-
situ (DCIS), and in primary breast neoplasms, high frequency of chromosomal
instability and aneuploidy were reported, 65-78% and 85-92%, respectively (6, 7).
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Taken together, these data clearly demonstrate that genomic destabilization is a
distinctive event that occurs early in E-induced oncogenic processes, both in E-
induced animal tumor models and in human sporadic ductal BC. The findings
presented herein extend our previous aneuploidy studies in primary MGTs
comparing numerical chromosomal changes determined by karyotype analysis to
regional chromosomal alterations determined by in-situ comparative genomic
hybridization (CGH).

Materials and Methods

Cell Culture of Untreated Spleen Cells from ACI Rats. Spleens from untreated,
female ACI rats were removed immediately following decapitation, and ground
between two autoclaved microscope glass slides in RPMI 1640 with L-glutamine.
After centrifugation, the pellet was resuspended in culture medium supplemented
with fetal bovine serum, and penicillin/streptomycin. Cell culture suspensions were
incubated at 37°C for 4 to 5 days, with Concanavalin A and
After colcemid treatment, slides were prepared for CGH analysis.

Chromosome Preparation, Karyotyping, and Aneuploidy in E-induced Primary
ACI Mammary Tumors. Female ACI rats bearing MGTs were used for the
cytogenetic studies. Metaphase spreads were prepared from MGT according to a
protocol described by us (8). An ACI rat G-banded chromosome classifier,
developed in our lab, based on a system previously described (9), and implemented
into QUIPS software was used to identify ACI rat metaphase chromosomes, and to
determine consistent/nonrandom whole chromosome gains and losses.

Chromosome Preparation for CGH. ACI rat metaphase chromosome spreads
were prepared from control untreated spleen tissue cultures according to standard
procedures (10).

DNA Extraction. Control untreated ACI rat MGs and MGTs were quickly frozen in
liquid nitrogen, and the DNA extracted by the LiCl protocol (11).

DNA Labeling and CGH. A CGH nick translation kit was used for direct DNA
labeling for CGH, following the manufacture’s recommendations. The probe
preparation, hybridization, and post-hybridization steps were carried out according to
the University of Colorado Health Science Center, Cancer Center Cytogenetics Core
FISH Protocol 12 ‘Comparative Genomic Hybridization with Directly Labeled
Probes’.

Image Acquisition and CGH Evaluation. Image analysis of CGH metaphase
spreads was performed using a Photometrics cooled charge-coupled device camera,
mounted on a Nikon Eclipse E400 fluorescence microscope with filter equipment for
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FITC-, Texas Red-, and DAPI-fluorescence. Chromosomes were identified using
digitally inverted images of DAPI-banded metaphases and an ACI rat idiogram
implemented in the software. Thresholds of 1.20 were used for over-representation,
and 0.80 for under-representation. CGH hybridizations were verified by exchanging
fluorescent labels as previously described (12, 13).

Statistical Analysis. The data, both for karyotype and CGH analysis, were analyzed
by the exact binomial distribution test that determines the occurrence or non-
occurrence of an event. A criterion of 30% frequency of occurrence within any
given MGT was considered as non-random/consistent chromosome number change,
whereas frequencies of 21 to 30% were classified as recurrent changes.

Results

A total of 76 metaphase spreads (9-12/MGT), obtained from 8 individual E-induced
primary MGT from 8 female ACI rats were subjected to G-banding karyotype
analysis. A representative karyotype from a primary MGT is shown in Figure 1.
Note trisomies in chromosomes 6, 8,10,13, and 19 and tetrasomies in 7,11, and 15.
The chromosomal alterations seen in 3, 4, and 20 were random. The total gain
frequency of chromosomes 7 and 20 were 100% (8/8); for 19, 87.5% (7/8); and for
11 and 13, 62.5% (5/8). Only chromosome 12 was lost with a frequency of 62.5%
(5/8) (Table 1). Recurrent chromosome gains were only detected in chromosomes 3,
4, 6, 10, 14, and 15 (data not shown). Generally, trisomies were observed with a 3.0-
to 4.0-fold higher frequency in chromosomes 13, 19, and 20.

Figure 1. Representative
Giemsa-banded karyotype
from a 5.5-mo E-induced
MGT Note trisomies in
chromosomes 6, 8, 10, 13,
and 19; and tetrasomies in 7,
11, and 15. The
chromosomal alterations
seen in 3, 4, and 20 were
random.
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Employing CGH analyses, profound regional genomic alterations were
detected in all E-induced primary MGTs examined. Negative control CGH analyses
were based on successfully hybridized metaphases with two differentially labeled
controls, untreated female reference spleen DNA (Figures 2, 3). Moreover, CGH
analysis revealed nonrandom amplified regions in chromosome 1 (two distinct
regions), 4, 7, 9, 11, 13, 19, and 20, when a stringent criterion of 30% CGH
frequency of occurrence was employed within any given MGT (Table 2). The
overall consistently amplified regions among 11 MGTs ranged between 54.5 to
81.9%.

Figure 2. Representative CGH
karyotype from a female ACI rat E-
induced MGT. Tumor DNA was
detected in green (SpectrumGreen
FITC) and normal DNA in red
(SpectrumRed TRITC).
Chromosomes were identified using
digitally inverted images of DAPI-
banded metaphase chromosomes.
A rat G-banded chromosome
classifier was implemented in the
VYSIS image analysis software.
Note regional gains on
chromosomes 1,3, 4,7,11,13, and
20.
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Figure 3. Ratio profiles of green to
red fluorescence intensities after CGH
from a female ACI rat E-induced
MGT. Profiles were normalized to an
average green/red ratio of 1.0. Right 
and left lines depict the upper and
lower threshold of 1.2 for over and
0.80 for under-represention
respectively. Ratio profiles are
displayed along with rat idiograms.

Conclusions

Employing karyotype analysis, consistent whole chromosome alterations
(gains/losses) were detected in E-induced MGTs, when a stringent frequency
30%) of occurrence was used. The frequency of chromosome gains ranged from
100% (chromosomes 7 and 20) to 62.5% (chromosomes 11 and 13). Only
chromosome 12 was lost with a frequency of 62.5%. These chromosomal alterations
were accompanied by numerous structural alterations of the mitotic apparatus,
anaphase chromosome bridges, lagging chromosomes, and frequent multipolar
nuclear spindles (data not shown).

Our findings are in agreement with previous studies showing that
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chromosomal instability (CIN) may contribute to the oncogenic process by eliciting
gains of chromosomes containing oncogenes, and losses of chromosomes containing
tumor suppressor genes (14,15,16, 17). The highly consistent gain of chromosome
7 represents an example of such event. Chromosome 7, where c-myc resides at 7q33
(18) was gained in 100% of the E-induced primary MGTs, and previous FISH
performed in our lab using a fluorescent-labeled c-myc cDNA probe on MGT
metaphase spreads (5) revealed a specific and consistent fluorescent signal on all
three homologues of a trisomic chromosome 7. In addition, the 7q33 region was
amplified in 81.9% of similar primary MGT examined by CGH. Interestingly, in E-
induced primary ectopic uterine stem cell tumors in the kidney of the male Syrian
hamster, a similar consistent chromosome gain frequency of 88.0% was seen in
chromosome 6, where c-myc resides at 6qb3 (19). Thus, two solely E-induced and
dependent tumors, in two different E-target tissues and species, exhibit similar
frequencies of c-myc amplification in their tumors. The results of the CGH analysis
and the frequency of occurrence of c-myc amplification in female ACI rat MGT is
similar to that reported in human BC samples using CGH analysis (20, 21).

Acknowledgements

This investigation was supported by NIH Grant CA33519 (SAL).

References
l.

2.

3.

4.

5.

6.

7.

King M-C, Rowell S, Love SM (1993) Inherited breast and ovarian cancer.
What are the risks? What are the choices? J Am Med Assoc 269:1975-1980.
Chen C-L, Weiss NS, Newcomb P, et al (2002) Hormone replacement therapy
in relation to breast cancer. JAMA 287:734-741.
Nelson HD, Humphrey LL, Nygren P, et al (2002) Postmenopausal hormone
replacement therapy. Scientific Reviews. JAMA 288:872-881.
Fisher B, Constantino JP, Wickerham DL, et al (1998) Tamoxifen for
prevention of breast cancer: Report of the National Surgical Adjuvant Breast
and Bowel Project P-1 Study. J Nat Cancer Inst 90:1371-1388.
Li JJ, Papa D, Davis MF, et al (2002) Ploidy differences between hormone-
and chemical carcinogen-induced rat mammary neoplasms: Comparison to
invasive human ductal breast cancer. Mol Carcinogen 33:56-65.
Peiro G, Lemma A, Clement MA, et al (1997) Prognostic value of S-phase
fraction in lymph node-negative breast cancer by image and flow cytometry
analysis. Mod Pathol 10:216-222.
Arnerlov C, Endin SO, Cajander S, et al (2001) Intratumoral variation in
DNA ploidy and S-phase fraction in human breast cancer. Anal Cell Pathol
23:21-28.



418 D. Papa, et al.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Li SA, Liao D-Z, Li JJ (2000) Estrogen-induced breast cancer in female ACI
rats. In: Li JJ, JR Daling, SA Li (editors) Hormonal Carcinogenesis III. New
York: Springer-Verlag, 178-188.
Levan G (1974) Nomenclature for G-bands in rat chromosomes. Hereditas
77:37-51.
Islam, MQ, Levan G (1987) A new fixation procedure for quality G-bands in
routine cytogenetic work. Hereditas 107:127-30.
Gemmel NJ, Akyiama S (1996) An efficient method for the extraction of
DNA from vertebrate tissues. Trends Genet 12:338-339.
Kallioniemi A, Kallioniemi O-P, Piper J (1994) Optimizing comparative
genomic hybridization for analysis of DNA copy number changes in solid
tumors. Genes Chromosomes Cancer 10:231-243.
Mohaptra G, Kim DH, Feuerstein BG (1995) Detection of multiple gains and
losses of genetic material in ten glioma cell lines by comparative genomic
hybridization. Genes Chromosomes Cancer 13:86-93.
Pihan, GA, Doxey SJ (1999) The mitotic machinery as a source of genetic
instability. Seminars Cancer Biol 9:289-302.
Duesberg P, Rausch C, Rasnik D, et al (1998) Genetic instability of cancer
cells is proportional to their degree of aneuploidy. Proc Nat Acad Sci USA
95:13692-13697.
Pihan GA, Purohit A, Wallace J, et al (1998) Centrosome defects and genetic
instability in malignant tumors. Cancer Res 58:3974-3985.
Lengauer C, Kinzler KW, Vogelstein B (1997) Genetic instability in
colorectal cancers. Nature 401:297-300.
Tsichlis PN, Lohse MA, Szpirer C, et al (1985) Cellular DNA regions
involved in the induction of rat thymic lymphomas (Mlvi-1, Mlvi-2, Mlvi-3,
and c-myc) represent independent loci as determined by their chromosomal
map location in the rat. J Virol 56:938-942.
Papa D, Li SA, Li JJ (2003) Comparative genomic hybridization of estrogen-
induced ectopic uterine-like stem cell neoplasms in the hamster kidney: Non-
random chromosomal alterations. Mol Carcinogen 38:97-105.
Kreipe H, Feist H, Fischer L, et al (1993) Amplification of c-myc but not of c-
erb-B-2, is associated with high proliferative capacity in breast cancer. Cancer
Res 53: 1956-1961.
Courjal F, Theillet C (1997) Comparative genomic hybridization analysis of
breast tumors with predetermined profiles of DNA amplification. Cancer Res
57:4368-4377.



Microarray Analysis of Estrogen-
induced Protection Against Breast
Cancer
Lakshmanaswamy Rajkumar, Demi-Nhung Dang, Mark D. Hartnett,
David L. Hirschberg, Kenneth C. Loh, Raphael C. Guzman,
Gudmundur Thordarson, and Satyabrata Nandi

Summary

Pregnancy early in life reduces the risk of breast cancer (BC) in women
and this effect is universal. This phenomenon is also observed in rodents.
We have shown that a treatment with high pregnancy levels of

for 7 to 21 days is effective in conferring protection against
mammary carcinogenesis. We determined the difference in gene
expression between hormone-protected rats and unprotected rats. Nine
weeks old female Lewis rats were treated with 10 microgram
(unprotected), or 200 microgram (protected) of  in silastic capsules for 3
weeks. Control rats received silastic capsules with no hormone. The rats
were terminated 8 weeks after the removal hormone treatment. Mammary
RNA was used for microarray analysis. Using Agilent Rat cDNA
Microarrays, with 14,815 unique clones, we have analyzed genes from
Rattus norvegicus and Rattus rattus which are annotated as “mRNA” or
“gene EST” in GenBank. The genes involved in growth promotion like
interleukin 18, kit oncogene, thyrotropin stimulating hormone receptor,
cyclin dependent kinases etc. were down regulated in the protected group
compared to the unprotected groups, In contrast, genes involved in growth
inhibition like early growth response 1, insulin-like growth factor binding
proteins and genes involve in apoptosis and DNA repair like T-cell death
activated gene, CD47, histone acetyltransferase were up regulated in the
protected animals compared to the unprotected. These findings define a
pattern of gene expression that could serve to determine the efficacy of
protective hormone treatments and help identify potential biomarkers for
prevention of mammary cancers.

Introduction

BC is the most common cancer in women worldwide. Attempts at prevention
of BC are important areas of clinical and experimental investigations and many
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different approaches are being used for such studies (1-4). A full term pregnancy
before the age of 20 is the only natural phenomenon known that can drastically
reduce the risk of BC in women of all ethnic backgrounds worldwide (5-8). This
universal protective effect of early pregnancy is clearly of major consideration in
devising strategies for BC prevention. Rats that have been exposed to chemical
carcinogens before or after undergoing a full-term pregnancy are protected from
mammary carcinogenesis (9-15). Mice that undergo a full term pregnancy also have
a greatly reduced susceptibility to chemical carcinogen induced mammary
carcinogenesis compared to nulliparous animals (16-18).

Hormonal prevention strategies have used exogenous hormonal treatment
to mimic the protective effect of pregnancy against BC. High levels of and
progesterone (P) given for 30 days beginning 15 days after carcinogen
administration inhibited mammary carcinogenesis in Sprague Dawley rats treated
with the carcinogens (19,20). Medina (21) also showed that treatment with and
P, prior to initiation of cancer cells with a carcinogen was highly protective. Human
chorionic gonadotropin treatment either before or after carcinogen exposure induces
protection from mammary carcinogenesis (13). Short-term (7-21 days) treatment
with pregnancy level of with or without P is highly effective in conferring
protection against chemical carcinogen induced carcinogenesis in rats (22, 23).

Despite having strong epidemiological, clinical, and experimental evidences
suggesting parity-related or hormone-induced refractoriness against mammary
carcinogenesis, very little is known about the physiological and molecular
mechanisms governing this parity-induced protection. To understand the molecular
bases of the protective effect of hormonal treatment, we analyzed the difference in
gene expression levels between the protected and the susceptible states using cDNA
microarrays. We used a global approach to identify differences in gene expression
patterns that may be useful to establish the efficacy of protective hormone
treatment, and as biomarkers for the success or failure of hormone treatments.

Materials and Methods

Animals. Virgin Lewis rats were from Charles River Laboratories (Wilmington,
MA), housed in a temperature-controlled room with 12-h light/dark schedule, fed
food (Teklad 8640; Teklad, Madison, WI), and water ad libitum. All the
procedures followed University of California Animal Care and Use Committee
guidelines.

Estradiol Treatment. All doses of were packed in individual silastic capsules
(size 0.078 inch i.d. x 0.125 inch o.d., 2 cm in length; Dow Corning Corporation,
Midland, MI) in a cellulose matrix. Control animals received silastic capsules
containing only cellulose. All silastic capsules were dorsally implanted s.c., and
primed before implantation by soaking in media 199 (GIBCO) overnight at 37°C.
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Persistent Effect of Different Doses of Estradiol on Gene Expressions in the
Mammary Gland. At 9 week old rats were divided into 3 groups, each consisting
of 3 rats, and receiving one of the following treatments: (i) Control, (ii)
(non-protective), and (iii)  (protective). Each treatment was continued for
3 weeks. At the end of the treatment, the silastic capsules were removed. The rats
were terminated, 8 weeks after the removal of the hormone treatment. Mammary
glands were removed, immediately frozen in liquid N, and stored at -80°C.

RNA Isolation. RNA was isolated from frozen samples using Trizol (Life Tech).
Total RNA was subjected to DNAse treatment, and further purified with RNeasy
columns (Qiagen). The quality of RNA was analyzed using the Agilent 2100
Bioanalyzer, and quantified using a Hitachi UV spectrophotometer.

Microarray Analysis. Using Agilent Rat cDNA Microarrays, with 14,815 unique
clones, we analyzed genes from Rattus norvegicus and Rattus rattus which are
annotated as “mRNA” or “gene EST” in GenBank. Experiments were performed in
replicates. Samples were labeled and reverse labeled with Cy3 and Cy5. The
combined plots show high reproducibility of the experimental set. Bioinformatic
analysis was carried out using Rosetta Resolver software.

Results

Microarray Analysis of the Short-Term Estradiol-induced Changes in Gene
Expression. The objective of this study was to define a pattern of gene expression
that would serve as a signature profile for the efficacy of preventive hormone
treatments. This approach may identify genes which otherwise would not have been
considered in the targeted approach. We used RNA from whole mammary gland
for the microarray analysis, since stromal-epithelial interactions have been
implicated in the normal and cancer development of the mammary gland. The use
of a low dose of  that does not confer protection should permit the discrimination
of genes induced by treatment, but not associated with protection. We identified
~ 20 genes differentially expressed between the protected and unprotected groups.
These genes are listed in Tables 1 and 2.

Genes Up-regulated in the Protected Group. Several genes involved in growth
inhibition like early growth response 1, insulin-like growth factor binding proteins
were up-regulated in the animals which received the protective treatment
compared to the non-protective dose treatment and controls. CD47, T-cell death
activated gene, double stranded RNA dependent activator protein kinase and p53
apoptosis associated target are involved in apoptosis, and these genes are up-
regulated in the protected group compared to the unprotected groups. Serine
protease inhibitor, which influences apoptosis and inhibits adhesion, migration and
invasion, is highly expressed in the  treated animals compared to the rats
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which were treated with and the controls. Histone acetyltransferase, DNA
repair gene, was up-regulated in the protected animals compared to the unprotected.

Genes Down-regulated in the Protected Group. There were consistent decreases
in growth promoting genes and genes involved in cell cycle regulation in the
mammary glands of protected animals in comparison to the unprotected ones.
These include thrombospondin, thyroid-stimulating hormone receptor, interleukins
and cyclin-dependent kinases. Genes encoding for superoxide dismutase and
myeloperoxidase were also lowly expressed in the protective hormone treatment
group. Further, genes involved in anti-apoptosis (metallothionein-1), neo-
angiogenesis (matrix metalloproteinase 11/stromelysin 3), and oncogenesis (kit)
were down-regulated in the  treated rats compared to and
control rats.
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Conclusion

The data from the present investigation demonstrates that short-term treatment with
 of which results in high pregnancy levels of in circulation,

persistently alters the gene expression patterns. Although pregnancy levels of
with or without P conferred protection against mammary carcinogenesis, the
mechanism of this protection is not clear. Our findings illustrate that there may be
several different molecular pathways which may be altered in the protected animals.
Recently, persistently altered expression of genes in the mammary glands of parous
rats was reported (24). In that report, certain genes involved in growth promotion
were persistently down regulated in parous mammary glands; while and
several of its transcriptional targets were up-regulated in parous mammary glands.
Other investigators studying protection induced by treatment found persistent
alterations in the expression of several known genes. Specifically, persistent
changes in estrogen receptor p53, and retinoblastoma binding protein
(RbAp46) a gene implicated in the regulation of cell proliferation and
differentiation following hormone treatment (25, 26) were identified.

Short-term treatment with high pregnancy levels of  resulted in persistent
down-regulation of genes involved in growth promotion, cell cycle, anti-apoptosis,
angiogenesis, and oncogenesis. On the other hand, the protective treatment
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persistently up-regulated genes involved in growth inhibition, apoptosis and DNA-
repair. The data obtained could be helpful to understand the mechanisms involved
in estrogen–induced protection and will also facilitate the identification of
biomarkers associated with protection.

Acknowledgement

Supported by California Breast Cancer Research Program 8PB-0132.

References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

Jordan VC (2000) Progress in the prevention of breast cancer: concept to
reality. J Steroid Biochem Mol Biol 74:269-277.
RosenbaumSmith SM, Osborne MP (2000) Breast cancer chemoprevention.
Am J Surg 180:249-251.
Brown PH, Lippman SM (2000) Chemoprevention of breast cancer. Breast
Cancer Res Treat 62:1-17.
Leris C, Mokbel K(2001) The prevention of breast cancer: an overview. Curr
Med Res Opin 16: 252-257.
MacMahon B, Cole P, Lin TM, et al (1970) Age at first birth and breast
cancer risk. Bull World Health Organ 43:209-221.
Henderson BE, Powell D, Rosario I, et al (1974) An epidemiologic study of
breast cancer. J Natl Cancer Institute 53:609-614.
Dupont WD, Page DL (1987) Breast cancer risk associated with proliferative
disease, age at first birth, and a family history of breast cancer. Am J
Epidemiol 125:769-779
Kelsey JL (1993) Breast cancer epidemiology: summary and future
directions. Epidemiol Rev 15:256-263.
Welsch C W (1985) Host factors affecting the growth of carcinogen-induced
rat mammary carcinomas: a review and tribute to Charles Brenton Huggins.
Cancer Res 45:3415-3443.
Sinha DK, Pazik JE, Dao TL (1988) Prevention of mammary carcinogenesis
in rats by pregnancy: effect of full-term and interrupted pregnancy. Br J
Cancer 57:390-394.
Moon RC (1969) Relationship between previous reproductive history and
chemically induced mammary cancer in rats. Int J Cancer 4:312-317.
Dao TL (1971) Inhibition of tumor induction in chemical carcinogenesis in
the mammary gland. Prog ExpTumor Res 14:59-88.
Russo J, Russo IH (1994) Toward a physiological approach to breast cancer
prevention. Cancer Epidemiol Biomarkers Prev 3:353-364.
Thordarson G, Jin E, Guzman RC, et al (1995) Refractoriness to mammary
tumorigenesis in parous rats: is it caused by persistent changes in the
hormonal environment or permanent biochemical alterations in the mammary
epithelia? Carcinogenesis 16:2847-2853.



Microarray Analysis of Estrogen-induced Breast Cancer 425

Grubbs CJ, Juliana MM, Hill DL, et al (1986) Suppression by pregnancy of
chemically induced preneoplastic cells of the rat mammary gland. Anticancer
Res 6:1395-1400.
Marchant J (1955) Influence of pregnancy and lactation on the incidence of
mammary carcinoma induced with methylcholanthrene in female mice of the
IF strain. J Pathol Bacteriol 70:415-418.
Swanson SM, Guzman RC, Collins G, et al (1995) Refractoriness to
mammary carcinogenesis in the parous mouse is reversible by hormonal
stimulation induced by pituitary isografts. Cancer Lett 90:171-181.
Medina D, Smith GH (1999) Chemical carcinogen-induced tumorigenesis in
parous, involuted mouse mammary glands. J Natl Cancer Inst 91:967-969.
Huggins C, Moon RC, Mori S (1962) Extinction of experimental mammary
cancer. I. and progesterone. Proc Natl Acad Sci USA 48:379-
386.
Grubbs CJ, Juliana MM, Whitaker LM (1988) Short-term hormone treatment
as a chemopreventive method against mammary cancer initiation in rats.
Anticancer Res 8:113-117.
Sivaraman L, Stephens LC, Markaverich BM, et al (1998) Hormone-induced
refractoriness to mammary carcinogenesis in Wistar-Furth rats.
Carcinogenesis 19:1573-1581.
Guzman RC, Yang J, Rajkumar L, et al (1999) Hormonal prevention of
breast cancer: mimicking the protective effect of pregnancy. Proc Natl Acad
Sci USA 96:2520-2525.
Rajkumar L, Guzman RC, Yang J, et al (2001) Short-term exposure to
pregnancy levels of estrogen prevents mammary carcinogenesis, Proc Natl
Acad Sci USA 98:11755-11759.
D’Cruz CM, Moody SE, Master SR, et al (2002) Persistent parity-induced
changes in growth factors, TGF-beta3, and differentiation in the rodent
mammary gland. Mol Endocrinol 16:2034-2051.
Ginger MR, Gonzalez-Rimbau MF, Gay, JP, et al (2001) Persistent changes
in gene expression induced by estrogen and progesterone in the rat mammary
gland. Mol Endocrinol 15:1993-2009.
Medina D, Sivaraman L, Hilsenbeck SG, et al (2001) Mechanisms of
hormonal prevention of breast cancer. Ann NY Acad Sci 952:23-35.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.



Pregnancy Level of Estrogen
Prevents Mammary Cancers
Raphael C. Guzman, Lakshmanaswamy Rajkumar, Gudmundur
Thordarson, and Satyabrata Nandi

Summary

A full-term pregnancy early in life reduces the risk of breast cancer (BC)
in women. Parity protection against mammary carcinogenesis is also
observed in rats and mice. Administration of high pregnancy levels of
ovarian hormones to nulliparious rats induces protection from N-methyl-
N-nitrosourea (MNU)-induced mammary cancers. We have demonstrated
that alone or in combination with progesterone (P) are
effective in preventing mammary cancer while P alone is not. We have
now determined the actual daily amount of required to confer
protection against mammary cancer. Rats were injected with MNU at 7
weeks of age. Two weeks later the rats were treated with 10 nanograms,
100 nanograms, or of per day for 3 weeks in mini-osmotic
pumps. All the animals also received a 30 milligram P silastic capsule for
3 weeks. Serum levels of      immediately after treatments were 6, 30, and
118 pg/ml, respectively. Control rats had a 90% mammary cancer
incidence while rats treated with of per day had no
mammary cancers, nine months after MNU treatment. Treatments with 10
nanograms or 100 nanograms of      per day did not significantly decrease
the mammary cancer incidence compared to the controls; they had a
cancer incidence of 78% and 65%, respectively. The blood hormone data
indicates that treatmen with 1 microgram of      per day results in high late
pregnancy levels of and this level of is effective in conferring
protection against mammary carcinogenesis. This short-term
chemoprevention treatment is as effective as full-term pregnancy,
ovariectomy or long-term tamoxifen treatment and there is no permanent
loss of ovarian function. This treatment can be used as a paradigm for
developing strategies for human BC prevention.

Introduction

A full term pregnancy before the age of 20 is the only natural phenomenon known
that drastically reduces the risk of BC in women of all ethnic backgrounds
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worldwide (1). This universal protective effect of early pregnancy is clearly of
major consideration in devising strategies for the prevention of BC. Rats (2-10) and
mice (11-13) that undergo a full-term pregnancy also have a greatly reduced
susceptibility to chemical carcinogen induced mammary carcinogenesis compared
to nulliparous animals. The protective effects of pregnancy have been reported in
rats undergoing pregnancy before or subsequent to exposure to chemical
carcinogens (14, 15). The physiological and molecular mechanisms for the
protective effect of pregnancy have not been defined, but are thought to be related
to increases in hormones during pregnancy causing persistent alterations in the
systemic hormonal milieu and/or target cells of the parous females.

We have demonstrated that alone or in combination with P is effective
in preventing mammary cancer, while P alone is not (16). We determined the
lowest dosage of given alone that would be effective in preventing mammary
cancer. Rats were injected with MNU at 7 weeks of age. Two weeks later the rats
were treated with 30mg, or of in silastic capsules for three
weeks (17). Serum levels of immediately after treatments were 144, 95, 68, and
50 pg/ml, respectively. The serum levels of     from the 30 mg, and
treated rats were in the range found during pregnancy. Control rats had a 100%
mammary cancer incidence, 9.0 mo after treatment, while rats treated with 30 mg or

or of had a cancer incidence ranging from 15 to 20%. The cancer
incidence was not different from controls at the lowest dosage of but the
multiplicity was reduced. The multiplicity of mammary cancers was 0.2 (30 mg),
0.3 0.6 1.2 and 3.0 (controls). These results
demonstrate that short-term treatments with doses of equivalent to levels during
pregnancy are highly effective in preventing mammary cancer. Treatment with
equivalent to pregnancy levels does not induce full lobulo-alveolar differentiation
yet it is highly effective in conferring protection. Additional studies have also
shown that 1 or 2 weeks treatment with pregnancy levels of and P (30
mg) in silastic capsules is highly effective in reducing the mammary cancer
incidence in MNU treated rats (16). Based on these studies, we wanted to
determine the daily amount of necessary to induce protection from mammary
carcinogenesis.

Materials and Methods

Determination of Pregnancy Levels of Estradiol in Lewis Rats. Seven-week-old
female Lewis rats were mated. The appearance of a vaginal plug was designated as
day 0 of pregnancy. Serum samples were collected a days 1, 5, 10, 15, and 20 of
pregnancy. levels were determined by a specific radioimmunoassay for (16).

Diffusion of Estradiol from Silastic Capsules. Silastic capsules were prepared
containing 30 mg of or cellulose. Individual silastic capsule
were incubated at 37 C in 1 ml of isotonic saline. The saline was collected at 24 h
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intervals for three weeks. The levels of in each sample were determined by a
radioimmunoassay for (16,17).

Treatment of Rats with Different Amounts of Estradiol per Day. Lewis rats
were treated with MNU at 7 weeks of age (16). Rats received no hormone
treatment or were implanted with mini-osmotic pumps to deliver 10 ng, 100 ng, or

in sesame oil/day, beginning at 9 weeks of age, and continuing for 3 more
weeks. Rats were palpated weekly for overt mammary cancers and terminated at 44
weeks of age. Serum samples were collected at the end of the treatment to assay
levels.

Results

Serum Levels of Estradiol During Pregnancy in Lewis Rats. Serum levels in
pregnant Lewis rats did not reach maximal levels until the third week of pregnancy
(90-140 pg/ml) (Table 1).

Diffusion of from Silastic Capsule. Silastic capsules containing 30 mg of
released approximately of per day aftter incubation in saline. Capsules
containing of released ~ 100 ng of per day. Capsules filled with these
amounts of       have been highly effective in conferring protection from mammary
carcinogenesis. We hypothesized that daily sustained treatment with a total of 100
ng to of  should result in high pregnancy levels of  and confer protection
from mammary carcinogenesis.

Effects of the Administration of Different Amounts of in Mini-osmotic
Pumps. Only treatment with of  per day resulted in high pregnancy levels of

(120 pg/ml). The other doses resulted in lower levels found during the early part
of pregnancy. Only the per day dose was able to confer significant protection
in terms of mammary cancer incidence (0%) compared to controls (92%). The 100
ng (78%) and 10 ng (65%) mammary cancer incidences were not significantly
different from controls. The dose (0), 100 ng dose (1.25), and 10 ng dose all
reduced the multiplicity of mammary cancers compared to controls (2.5) (Table 2).
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Conclusions

Our results indicate that short-term treatment with any dose of that results in
serum levels equivalent to the high levels of during the third week of pregnancy
are able to confer persistent protection from chemical carcinogen induced mammary
carcinogenesis in rats.

Our goal is to use the rodent model system to develop a safe, efficient
mechanism based, short-term hormonal intervention for protection from mammary
carcinogenesis that can serve as an experimental paradigm for developing BC
prevention strategies for women. We hypothesize that short-term treatment with
high pregnancy levels of or parity confers protection from mammary
carcinogenesis by causing persistent alterations in the hypothalmo-pituitary axis
resulting in a decrease in the blood levels of the mammogenic hormones, prolactin
and growth hormone, causing a reduction in the promotion of carcinogen initiated
mammary cells to frank mammary cancers
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Hormonal Dependence of
Mammary Premalignant
Progression
Daniel Medina, Frances S. Kittrell, Anne Shepard, Jamel Hill, and
Powel Brown

Summary

The p53 null mammary epithelium transplant model has been extensively
characterized at the genetic, hormonal, and biological levels. Tumors
progress from ductal hyperplasias and ductal carcinoma in-situ (DCIS) and
are aneuploid, metastatic and approximately 80% are estrogen receptor

negative. The normal and premalignant mammary stages of
development are positive and hormone responsive. Continuous
estrogen (E) or progesterone (P) treatment markedly enhances
tumorigenesis in p53-null mammary epithelium. Blocking E signaling by
tamoxifen or blocking P signaling by deleting the PR or blocking E and P
signaling by ovariectomy markedly decreases hormone-induced mammary
tumorigenesis in p53-null epithelium. The tumors that do arise are
negative. These results suggest that this model is appropriate to examine
issues regarding the timing and duration of tamoxifen treatment on pre-
malignant progression and the use of combined prevention strategies to
delay the occurrence of invasive breast cancer (BC).

Introduction

There are numerous models of mouse mammary tumorigenesis (1, 2). These
include traditional models in which the oncogenic stimulus is the murine mammary
tumor virus (MMTV), a chemical carcinogen [i.e., 7,12-dimethyl[a]benzanthracene
(DMBA)], radiation or reproductive hormones (2), or the numerous transgenic and
gene-deletion models developed in the past 15 years (1). Each model provides
unique and specific information on genes and signal transduction pathways that can
induce and/or strongly promote murine mammary tumorigenesis and theoretically
provide information relevant to subsets of human BC. The exact relevance to
human BC remains to be determined for the vast majority of these models. A model
characterized recently is the BALB/c p53-null mammary epithelium, where deletion
of the tumor suppressor gene p53 results in enhanced tumorigenic risk (3,4). The



432 D. Medina, et al.

p53-null mammary epithelium progresses trough ductal hyperplasia and DCIS prior
to becoming invasive BC (5). The ductal hyperplasias are immortal, exhibit high
telomerase activity, and are aneuploid and positive. These properties are
different from the biological and cellular properties of the traditional alveolar
hyperplasias found in the MMTV, chemical carcinogen, and spontaneous models of
mammary tumorigenesis (6). Interestingly, the tumors arising from both types of
hyperplasias are predominantly negative. Because the p53-null mammary
epithelial cell possesses an pattern that mimics the expression patterns found
in subsets of human ductal hyperplasia, DCIS, and invasive BCs, we investigated
the hormone dependence of normal and hyperplastic stages, and the tumorigenic
response to the SERM, tamoxifen.

Materials and Methods

BALB/c (both p53-wt and p53-null) and FVB mice were bred and maintained at
70°F the room temperature in a closed conventional mouse colony at the Baylor
College of Medicine with food and water provided ad libitum. The animal facility
is AALAC accredited. The basic experimental protocol was as previously
published (3). Mammary duct samples from 8-10 week-old BALB/c p53-null
female mice were transplanted into the cleared mammary fat pads of 3.0-week-old
BALB/c p53-wt or  mice. The transplanted ducts grow and fill
the mammary fat pads in 6-8 weeks. The recipient mice were left untreated or
received a pituitary isograft under the kidney capsule at 5 weeks of age. The
pituitary isograft provides a continuous increased circulating level of prolactin
(PLN) and P that result in differentiation of the mammary epithelium and sustained
elevation in cell proliferation (7). A tamoxifen pellet (5 mg) was implanted
subcutaneously in the upper back. The pellets were replaced at 3.0-mo intervals.
Mice were palpated weekly over a 55-60 week study period. The tumor incidences
were evaluated statistically by Fisher’s exact test.

Results

Ovarian-dependent Growth of p53-null Normal Mammary Epithelium. The
growth of the p53-null mammary epithelium was absolutely dependent on ovarian
hormones as the cells did not exhibit expansive growth in ovariectomized (ovx)
mice (Figure 1). The growth of p53-null mammary epithelium in ovx mice was
inhibited to the same extent as the growth of p53-wt epithelium (84% vs. 77%,
respectively; P > 0.05). Thus, in these assays and those previously reported, the
p53-null normal mammary epithelium behaved similarly to the p53-wt normal
mammary epithelium. The p53-null mammary epithelium at 8-12 weeks post
transplantation exhibits a normal distribution and cellular localization of and
PR. At 8 weeks post transplantation, the score for wt and p53-null epithelium
was 5-6 on a scale of 8, using the system described in (8).
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Figure 1. Growth of
normal mammary duct
transplants in ovx mice.
There were 8
transplants/group. Mice
were ovx at 5 weeks of age
and mammary transplants
were analyzed as whole
mounts at 11 weeks of age.
(Reproduced with
permission from Cancer
Research.)

Hormone-induced Tumorigenesis in p53-null Mammary Epithelium. Previous
results demonstrated that hormones provided by a pituitary isograft (P and PLN)
induce normal morphogenesis in p53-null mammary epithelium (3). The results in
Table 1 show that chronic levels of and P, administered singly, markedly
enhanced tumorigenesis compared to the untreated group. There were no significant
differences in tumor incidences or tumor latencies among the different hormone
treatment groups (P > 0.05). In contrast, ovariectomy at 5 weeks of age almost
totally blocked tumorigenesis (Table 1) and resulted in a tumor incidence less than
that in untreated mice (P < 0 .05).

Tumorigenesis in Progesterone Receptor-deficient Mammary Epithelium. The
marked dependence on P-mediated signaling for tumorigenesis was tested directly
by cross-breeding the p53-null mice with FVB PRKO mice to generate p53 –/–, PR
–/– mammary ducts. The results in Table 2 show that mammary tumorigenesis in
hormone-stimulated p53-null epithelial cells was markedly reduced in the absence
of P signaling (i.e., when the PR was deleted) from 84% to 32%. In these mice, P
levels are high due to the PLN secreted by the pituitary isograft.

Tamoxifen Inhibition of p53-null Mammary Tumorigenesis. The tumorigenic
response of the p53-null mammary epithelium is shown in Figure 2. The presence
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of a pituitary isograft increased the tumorigenic response compared to
that of untreated epithelium [26 of 28,93%, (50% tumor endpoint) = 36 weeks
vs. 10 of 28, 36%, weeks, respectively]. The addition of tamoxifen
completely eliminated the enhanced tumorigenic response induced by the chronic
hormone stimulation (Tam. = 11 of 28, 39%, so this group
effectively behaved like the untreated group. Of interest, 30% of the tumors were

in the untreated group, while no arose in the tamoxifen treated
group.

Figure 2. Effect of tamoxifen on
tumorigenesis in BALB/c p53-null
mammary epithelium.

Conclusions

The p53-null mammary epithelium model has been characterized at the biological
and genetic level in detail. The tumors are aneuploid, metastatic, and primarily

(about 20% of the primary tumors are However, the
p53-null normal mammary epithelium is and absolutely dependent on
ovarian steroid hormones for growth, functional differentiation and tumorigenesis.
Thus, this model is the best characterized transgenic model that develops both

and mammary tumors. Hormonal stimulation by E and/or P
or PLN/P markedly enhances tumorigenesis. Blocking estrogen signaling by either
ovariectomy or tamoxifen or blocking P signaling by knocking out the PR greatly
reduces tumorigenic capability of the p53-null mammary epithelium. Given the
marked hormone dependence of the p53-null normal mammary epithelium, and the
strong response to prolonged hormone stimulation, we tested the ability of the
SERM, tamoxifen, to block or delay tumorigenesis in this model. Continuous
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tamoxifen exposure markedly delayed the development of tumors
arising in p53-null mammary cells.

The p53-null mammary epithelium model used in this study appears to be
an appropriate model as it mimics several of the important characteristics found in
human BC development; i.e. E/P-dependence for tumorigenesis; genomic instability
at the premalignant stage, and premalignant progression through DCIS. The
presence of both and mammary tumorigenesis offers an
opportunity to study molecular characteristics of these two subtypes of breast cancer
in the same animal model. This model may be particularly useful to address the
effect of duration and timing of tamoxifen exposure on and

mammary tumorigenesis. In addition, this model would be appropriate to
test the combination of anti-estrogens and other cancer preventive agents.
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The Possible Role of IGF-I and
Androgens in the Development of
Canine Inflammatory Mammary
Carcinoma
Juan Carlos Illera, Gema Silván, M. Dolores Pérez-Alenza, Ana R.
Sánchez-Archidona, Ana Nieto, and Laura Peña

Summary

Inflammatory mammary cancer is the most aggressive spontaneous type of
mammary cancer in women and dogs. Our results indicate that a special
endocrine mechanism could be involved in its pathogenesis with relevant
action of IGF-1 and androgens.

Introduction

Inflammatory mammary cancer is the most aggressive spontaneous type of
mammary cancer both in women (inflammatory breast carcinoma, IBC) (1) and
dogs (inflammatory mammary carcinoma, IMC) (2). The clinical presentation is
sudden and resembles an inflammatory process (dermatitis or mastitis) (1). The
signs include diffuse erythema, edema, induration, and others, with or without the
existence of mammary nodule (1, 2). The only distinctive feature for the
histological diagnosis is the observation of the massive invasion of dermal
lymphatics by neoplastic cells (1). Fortunately, it is a rare type of mammary cancer
(1%-6% in women), although its prevalence seems to be increased in the later years
in both species, probably under the influence of the same environmental
carcinogens (3). Although, an animal model of IBC has been established in
scid/nude mice (4), the dog is the unique animal specie in which spontaneous IMC
has been reported. Several similarities have been found between human and canine
IMC concerning epidemiology, histopathology, and clinical characteristics (2, 3).
Canine IMC has been proposed as a spontaneous model for human IBC, being
especially useful in studies on new therapeutics approaches (3).

In the last decades hormonal dependency of breast cancer (BC) has been
extensively studied, overall concerning the implications of estrogen receptor
and progesterone receptor (PR) in carcinogenesis, prognosis and therapy. However,
the role of androgens in normal and neoplastic mammary growth is less known.
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Different studies indicate androgens can stimulate or inhibit the growth of mammary
cells depending on the cell line and clone under study (5,6). Normal and neoplastic
breast tissues contain and produce several forms of androgens (5). Finally,
androgens mediate their function by binding to the androgen receptor (AR) which
has been detected in normal and neoplastic human and rat mammary tissues (5, 7,
8).

The mammalian family of insulin-like growth factors (IGFs) consists of
two related peptides with structural homology to pro-insulin (IGF-I and IGF-II), two
known receptors (type 1 and type 2; IGF-1R and IGF-2R), and at least 10 bindings
proteins (IGFBPs). The role played by the IGF system on cancer has focused
attention of researchers for many years. The IGF family plays a role in the growth
of normal and neoplastic cells since they can have mitogenic, transforming and
antiapoptotic actions (9). Also, some studies indicate a role of IGF-I in cell-cell
adhesion and cell migration (10).

Regarding IBC, two genes have been identified to be differently expressed
after differential display: overexpression of RhoC GTPase and the specific loss of a
novel gene lost in inflammatory breast carcinoma (LIBC). Interestingly, LIBC
seems to be a member of the low-affinity IGF-BP family (11). Previous results in
the dog indicating an especial endocrine mechanism involved in IMC have been
reported (3, 12). The purpose of this study was to investigate the possible role of
IGF-I and androgens in the development of canine IMC by determining
dehydroepiandrosterone (DHEA), androstenedione, testosterone, and IGF-I profiles
in tissue homogenates and serum of IMC dogs, as well as the immunolocalization of
androgen and IGF-I receptors. These results were compared to mammary
dysplasias, benign mammary tumors, and other non-IMC malignant mammary
tumors.

Materials and Methods

Animals and Samples. Serum and tissue samples of 30 animals presented at
Veterinary Teaching Hospital of Veterinary School (Madrid), with at least one
mammary tumor, were prospectively collected. The animals were physically and
radiographically examined. Surgical excision was the treatment of choice except in
IMC cases, in which surgery is not the first choice recommended. Samples were
obtained by “tru-cut” biopsy or necropsy. For this study, samples were divided in
two adjacent fragments, one was fixed in 10% neutral formalin (for histological and
immunohistochemical study), and the other was frozen and stored for hormonal
detection. Five control animals without history of any disease were included ,
serum and samples of two different mammary glands were obtained. To determine
the esrus cycle at sampling, vaginal smears were performed.

Hormonal Study. From 35 female dogs, a total of eighty-six mammary samples
were collected: 10 normal mammary gland (NMG), 21 dysplasias (DYSP), 26
benign (BMT), 22 malignant (MMT), and 7 IMC.
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Plasma and Homogenate IGF-I Ensymeimmunoassay (EIA). IGF-I levels both
in plasma and tissue homogenates were determined by a commercial assay kit (Non-
extraction IGF-I ELISA, DSL-10-2800), validated for species and tissues.

Plasma and Homogenate DHEA, Androstenedione, and Testosterone EIA.
Plasma and tumor homogenate DHEA, androstenedione and testosterone
concentrations were assayed by amplified EIA previously validated for this species
and tissues (12).

Histopathology. Immunohistochemistry of IGF-1R and AR. The samples for
histopathology and immunohistochemistry were fixed in 10% buffered formalin;
paraffin embedded and cut in sections, following routine methods.
Histopathological diagnosis was done on H&E sections following the WHO’s
classification for canine mammary tumors and dysplasias .

For immunohistochemistry, a selection of each tissue group was used:
NMG (n = 5), BMT and DYSP (n = 10), MMT-non-CI (n = 20), MMTCI (n = 20)
and 13 achieved CI cases were also included. Immunohistochemistry was
performed on deparaffined sections using the streptavidin-biotin-complex
peroxidase method after a high temperature unmasking protocol. The primary
antibodies used were a mouse monoclonal antibody anti-IGF-1 R subunit (clone
24-31, Neomarkers Int.; dilution 1/50; incubation overnight at 4°C), and a
polyclonal rabbit anti-AR (clon 2F12, Novocastra dilution 1/10; incubation
overnight at 4°C). Known positive and negative control samples were used. The
intensity of the staining was evaluated in all sections luated by two observers
simultaneuously according to the following scale: Negative = 0, Low = +,
Moderate = ++, and Intense = +++.

Statistical Analysis. The Biomedical Data Program (BMDP), Statistical Software
Inc. (Los Angeles, CA, USA), was used for statistical analysis. In all statistical
comparisons, P< 0.05 was accepted as denoting significant differences.

Results

The serum and tissue hormonal levels are shown in Figures 1 and 2, respectively.
The serum levels of all the androgens studied were significantly higher levels in
IMC animals than in controls, or animals bearing BMTs, MMT, and non-IMC (p<
0.01) (DHEA 11.82 ± 3.56 ng/ml, A4 3.81 ± 0.69 ng/ml, T4 35.43 ± 2.27 ng/ml).
In contrast, levels of serum IGF were considered normal in IMC dogs (IMC 7.08 ±
4.38 ng/ml, NMG 13.68 ± 2.17 ng/ml) and increased in dogs with BMT (127.22 ±
50.41 ng/ml) and dogs with MMTnon-IMC (49.15 ± 19.14 ng/ml). In tissue
homogenates, IGF-1 values of CI were not significantly different than in other
MMTnon-IMC. Tissue androgens were dramatically increased in IMCs when
compared to the rest of samples studied (p < 0.001) (DHEA 702.22 ± 89.93 ng/mg,
A4 631.73 ± 70.73 ng/mg, T 287.43 ± 6.89 ng/mg, IGF-1 13.68 ± 2.17 ng/mg).
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Figure 1. Serum concentrations of IGF-1, A4, T and DHEA in normal mammary
gland, benign tumor, malignant tumor, and inflammatory mammaty carcinoma.
Different superscript denoting statistical differences (p< 0.01).

Figure 2. Tissue homogenates concentrations of IGF-1, A4, T, and DHEA in
normal mammary gland, dysplasias, benign tumor, malignant tumor, and
inflammatory mammary carcinoma. Different superscript denoting statistical
differences (p< 0.01).

IGF-1R immunostaining was found in epithelial and myoepithelial cells.
In positive mixed tumors, cartilaginous and osseous cells h also displayed IGF-1R
expression. Occasionally, some scattered stromal cells, endothelial cells and
fibroblasts, showed immunostaining. In most of the positive cases, the staining was
present only in the cytoplasm, although a nuclear staining was also seen in some
cases. NMGs (n = 5) had very low expression of IGF-1 R immunostaining and they
were considered negative. DMGs and BMT (n = 10) were also mostly negative,
although some cases showed low to moderate levels of IGF-1 R expression. None of
the MMTnon-IMC studied were negative, most of them had low or moderate level
of IGF-1R expression. Half of the IMC tumors (10/20) had a high level of IGF-1R
labeling.
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AR expression was present in epithelial and myoepithelial cells, mainly in
the nucleus, but some cytoplasmic staining was also found. NMGs and DMGs
stained for AR with low to moderate intensity. BMTs had also a low-moderate AR-
expression, but few cases (6.3%) were AR-negative. Most of the MMT were AR-
positive. In IMC cases, a high level of AR positive staining (+++) was found, only
5.0% of the cases were AR-negative. Considering all the samples studied, the
expression of IGF-1R and AR was inversely correlated (p < 0.05 ).

Figure 3. IMC. Tubulo-papillary carcinoma. Streptavidin
biotin-peroxidase anti-IGF-1R. IGF-1R is strongly
expressed in epithelial cells.

Figure 4. IMC. Streptavidin biotin-peroxidase anti AR.
Infiltrating cells are AR-positive.

Discussion

Little is known about the etiology and pathogenesis of IMC. Lately, some
mechanisms have been indicated to be especially involved in this type of mammary
cancer and not in other malignant non-inflammatory mammary neoplasms (2,3,11,
12). In dogs, some histopathologic evidences indicate a lipid secretion by IMC,
possibly steroids, and a marked expression of the first-step steroidogenic enzyme
P450scc (3, 12). In this study, serum and tissue levels of DHEA, and T were
significantly elevated in IMC with respect to other malignant non-IMC mammary
tumors and to NMG. Also a strong AR immunoexpression in IMC cases was
observed. DHEA, DHEA sulphate (DHEAS), and Adiol (5-androstene-3ß, 17ß-
diol) of adrenal origin have been detected at high amounts in normal and cancerous
breast tissues (5). DHEA may affect breast cancer cells by in-situ estrogen
production, or by the activation of the although in a previous study on canine
IMC (3), none of the cases studied were In our opinion, further
studies on the expression of receptor in IMC are necessary.

Studies using androstenedione demonstrated that this substrate can be
aromatized to estrone in breast carcinoma homogenates (13). The adrenal cortex
secretion of DHEA and A4 in dogs remains controversial (14). In our opinion, a
high proportion of the androgens found in the canine mammary tissues may be
attributed to a local synthesis. Our findings indicate a possible different role for
these hormones in the pathogenesis of IMC, acting in an autocrine/paracrine manner.

This is the first report regarding AR in canine mammary tissues and the
first on IMC. Literature regarding immunohistochemistry of AR in human breast
cancer offers contradictory results on the extent of its expression, relation with
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histological type, prognosis, and correlation with other steroid receptors (7, 8).
Several studies have indicated a positive correlation among AR content, PR, and the
absence of correlation with (7). Interestingly, canine IMC has also a high
content of PR (71.4 % of positive IMC cases) (3).

The IGF family can have a role in cancer by mitogenic, transforming, and
anti-apoptotic actions (9). Also, some studies indicate a role of IGF-I in cell-cell
adhesion and cell migration (10). Two previous studies suggested the possible
participation of the IGF system on canine IMC: its typical occurrence in lutheal
phase (2) and the specific loss of a low-affinity insulin-like growth factor-binding
protein gene which has been described in human IBC (11). The IGF-1 expression in
breast cancer by tumor and stromal cells supports the theory of a the local
production of IGF-1. Our study is the first on IGF system in canine mammary
tumors and the first on IMC. According to our results, the local content of IGF-1 is
significantly increased in all malignant mammary tumors of the dog (non-
inflammatory and inflammatory cases) respect to the normal levels. In contrast,
serum contents of IGF-1 are significantly reduced in IMC respect to non-IMC
malignant tumors, and are similar to those found in normal bitches. This fact could
indicate a higher local consume of IGF-1 in IMC. This hypothesis is supported by
the greater expression of IGF-1R found in IMC tissues. In the present study, there
was an increase of IGF-1R expression with malignancy, according to previous
studies on human breast cancer (15). A function of the IGF-1R in E-cadherin-
dependent adhesion has been suggested, although the mechanism of IGF-1R
regulation of cell-cell adhesion is not clear (10). On the other hand IGF-1R has been
shown to mediate motility in breast cancer cells in-vitro (10). It is interesting to note
that enhanced E-cadherin expression has been related to IBC, suggesting a different
pathogenetic mechanism of human IBC compared with other non-invasive
mammary carcinomas (16).

Our results indicate an inverse correlation between AR and IGF-1R
immunostaining which could be explained by the antagonist action of androgens on
estrogen metabolism. It has been reported a co-regulation of estrogens and IGFs in
breast tumors where high expression of IGF-1R correlated to ER expression (10).

In conclusion, IGF-1 and androgens have a remarkable local action in
inflammatory breast carcinoma. This fact can be useful in the development of new
therapeutic approaches especially design for inflammatory carcinoma of the breast.
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Hormonal Activation of the Gab-1
Docking Protein in Uterine Cells
Diane M. Klotz, Jon A. Proctor, David K. Walmer, R. Gregg
Richards, and Richard P. DiAugustine

Summary

Docking or adapter proteins link signals emanating from receptors to
other downstream intracellular molecules and amplify the initial signal.
Therefore, the activation of a docking protein can indicate the prior
activation of a receptor, such as a receptor tyrosine kinase (RTK). The
Gab-1 (for Grb-2-associated binder-1) docking protein is a substrate for
many different RTKs. As part of our effort to define the signaling
pathways stimulated by and progesterone (P) in the
uterus, we investigated the activation of uterine Gab-1 in response to
these hormones. In this study, Gab-1 was immunoprecipitated from
CD-1 mouse uterine extracts, followed by immunoblotting with
appropriate antibodies. In cycling mice, maximal uterine Gab-1
tyrosine phosphorylation (Gab-1-pY) was observed during late
diestrus/early proestrus. To determine the role for specific ovarian
hormones in uterine Gab-1 activation, ovariectomized mice were
treated with vehicle, P, or and 12 hours later uteri were
analyzed. Consistent with the data from cycling mice, either or

stimulated tyrosine phosphorylation of Gab-1. Uterine Gab-1 from
and mice coimmunoprecipitated with p85, the

regulatory subunit of phosphatidylinositol 3-kinase; uterine Gab-1 from
mice also coimmunoprecipitated with SHP-2, a tyrosine

phosphatase. These data suggest that and/or P activated an RTK
signaling pathway(s) that utilized Gab-1. To identify this RTK, mice
were administered IGF-1 or EGF. Uterine Gab-1 was tyrosine
phosphorylated by 5 minutes post-treatment in EGF-, but not IGF-1-,
treated mice, suggesting that EGFR may mediate steroid hormone-
induced uterine Gab-1 activation.

Introduction

Docking, or adapter, proteins are intracellular proteins that often link signals
emanating from receptor tyrosine kinases (RTKs) in the cell membrane to
downstream cytoplasmic signaling molecules, such as Src homology 2 (SH2)
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domain-containing proteins. Docking proteins can function to serve a number of
different signaling purposes including the amplification of receptor signals and
the dissociation of the intracellular signal from endocytosis of the activated
RTK. Additionally, the presence of multiple docking proteins in a signaling
complex provides an expanded choice of signaling pathways that can be
regulated by a stimulated receptor, or a single docking protein can mediate the
integration of multiple RTK signals into a common downstream pathway
(reviewed in 1). Based on these functions, activation of a docking protein may
serve as an indication of RTK activation.

Grb-2-associated binder-1 (Gab-1) is an epithelial docking protein that
has been localized to the cell membrane in areas of cell-cell contact (2) and
shares amino acid homology with the insulin receptor substrate (IRS) adapter
protein family (reviewed in 3). In addition, Gab-1 contains multiple tyrosine-
containing motifs that serve as binding sites for SH2 domain-containing
proteins. Gab-1 is a substrate for many different RTKs, including epidermal
growth factor receptor (EGFR), insulin-like growth factor-1 receptor (IGF-1R),
insulin receptor, and the hepatocyte growth factor (HGF) receptor Met (4-6).
Upon tyrosine phosphorylation by RTKs, Gab-1 can function as a docking
protein for SH2 domain-containing proteins and other signaling molecules such
as Grb-2, SHP-2, and the p85 subunit of phosphatidylinositol 3 (PI3)-kinase
(reviewed in 3).

As part of our continuing effort to understand the growth factor
signaling pathways regulated by and progesterone (P) in the female
reproductive tract, we investigated the activation of uterine Gab-1 in response to
these steroid hormones.

Materials and Methods

Animals. All animals were handled in accordance with an approved
NIEHS/NIH animal study protocol. Cycling adult female CD-1 mice were used,
or adult female CD-1 mice were ovariectomized, held for 10-14 days to clear
endogenous ovarian hormones, and then used in studies. Uteri from cycling
mice were removed, and prior to homogenization a section of one uterine horn
and vaginal tissue were retained for histological evaluation of the stage of estrus.
For hormone treatments ovariectomized animals were given an intraperitoneal
(IP) injection of either sesame oil or the following hormones in sesame oil: 250

1 mg P, or 250 ng P; uteri were removed 12 h post-injection.
For growth factor treatments ovariectomized animals were given an IP injection
of either long or recombinant human EGF in phosphate
buffered saline containing 0.1% bovine serum albumin (BSA); uteri were
removed 5 minutes post-injection and processed as described.

Gab-1 Immunoprecipitation. Uterine horns were homogenized on ice in
homogenization buffer. Homogenates were pre-cleared by incubation with
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protein A-Sepharose (PAS) and then subjected to immunoprecipitation with
anti-Gab-1 polyclonal antibody with an equal volume of

immunoprecipitation buffer for 2 h at 4° C. Antigen-antibody complexes were
captured with PAS for 3 h at 4° C and subjected to 3 washes in
immunoprecipitation buffer. Precipitated antigen was eluted from the protein A-
Sepharose by resuspending the pellets in Laemmli sample buffer and boiling for
5 min.

Immunoblots. Immunoprecipitated proteins were resolved by SDS-PAGE and
transferred to PVDF membranes. Membranes were blocked in Tris-buffered
saline with 0.1% Tween-20 (TBS-T) with 5% BSA and subsequently probed
with anti-phosphotyrosine, anti-Gab-1, anti-EGFR, anti-p85, or anti-SHP-2
antibodies for 2 h at room temperature. After washing with TBS-T, blots were
incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h
at room temperature, and Enhanced Chemiluminescence was used for detection
of immunoreactive proteins.

Results

Uterine Gab-1 Activation During Various Stages of the Estrous Cycle. To
examine if there may be a physiological function for Gab-1 in uterine signaling,
uteri were collected from adult ovary-intact, cycling mice. As demonstrated in
Figure 1, activation of uterine Gab-1 (~115 kD), as identified through Gab-1
tyrosine phosphorylation, varied throughout the estrous cycle. Uterine Gab-1
activation was greatest during the late diestrus/early proestrus stages of the
cycle. During this time serum P levels are declining and levels are rising (7),
implicating P, or an appropriate ratio of the two hormones in the activation
of uterine Gab-1. Protein levels of Gab-1 remained constant across the different
stages of estrus.

Figure 1. Tyrosine phosphorylation
of uterine Gab-1 (Gab-1 p-Tyr) varies
throughout the mouse estrous cycle
indicating that optimal Gab-1
stimulation may have a specific
hormone requirement. D, diestrus;
M, metestrus; P, proestrus.

Ovarian Steroid Hormone Activation of Uterine Gab-1. To determine a role
for the ovarian steroid hormones in uterine Gab-1 activation, ovariectomized
mice were treated with vehicle, P, or Figure 2 shows that there was
minimal Gab-1-pY in samples from vehicle-treated animals. Gab-1
phosphorylation was increased by all steroid hormone treatments according to
the following hierarchy: treatment with the combination of
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P resulted in the greatest level of uterine Gab-1-pY/activation. Hormone
treatment did not alter Gab-1 protein levels.

The observation that each steroid hormone alone activated uterine Gab-
1 to a differing degree may indicate that different cellular pools of Gab-1 are
activated by the individual hormones. Alternatively, as Gab-1 has multiple
tyrosine residues available for phosphorylation (reviewed in 3), the individual
hormones may phosphorylate the same Gab-1 molecule but on tyrosine residues
that are distinct for that hormone. For example, E and P may stimulate different
RTKs that phosphorylate the same Gab-1 molecule on different tyrosine
residues, and, therefore, the extent of phosphorylation of the Gab-1 molecule
may vary with the nature of hormone treatment. Additionally, while E or P
alone may be able to stimulate the production of a ligand necessary for RTK-
stimulation of Gab-1, an appropriate ratio of the two hormones together may be
necessary for optimal production of such a ligand.

Figure 2. Stimulation of uterine
Gab-1-pY and signaling complexes
by ovarian steroid hormones. A
Stimulation of Gab-1-pY (Gab-1-

.

pY, top panel) and increase in the
amount of the p85 subunit of PI3-
kinase bound to Gab-1 (middle
panel); bottom panel demonstrates
the levels of Gab-1 protein. B.
Stimulation of Gab-1-pY (top panel)
and increase in the amount of SHP2
bound to Gab-1 (middle panel);
bottom panel demonstrates the
levels of Gab-1 protein.

In addition to activation of uterine Gab-1, ovarian steroid hormones
also stimulated the formation of Gab-1 signaling complexes. Both and
treatment resulted in an increase in the amount of the p85 subunit of PI3-kinase
bound to Gab-1 (Figure 2A). Only treatment stimulated formation of a
complex between Gab-1 and SHP-2 (Figure 2B). The formation of Gab-1/p85
and Gab-1/SHP-2 signaling complexes in response to steroid hormones indicates
that Gab-1 is actively participating in a signaling cascade in response to the
ovarian steroids, and that the signaling cascades involve PI3-kinase and SHP2.
This observation may be a further indication that multiple Gab-1-mediated
signals are elicited in the uterus by different ovarian steroids or that a
combination of the two steroids is obligatory for an optimal Gab-1 -mediated
signal. The interaction between Gab-1 and p85 is necessary for activation of the
PI3-kinase/Akt signaling pathway in response to many different stimuli, and the
production of PIP3 by activated PI3-kinase may function to create a positive
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feedback loop between Gab-1 and PI3-kinase activation, since PIP3 can bind to
Gab-1 to promote further PI3-kinase activation (reviewed in 3). Studies have
shown that the Gab-1/SHP2 interaction is important for activation of SHP2
phosphatase activity, which can lead to activation of MAP kinase and
subsequent MAP kinase-regulated cellular responses (reviewed in 3).

Other studies suggest that SHP-2 regulates the strength and duration of
Gab-1-associated PI3-kinase activity by dephosphorylating the p85 binding sites
of Gab-1 after EGF stimulation, preventing p85 from further binding to Gab-1
(8). Thus, another hypothesis is that E and P regulate competing signals, one
that stimulates a Gab-1/p85 interaction and another that serves to promote the
SHP-2 interaction and inhibit signaling from the Gab-1/p85 complex.

Growth Factor Activation of Gab-1. Levels of IGF-1 and several EGFR
ligands are increased in the uterus by and/or P (9, reviewed in 10, 11). To
investigate whether EGF or IGF-1 stimulates uterine Gab-1-pY, ovariectomized
adult mice were administered vehicle, EGF, or IGF-1. Figure 3 demonstrates
that EGF, but not IGF-1, stimulated uterine Gab-1-pY. This suggests that in the
uterus signaling through EGFR may contribute to the activation of Gab-1 and
formation of Gab-1 signaling complexes in response to ovarian steroids. This
particular experiment further indicates that IGF-1R signaling is not involved in
uterine Gab-1 signaling after ovarian steroid hormone action. Both EGFR and
IGF-1R were tyrosine phosphorylated after treatment with the respective
ligands, demonstrating that both growth factors appropriately stimulated their
cognate receptors (data not shown).

Figure 3. Growth factor-stimulated Gab-
1-pY. EGF but not IGF-1 stimulated
uterine Gab-1-pY(Gab-1 pY, top panel);
Gab-1 protein levels were not altered by
growth factor treatment (bottom panel).

Immunohistochemistry confirmed localization of Gab-1 in the uterine
luminal and glandular epithelium (Figure 4); Gab-1 immunoreactivity, however,
was not observed in the stroma or myometrium. When extracts of uterine
luminal epithelial cells were analyzed, an increase in EGFR-pY and Gab-1-pY
was observed in EGF-treated mice when compared to that of vehicle-treated
controls (data not shown). This suggests that Gab-1 is a substrate for activated
EGFR in the epithelium. In these and other experiments of the present study,
Gab-1 was not detected in EGFR immunoprecipitates, nor was EGFR detected
in Gab-1 immunoprecipitates.

The EGFR ligands EGF and are increased in the uterus by
(10-12), and amphiregulin mRNA is increased in the uterus by P (9). A role in
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uterine cell proliferation has been suggested for EGF (13), while it
has been hypothesized that and amphiregulin function during
implantation (9 and references therein). Furthermore, heparin binding-EGF
(HB-EGF) is another EGFR ligand that is regulated in the uterus by the ovarian
steroid hormones; treatment with E + P increases the level of HB-EGF in rodent
uterine stromal cells (14). The number of different EGFR ligands that are
stimulated in the uterus by ovarian steroids makes EGFR a good candidate for
investigation of an RTK pathway that mediates hormone-stimulated Gab-1
signaling this organ. Indeed, in many other cell systems EGFR has been
demonstrated to stimulate Gab-1 phosphorylation (3 and references therein).
Thus, as a specific role for Gab-1 in the uterus remains undefined, EGFR
continues to be a valid target for investigation in the activation of uterine Gab-1.

Figure 4. Immunolocalization of Gab-1 in the uterus. Gab-
1 immunoreactivity is observed in the luminal and glandular
epithelium.

Conclusions

The extent of uterine Gab-1-pY is dependent on the stage of the mouse estrous
cycle, with the greatest level of tyrosine phosphorylation observed during late
diestrus/early proestrus, suggesting that a kinase acting on the Gab-1 substrate is
regulated by ovarian steroid hormones. Consistent with such a role for ovarian
steroid hormones, alone or treatment of ovariectomized adult mice
stimulated uterine Gab-1-pY. Additionally, ovarian steroid treatment resulted in
the formation of Gab-1 signaling complexes containing p85 and/or SHP2,
indicating that and P stimulate active signaling cascades that utilize Gab-1.
Furthermore, EGF treatment resulted in Gab-1-pY, which may be indicative of a
possible role for EGFR signaling in uterine Gab-1 activation. The
phosphorylation of uterine Gab-1 in response to steroid hormones and EGF was
recapitulated in vitro in uterine endometrial cancer cells by EGFR ligands, as
well as by HGF (data not shown). HGF/Met signaling has been demonstrated to
promote proliferation, migration, and lumen formation of human endometrial
cells in vitro (15), providing another suitable candidate for a mediator of
and/or P-stimulated Gab-1 activation. Elucidation of the different signaling
pathways through which the ovarian steroid hormones exert their effects on the
uterus will serve to provide investigators with new pathways to target in the
development of endocrine and anti-hormone therapies.
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Endometrial Adenocarcinoma in
Syrian Hamsters Treated with
Diethylstilbestrol, Tamoxifen and
N-Ethyl-Nitrosourea
Jaime Ferrer, Faustino Pérez-Mínguez, Antonio Leal, Amando
Peydró, and Antonio Llombart-Bosch

Summary

The synthetic estrogen diethylstilbestrol (DES) causes marked
abnormalities in the female hamster genital tract, after either prenatal or
postnatal exposure, leading to endometrial hyperplasia and carcinoma.
Acting as an initiating event, DES altering uterine development may
facilitate the abnormal response of promoting agents. Tamoxifen (TAM)
is an antiestrogen that competes for central and peripheral estrogen
receptor TAM exerts agonistic effects on E-dependent
endometrial proliferation. N-ethyl-N-nitrosourea (ENU), a potent
mutagenic agent, induces tumors in a variety of organs, predominantly in
the peripheral nervous system. To test whether ENU and TAM treatment
in a model of hyperestrogenism, the histopathologic endometrial
alterations following exposure to DES, ENU and TAM (alone or in
combination) were analyzed in ovariectomized female Syrian hamsters.
Herein, the incidence and characteristics of the lesions found in the
endometrium, and the progressive transformation from early alterations to
malignant processes, are presented and discussed.

Introduction

The synthetic estrogen DES is a endocrine disruptor that causes marked
abnormalities in the female genital tract of the Syrian golden hamster (SGH), after
either prenatal or postnatal exposure (1,2), leading to endometrial hyperplasia and
carcinoma (3). Acting as an initiating event, DES alters uterine development and
may facilitate its abnormal response to promoting agents (4). DES-induced
epithelial changes have been linked to cell-specific imbalances in the expression of
cell proliferation oncogenes (c-jun, c-fos, c-myc) and apoptosis (bax, bcl-2, bcl-x)
(5).
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TAM is an antiestrogen that competes for central and peripheral
Used mainly as treatment of hormone-dependent human breast carcinomas, TAM
has agonistic effect on E-dependent endometrial proliferation (6). ENU, a potent
mutagenic agent, induces tumors in a variety of organs, predominantly in the
peripheral nervous system (7, 8). The aim of the present study was to evaluate the
effect of TAM and ENU in a DES-induced model of endometrial carcinoma.

Materials and Methods

Seven groups (n = 40, each) of 3.0-mo-old, ovariectomized female SGH, were
treated with DES, TAM, and ENU, either alone or in combination (Table 1). DES
pellets (25 mg) were implanted subcutaneously, every 3.0 mo. In a single dose,
TAM was administered orally at 4.0 mo (0.1 mg/8 g food); and ENU ip (20 mg/kg)
at 5.0 mo. Two groups, female intact and ovariectomized (ovx), of untreated, age-
matched SGH served as controls.

SGHs were euthanized at 7.0, 8.0, and 9.0 mo after treatment, and
subjected to macroscopic pathological examination. Tissues were harvested and
processed as previously described (9). Dissected and sectioned organs were fixed
in 10% buffered formalin, embedded in paraffin, and 3 to sections prepared
and stained with hematoxylin-eosin (HE). Uterine horns and cervix were also
serially sectioned. Statistical analysis was performed by means of test.

Results

Endometrial hyperplasia was observed in all SHGs treated with DES. It was more
frequent in SHGs treated with DES alone (group I, 69.2%) than in those receiving
DES + TAM (group IV, 55%), or DES + TAM + ENU (group VII, 23.8%).
Macroscopically, it consisted of swelling of one or both uterine horns, together with
an enlargement of the endometrium, that displayed a fleshy and cystic appearance.
Microscopically, hyperplasia disclosed an increased glandular/stromal ratio, with
medium- and large-sized glands with pseudostratified epithelium. Some apoptotic
figures were present, but the epithelial cells did not have nuclear atypia.
Hyperplasia can be subdivided into two types: simple, with a stromal enlargement
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that parallels that of glandular parenchyma, and cystic, in which large cysts and
papillary foldings are formed in endometrial glands, causing a marked thinning of
the intervening stroma (Figure 1). In the latter, microgland formation was visible
within the epithelium.

Simple hyperplasia appeared as an earlier lesion, since it was more
frequently detected in 7.0-mo treated SGHs. After later treatments, there were
many instances of cystic hyperplasia. Both hyperplasias were observed in pre and
and malignant lesions (see below).

Complex (atypical) hyperplasia was more frequent after TAM + ENU
(group VI) treatment than after DES alone (group 1), 25% vs. 17.8%, respectively,
although this difference was not statistically significant. The lowest frequency of
complex hyperplasia was found in after DES + TAM + ENU treatment (group VII).
Most of these lesions were diagnosed as truly malignant.

Figure 1. A. Endometrial cystic hyperplasia with dilated glands and thinned stroma.
Nuclear atypia was absent (HE, 100 x). B. Complex hyperplasia with architectural
disorganization and nuclear atypia. Proliferating glands did not invade the
surrounding stroma (HE, 400 x).

Complex hyperplasia was defined by the presence of architectural and
cytological atypia (Figure 1). It appeared in the context of cystic hyperplasia, where
some foci of increased glandular population were seen. These glands revealed
complex architectural features, with branching units, crowding and a relative loss of
their spatial orientation. The surrounding stroma was markedly diminished. The
hyperplastic glands were formed by a single layer of cells with enlarged nuclei, with
frequent loss of polarization and prominent nucleoli. A low number of mitotic
figures, some of them atypical, were observed. No stromal invasion was associated
with this kind of lesion. The stroma showed the usual cellular appearance of the
hyperplastic endometrium.

The highest frequency, 55%, of endometrial adenocarcinoma was detected
after DES + TAM + ENU treatment (group VII). This difference was statistically
significant compared to DES alone (group I, 12.5%), and DES + TAM (group IV,
18%) treatment groups. Endometrial adenocarcinoma appeared as unilateral or
bilateral enlargement of the uterus, which was more evident than that of the
hyperplasia. Carcinomas were fleshy, soft, reddish masses, often with hemorrhage
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and necrosis. Histologically, most of these
tumors were of endometrioid type, i.e., they
aberrantly replicate the endometrial
architecture, showing irregular glands,
cribiform areas, solid nests and chords that
infiltrated the surrounding stroma in a diffuse
manner (Figure 2). A minor proportion of the
tumors were predominantly of serous
(papillary) type, a pattern that in a small
number of tumors merged focally with that of
the endometrioid type. Squamous cell areas
were also seen in some tumors. Neoplastic
cells disclosed a variable degree of nuclear
atypia, ranging from round, non-polarized,

relatively uniform nuclei with small nucleoli, to pleomorphic, irregular nuclei with
clumped chromatin and prominent nucleoli. A high number of atypical mitoses
were noticed. Focally, some of the less well-differentiated tumors lost their
glandular configuration, and were arranged in a fascicular pattern with spindle cells
closely resembling those of a sarcoma. Glandular hyperplasia, whether cystic or
complex (atypical), was seen in the vicinity of some carcinomas. Occasionally,
atypical hyperplasia showed a direct transition to a more invasive, malignant lesion.

Figure 2. Irregular masses of
atypical, infiltrating glands
characteristic of endometrial
adenocarcinoma (HE, 200 x).

Conclusions

Sustained exposure to DES induces endometrial malignant transformation in ovx
female SGHs. Sequential histopathological events, from glandular hyperplasia and
cystic changes leading to atypical hyperplasia and adenocarcinoma, were observed
in this study. Combined treatment TAM + DES caused an increased incidence of
atypical hyperplasia and adenocarcinoma, although not statistically significant.
Simultaneous exposure to DES, TAM, and ENU resulted in the highest number of
malignancies, may be due to the carcinogenic potency of ENU.
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Hormonal Regulation of ZEB-1
and Implication for Progression of
Human Reproductive Cancers
Bynthia M. Anose, Michael P. Linnes, and Michel M. Sanders

Summary

The human Zinc finger E-box Binding (ZEB)-1 protein belongs to a family
of transcription factors involved in critical developmental processes. Yet
little is known of the mechanisms by which ZEB-1 is regulated. Our lab
has recently demonstrated that the expression of ZEB-1 is induced by
estrogen (E) in the ovarian cancer cell line Ov266 and that it is regulated
by dihydrotestosterone (DHT) in the human PC-3/AR prostate carcinoma
cell line. Interestingly, a dose-response assay indicates the expression of
ZEB-1 is induced by 5 nM DHT and repressed at higher dosages. Cloning
and analysis of approximately 1000 bp upstream of the translation start
site of hZEB-1 revealed a number of putative E and androgen (A)
response elements. Transient transfection assays indicate that this region is
sufficient to confer responsiveness to both steroids. To determine whether
expression of ZEB-1 could serve as a marker of tumor progression, real-
time PCR (rtPCR) assays were performed on staged human reproductive
carcinomas. Preliminary results indicate that expression of ZEB-1
increases as the normal ovary transforms to a primary carcinoma and
continues to increase as the cancer progresses to an invasive and finally a
metastatic state. There is an approximate 12-fold elevation in the
expression of ZEB-1 in metastatic ovarian carcinoma relative to its
expression in in situ cancers. rtPCR is currently being utilized to
investigate the potential changes in ZEB-1 expression in breast and
prostate cancer during the progression of these diseases. These data raise
the possibility that overexpression of ZEB-1 contributes to the progression
of reproductive carcinomas.

Introduction

Nuclear receptors (NR) comprise a large family of ligand-activated transcription
factors known as the steroid hormone receptor superfamily; this is the largest
eukaryotic family of transcription factors (1). The ability of these factors to
influence gene transcription and other downstream events relies on the binding of
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their cognate ligands, the steroid hormones (2). Steroids facilitate the changes in
conformation and dissociation of chaperone proteins from the NR that allow it to
bind its respective hormone response element (HRE). The resultant changes in gene
expression lead to varied and important physiological consequences.

Although considerable information is known about how NR regulate
transcription, relatively little is known about the transcriptional cascades that they
activate in vertebrates. Interestingly, we have found that E (3) and A (B.M. Anose
and M.M. Sanders, unpublished) induce the (ZEB-1) transcription
factor. This establishes a novel signaling cascade for these steroids. ZEB-1 is
ubiquitously expressed and is required for mesodermal development (4, 5).
Homologues of this important transcription factor have been cloned in many
species: mouse, Drosophila, rat, hamster (6-10). Of particular interest is the
observation that it can both repress (11-16) and activate transcription (3, 17).
Understanding the actions of ZEB-1 has been complicated by the presence of a
second family member, SIP1 or ZEB-2 (18 and references therein).

ZEB-1 is 1114 amino acids long, and it contains numerous functional
domains that are reminiscent of classical transcriptional regulators (Fig. 1). The 7
zinc fingers are of particular note because of their potential roles in determining
whether ZEB-1 activates or represses transcription on a specific target gene.

Figure 1. Human Zuinc finger E-box Binding (ZEB)-1 protein contains 1114 amino
acids. It is a typical zinc finger homeodomain protein containing two sets of
Krüppel-type zinc fingers and a central homeodomain.

Materials and Methods

Transient Transfections. The PC-3/AR prostatic carcinoma cell line (kindly
provided by K. Burnstein) was cultured as described (19). Transfections were
carried out with Lipofectamine 2000 reagent (Invitrogen 2003) per the
manufacturer’s protocol. 6 hours post-transfection, steroid treatments were
administered. The ovarian carcinoma cell line Ov266 (kindly provided by K. Kalli)
was maintained as described (20). Transfections were carried out by electroporation
in phenol red-free media containing the appropriate steroids. After 24 h, both cell
lines were harvested. assays were performed on total cell lysates
with detection by luminometer, measuring 1sec/tube.
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Real-Time RT PCR. Snap-frozen biopsy tissue samples were obtained through the
University of Minnesota Cancer Center Tissue Procurement Facility (TPF) and the
Cooperative Human Tissue Network (CHTN). Total RNA was harvested from each
sample using the RNeAsy Extraction kit (Qiagen 2003) per the manufacturer’s
protocol. RNA aliquots were reverse transcribed to create template cDNAs.

of each reaction was transferred to a S YBR Green rtPCR reaction and run on the
iCycler machine (BioRad) using primers specific to human ZEB-1.

Results

Regulation of the hZEB-1 Promoter by Sex Steroids. Approximately 1 kb of the
human ZEB-1 5’-flanking region was cloned by us from human genomic DNA by
PCR and subcloned into the pBlueTOPO vector (Invitrogen). This construct was
named pBlueZEB974. To test the responsiveness of this DNA region to A, transient
transfections were carried out in the PC-3/AR prostate carcinoma cell line, and the
cells were treated with 100 nM DHT for 24 h prior to harvesting for analysis of

expression. The high, constitutive expression of  from
the control plasmid confirms that the transfections were
performed successfully. The highly inducible expression of the pMMTV-LacZ
plasmid confirms the cells are A-responsive. Interestingly, 100 nM DHT represses
expression of the ZEB-1 construct by 10-fold.

Figure 2. The PC-3/AR
A-responsive prostate cell
line was transiently
transfected with 3 LacZ
reporter plasmids:
pBlueZEB974, which
contains 974 bp of the
hZEB-1 5’-flanking region,
pMMTV-LacZ which is an
A-responsive control, or
with
which is a transfection
control. The cells were
then treated with 100 nM
DHT for 24 h.

Similarly, the E-responsive Ov266 ovarian carcinoma cell line was
transfected with pBlueZEB974, and an estrogen-inducible
reporter construct (Fig. 3). The cells were treated with 100 nM
for 24 h and processed as the PC-3/AR cells. In contrast to the effects of A in the
PC-3/AR cells, pBlueZEB974 was induced about 5-fold by E in the Ov266 cells.
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Figure 3. Ov266 cells were transiently transfected with pBlueZEB974, pGL3-900
(an E-responsive positive control), or The cells were treated
with 100 nM for 24 h.

Expression of hZEB-1 in Human Reproductive Carcinomas. To investigate the
possibility that hZEB-1 may be involved in the etiology of cancers in sex steroid-
responsive organs, the expression patterns of ZEB-1 in staged human ovarian and
prostate carcinomas was studied. RNA was harvested from human biopsy samples
and subjected to rtPCR. Based on the threshold crossing values it appears that
hZEB-1 expression does indeed increase during ovarian cancer progression (Fig. 4).
Specifically, its expression in invasive carcinoma is 2-fold higher than its
expression in in situ carcinoma, and its expression in metastatic carcinoma is 6-fold
higher than in invasive carcinoma. Therefore, ZEB-1 expression overall increases
approximately 12-fold as a primary ovarian cancer progresses to a metastatic state.

ZEB-1 resides at chromosomal location 10p11.2-p12, which is associated
with some prostate cancers. Additionally, human RNA master blots reveal high
expression of ZEB-1 in the prostate gland. This suggests, in conjunction with our
observation that ZEB-1 is regulated by A, a potential role for ZEB-1 in prostate
cancer. To study this possibility, human prostate samples were obtained from the
CHTN. Thus, far only 2 samples have been obtained and neither contains
carcinoma. Analysis of these samples indicates that the expression of hZEB-1 is
very similar in the normal prostate and in benign prostatic hyperplasia.
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Figure 4. rtPCR
was used to

sensitively
measure

expression levels
of hZEB-1 mRNA
in ovarian biopsy
tissues. A. In
normal ovary,

hZEB-1
expression levels
are low, nearly
undetectable N = 4
B. In primary in

situ ovarian
carcinoma, hZEB-
1 expression is

heterogeneous,
with some samples
having high and
some very low
levels. N = 12 C.
In invasive ovarian
carcinoma, hZEB-
1 expression levels
are approximately
2-fold higher than
those in the in situ
carcinomas. N = 2
D. In metastatic
ovarian carcinoma,

hZEB-1
expression levels
are approximately
6-fold higher than
those in invasive
carcinomas, and
12-fold higher than
those in the
primary in situ
carcinomas. N=3
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Figure 5. rtPCR was used
to sensitively measure
expression of hZEB-1
mRNA in prostate biopsy
tissues. hZEB-1 expression
is nearly identical in
normal prostate and benign
prostatic hyperplasia. N =
2

Discussion

Steroid hormones influence or control a large number of molecular pathways, and
they induce an array of physiological responses in both healthy and disease states.
The data presented here demonstrate that human ZEB-1 is a steroid hormone target
gene. It is regulated by both A and E, in a dose-dependent manner. Recent dose-
response assays (data not shown) demonstrate that the expression from
pBlueZEB974 is actually induced at lower concentrations of DHT (1-5 nM) and
repressed at doses from 7-100 nM DHT. Thus, it appears the hZEB-1 promoter may
be exquisitely regulated by DHT in a highly sensitive manner.

Interestingly, expression of ZEB-1 appears to increase as the normal ovary
transforms to a primary carcinoma, and continues to increase as the cancer
progresses to an invasive and finally a metastatic state. Its expression is unchanged
in early stages of prostate cancer but has recently been correlated with progression
of these cancers to the metastatic state (B.M. Anose and M.M. Sanders,
unpublished). Thus, ZEB-1 is a molecular link between steroid hormones and the
progression of various human reproductive cancers.
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Evaluation of Messenger RNA of
Pituitary Tumour-transforming
Gene-1 (PTTG1) as a Molecular
Marker for Micrometastasis
Manuel Valladares Ayerbes, Lourdes Calvo, Guillermo Alonso,
Pilar Iglesias, Maria J Lorenzo, Inmaculada Brandón, Mar Haz,
Marga Reboredo, Silvia Antolín, and Luis Antón Aparicio

Summary

Pituitary tumor-transforming gene-1 (PTTG1) has been implicated as an
inhibitor of chromatid separation; its overexpression may lead to
chromosomal instability. PTTG1 functions through SH3-mediated signal
transduction pathways and activation of growth factors, including basic
fibroblast growth factor (bFGF) mediated-angiogenesis. In order to detect
micrometastasis in solid tumor patients, we developed a model system
based on reverse transcriptase (RT)-PCR amplification of PTTG1 mRNA.
We analyzed PTTG 1 expression, using RT-PCR, in a panel of human
tumors cell-lines (hTCL), including breast, gastrointestinal, small-cell lung
cancer, and haematopoietic neoplasms. In addition, to newly hTCL
established in our laboratory were investigated: Pancreatic, MBQ-OJC1.
Small cell lung carcinoma, JCA-OJC3. Colon, JJPF-OJC4. Specific
amplicon for PTTG1 was confirmed by RT-PCR in all the hTCL tested.
In breast cell lines expression for PTTG 1-mRNA was not related to
invasiveness, tumorogenicity, or estrogen receptor status. PTTG 1 -
mRNA was examined by PCR amplification of cDNA obtained from
normal lymph nodes, bone marrow, and peripheral blood (cellular and
plasmatic mRNA). Using a hot-start PCR and different amounts of input
RNA, PTTG1 transcript was detected in control bone marrow but not on
lymph nodes. PTTG 1 -mRNA was detected in peripheral blood from 4/14
healthy donors analyzed. Our data confirms that PTTG1 is abundantly
expressed in human tumors of different histologic types. PTTG1
qualitative mRNA detection may be useful as a surrogate molecular
marker for angiogenic phenotype and invasive tumor, however, it is not
useful as a micrometastasis marker due to its transcription in normal bone
marrow and peripheral blood.
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Introduction

Tumor-cell dissemination and metastasis are complex processes whose outcome
depends upon cancer cells properties and host-tumor interactions. Metastatic
phenotype included activation of growth factors signaling pathways, differentiation,
de-regulated adhesion, epithelial-mesenchymal transition, invasiveness, and
angiogenesis. Experimental studies suggest that few isolated cancer cells detected in
blood and distant sites may begin to grow, and only scarce micrometastasis may
persist to form clinical significant metastases (1). Markers that are associated with
metastatic phenotype would be useful for detection and characterization of isolated
micrometastatic carcinoma cells. These biological markers may turn to be reliable
predictors of subsequent metastasis development.

PTTG1 (also known as securin and tumor transforming protein 1 gene) has
been implicated as an inhibitor of chromatid separation; its overexpression may lead
to chromosomal instability. PTTG1 functions through SH3-mediated signal
transduction pathway. Northern blot analysis from various normal human tissues
revealed no mRNA PTTG1 expression in most of them, including peripheral blood
leukocytes (2). PTTG induces an angiogenic phenotype in both in-vitro and in-vivo
models. Also, a high PTTG mRNA expression is associated with an angiogenic
phenotype in human tumors (3). These actions may be mediated through bFGF.

In order to detect micrometastasis in solid tumor patients, we have
developed a model system based on RT-PCR amplification of PTTG 1 mRNA. A
panel of hTCL, as a surrogate model, were used, including three new hTCL
developed in our laboratory. Specificity of the PTTG 1-mRNA assay was also
examined by PCR amplification of cDNA obtained from normal lymph nodes, bone
marrow (BM), and peripheral blood (PB).

Materials and Methods

Cell Lines. A total of 20 cancer cell lines were used in this study, including: Breast
cancer, MCF-7, MDA-MB468, T47D, BT-549, PM1. Colorectal cancer, Gp5d,
LoVo, DLD1, LS513, HT29, JJPF-OJC4. Gastroesophageal adenocarcinoma,
OE19. Pancreatic carcinoma, MBQ-OJC1. Small cell lung cancer, H146, DMS92,
JCA-OJC3. Hepatocellular cancer, HepG2. Haematopoietic neoplasm, KG-1, K562,
Jurkat. All cell lines were maintained in RPMI-1640 medium supplemented with
fetal calf serum, L-glutamine, penicillin, streptomycin and amphotericin at 37°C in
5% Cells from adherent cultures were recovered with trypsin-EDTA or non-
enzymatic cell dissociating reagent. Cell pellets from suspension cultures were
obtained. Characteristics of the hTCL MBQ-OJC1, JCA-OJC3, and JJPF-OJC4
developed in our laboratory were shown (Table 1).

RNA Extraction and RT-PCR. Purification of RNA from cell cultures was
performed with High Pure RNA Isolation Kit (Roche) as suggested by the
manufacturer. From each cell line, at 50-70 % confluence, cells were obtained
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for RNA isolation. Total RNA was treated with DNase I. The RT was performed
from aliquots of total cellular RNA using strand cDNA synthesis kit
(Roche). cDNA synthesis was carried out in a final volume of with random
hexamer, dNTPs (20nM each), buffer, 25 units RNAse inhibitor, and 40 units Avian
myeloblastosis virus reverse transcriptase (AMV), at 42°C for 60 min. Aliquots

of the strand cDNA were amplified using PCR master (Roche) in a total
volume of Termocycling profile: Denaturation 94°C, 2 min, and 35 cycles of
30 s at 94°C, 60 s at 60°C, 45 s at 72°C, and 7 min at 72°C as final elongation. PCR
products were electrophoresed through 2% agarose gel and stained with ethidium
bromide. microglobulin served as positive control target. Negative controls
were included in each experiment. Specific primers are also shown (Table 2).

Analysis of PTTG1 Expression in Normal Human Tissues. Nucleic acids
isolated from human normal BM and lymph nodes were purchased from BD
Biosciences–Clontech and examined by RT-PCR for PTTG1 mRNA expression.
Total RNA was derived from pooled Normal Human BM. cDNA synthesis was
carried out as described using different amounts of RNA cDNA were
synthesized from from human normal lump nodes pooled from 34
male/female Caucasians. PCR amplification of cDNA (up to for lymp nodes)
was analyzed as described. Blood samples (3-5 ml) were collected from healthy
donor volunteers (n = 14) in EDTA tubes. Samples were lized in less than 1 h in
stabilization reagent (Roche) without cell and plasma separation. The mixtures were
stored at –20°C until mRNA extraction. Isolation reagent for blood and BM
(Roche) was used for cellular and plasmatic mRNA extraction. Complementary
DNA was generated with AMV according strand cDNA synthesis kit. PCR
amplification was performed using “hot start” PCR (5) with AmpliWax (Perkin-
Elmer) and Taq DNA Polymerase (Roche).
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DNA Sequencing. PCR products were used as template DNA. Products were
purified by enzymatic method (ExoSAP-It, Amersham USB). DNA sequencing was
performed in a reference facility on ABI 3700 (Applied Biosystems) using Big Dye
Terminators. Sense human PTTG1-specific primer (5’-
CGATGCCCCACCAGCCTTACC-3’) was used.

Results

RT-PCR revealed PTTG1 expression in both hormone-related and unrelated cancer
models. A specific 316-bp product for PTTG1 was demonstrated in all the human
tumor cell lines tested (Figure 1). In breast cancer cell lines (6) expression for
PTTG1 -mRNA was not related to highly invasive ability (BT-549), tumorogenicity
(T47D, MDA-468), or positive status (MCF-7, T47D, PM1).

Figure 1. PTTG1 mRNA
expression in human tumor cell
lines. Molecular weight markers VI
and VIII (Roche). Lanes 1 to 3,
negative controls; Lane 4, KG1;
Lane 5, K562; Lane 6, Jurkat; Lane
7, DLD1; Lane 8, LS513; Lane 9,
MBQ-OJC1; Lane 10, HepG2;
Lane11, BT549; Lane 12, MCF7.

DNA sequencing of PCR products obtained from cell lines JJPF-OJC4 and
JCA-OJC3 were performed. A BLAST search confirmed a 98 and 99 % identity
between the input sequence from JJPF-OJC4 and JCA-OJC3, respectively, and the
data base sequence for human PTTG-1. Specificity (Table 3) of the PTTG1-mRNA
assay was examined by PCR amplification of cDNA obtained from normal lymph
nodes, BM, and peripheral blood (cellular and plasmatic mRNA).The PTTG1
transcript was not detected in control lymph nodes (n = 34), using 500 and 800 ng
of LN-derived cDNA for PCR amplification.
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A semi-quantitative approach to evaluate the expression for PTTG-1 in
BM was used. Total RNA was derived from two lots of pooled normal human
blood marrow (male/female; Lot 1, n = 83 and Lot 2, n = 36). PCR amplification
was performed using Ampliwax and “hot start” PCR. Different amounts of input
RNA from Lot 1 were used for reverse transcription and a constant fraction (25%)
of the cDNA was amplified subsequently in the PCR. Expression for PTTG1 was
demonstrated with input RNA ranged from 600 to 2000 nanograms.

Figure 2. Specificity of PTTG1 mRNA
analysis. Low level of PTTG 1 mRNA
expression (Lane 4) in blood from two
healthy controls (A and B). Lane 1,

Lanes 2 and 3, negative
results for epidermal growth factor
receptor mRNA and cytokeratin 20
mRNA, respectively. MW Marker VIII
(Roche).

PTTGl-mRNA was detected in peripheral blood in 4/14 healthy donors
analyzed. Mean mRNA concentration was similar (165 ng ± 111.8, sd) in both
positive and negative samples (p = NS, parametric and nonparametric test) (Figure
2). PCR and PTTG1-specific primers amplified different amounts of cDNA
obtained after reverse transcription of pooled BM-derived RNA of lot 2. No
PTTG1 expression was detected with cDNA ranged from 600 to 2000 ng (Figure
3).



Evaluation of PTTG1 as a Molecular Marker for Micrometastasis 467

Figure 3. PCR and PTTG1-specific primers amplified different amounts of cDNA
of pooled BM-derived RNA (n = 36). Lanes 1-5: Negative controls. Lanes 6 and
11: (cDNA = 600 ng). Lanes 7-10: No PTTG1 expression was
detected in BM, cDNA ranged from 600 ng. (Lane 7, 800 ng; Lane 8, Lane 9-
10, Lanes 12-15: PTTG1 expression in colon cancer cell-line JJPF-OJC4
with cDNA. (Lane 12, 600 ng; Lane 13, 800 ng; Lane 14, Lane 15, MW
Marker VI/VIII (Roche).
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Presence of CCK-B Receptor
mRNA in Human Functionless
Pituitary Tumors
Eftychia Oikonomou, Alison Whitehouse, Rosalind Mitchell, and
Eric F. Adams

Summary

Cholecystokinin (CCK) is a peptide found widely distributed throughout
the gut and nervous systems. There is growing evidence that it affects
growth and differentiation of several types of cell, including anterior
pituitary cells, via two receptor subtypes, A and B. An autocrine/paracrine
role for CCK in rat pituitary tumor cells has been reported. Herein,
we demonstrate that functionless human pituitary tumors also possess
CCK-B receptors. Total RNA was extracted from 30 human functionless
pituitary tumors, reverse transcribed into cDNA, and subjected to PCR
using primers specific for CCK-A and CCK-B receptors. The primers
were targeted against different exons of the receptor genes, allowing
identification of cDNA amplification. PCR bands of the predicted length
were observed in all tumors using CCK-B receptor primers. Restriction
digestion and direct sequence analysis of the products provided further
evidence that they represented CCK-B receptor mRNA. CCK-A receptor
mRNA was not detected by this RT-PCR analysis. In culture, CCK and
CCK octapeptide sulphate powerfully stimulated phosphatidylinositol
hydrolysis, providing evidence for functional activity of the CCK-B
receptors. Similar analyses on pituitary-derived fibroblasts yielded
negative results, indicating that the CCK-B receptor mRNA was expressed
by tumors cells. These results suggest a role for CCK in the development
of human functionless pituitary tumors.

Introduction

CCK is a member of the brain-gut peptide family. In the central nervous system
(CNS), CCK is an abundant neurotransmitter, especially in the cerebral cortex and
hippocampus. However, its functional significance is partially understood. The
different molecular forms of amidated CCK found in tissues are different on the
species and the tissue specific heterogeneity. The brain specializes in producing the
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small forms, such as CCK-8, while the intestine produces larger forms like CCK-58,
33, and 22. Even though all these forms contain CCK-8 amide and share the same
biological activity, they differ in their amino terminal extension (1).

Molecular studies have identified two members of the CCK receptor
family, the peripheral CCK-A type and the central CCK-B/gastrin type receptors
(classification decreed by the IUPHAR Committee on Receptor Nomenclature and
Drug Classification X111th International Congress of Pharmacology, Munich, July
1998). Signal transduction at CCK-A receptors has been well characterized and
receptor activation is coupled via guanine nucleotide binding protein to intracellular

mobilization, and phosphatidylinositol (PI) hydrolysis, which may ultimately
result in secretion such as the amylase release observed in pancreatic acinar cells
(2). In addition, CCK-A receptors are known to undergo desensitization in
response to agonists. Desensitization of G-protein coupled receptors seems to be
associated with phosphorylation of the receptor at serine and threonine residues (3).

In contrast, CCK-B receptor have not been as widely characterized, and
the transduction is less well-established, although a number of recent reports
suggest activation of the phospholipase C specific for polyphosphoinositides,
thereby generating inositol 1,4,5-trisphosphate as above, which in turn
releases intracellular and diacylglycerol. Because diacylglycerol activates
protein kinase C (PKC), this signal transduction process might be responsible for
desensitization of the function of CCK-B receptors (3). More recent results
reported on CCK-B-mediated intracellular increases in cells (2). Past
studies, where the CCK-B receptor was cloned from human brain, revealed a one
potential site for PKC phosphorylation in the intracellular loop of its amino acid
sequence (3). In addition, GTP and its analogues inhibited radiolabeled CCK-8
binding to Gh3 cell membranes, suggesting a coupling of CCK-B receptor to a G-
protein (4).

CCK has been identified in both pituitary and hypothalamus where a
modulator role of CCK is implicated in control of pituitary hormone secretion, with
CCK stimulating secretion of a variety of hormones in both in-vitro and in-vivo
studies (2). It has been previously shown that the pituitary tumor cell line
expresses a single population of functionally coupled CCK-B receptors, which
stimulate intracellular mobilization and PI turnover (5, 3). Based on these
data, studies regarding the proliferative effects of these peptides on mitogenesis in
the pituitary tumor cell line demonstrated that CCK acts as proliferative agent
for pituitary cells. The proliferative potencies were consistent with their CCK-
B receptor binding affinities, with CCK octapeptide sulphate (CCK-8s) being the
most potent agonist, indicating that the effects were mediated via G-protein coupled
CCK-B receptors (5). Furthermore, there is some evidence that it may be involved
in the hypothalamic-pituitary-adrenal (HPA) axis (6). The present studies were
therefore designed to investigate whether human functionless pituitary tumours may
also possess CCK-R and, if so, whether CCK peptides can influence
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Materials and Methods

Reverse Transcription Polymerase Chain Reaction (RT-PCR). An
autocrine/paracrine role for CCK in rat pituitary tumor cells has been reported
via the CCK-B receptor subtype. To examine the suggested presence of the CCK-B
and the possible involvement of the CCK-A receptor subtypes on human pituitary
adenomas, total RNA was extracted from 30 human functionless pituitary tumours
(specimens originated from Queen Elizabeth Medical Centre, University of
Birmingham, UK), reverse transcribed into cDNA, and subjected to PCR using
primers specific for CCK-A and CCK-B receptors. The primers were targeted
against different exons of the receptor genes, allowing identification of cDNA
amplification. The primers for CCK-A were designed to yield a PCR product of
278 bp in length, which was cut into two fragments of 46 and 232 bp by restriction
digestion with HinfI. The primers for CCK-B were designed to yield a PCR
product of 309 bp in length, which was cut by PstI into three fragments of 12,129,
and 168 bp. For the full analysis, RT-PCR products were salt-ethanol precipitated
and run on 1% agarose gels from which the DNA bands were excised and purified
with Qiaex gel extraction kit. Purified PCR DNAs were digested overnight at 37°C
with an excess of respective enzymes, and the cut and uncut PCR DNAs were
resolved on a 2% agarose gel. DNA bands were visualized under UV light.

Cell Culture: Phosphatidylinositol (PI) Turnover. At surgery, a portion of each
pituitary adenoma was placed into culture medium, transported to the laboratory,
and processed for cell culture. After dispersion of the pituitary tissue with
collagenase, the cells were seeded into glass culture tubes. The pituitary cells were
allowed to equilibrate and attach during the following 24 h, after which analyses
were conducted. PPI hydrolysis was assessed by measuring accumulation of
IPs in the presence of 10 mM LiCl. After 24 h seeding, cells were incubated in the
presence of myo-inositiol for 24 h at 37°C. The radiolabel was added at a
concentration of  in 1ml of fresh medium. After 24 h, cells were washed
twice with 2 ml of serum free medium (SFM), incubated at 37°C for 2 h in SFM
containing cold inositol, LiCl, and the agonists. Both CCK-33 and CCK-8s
peptides were tested. Following aspiration of test medium, release of accumulated
IPs was achieved by cell incubation of the cells with 1 ml of 3.3% perchloric acid at
4°C for 20 min. The perchloric acid extracts were neutralized with 10 M
KOH, and the aqueous phase chromatographed on 1 ml Dowex anionic exchange
columns suspended in water. Columns were washed in a stepwise manner, first with
0.1M formic acid to remove contaminants, then with 1 M formic acid, and

Aliquots (0.4 ml) were mixed with 15 ml of scintillation fluid and counted.
The cell membranes were dissolved in 1 M NaOH, and subsequently neutralized
with 1 M HCl. Aliquots (0.4 ml) were mixed with 15 ml of scintillation fluid and
counted. Results represent the amount of radioactivity in the aqueous phase as a %
of total radioactivity (membranes plus aqueous).
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Results

RT-PCR/Restriction Digestion. PCR bands of the predicted length were observed
in all tumors using CCK-B receptor primers (Figure 1 A). After digestion with PstI,
the predicted band pattern was obtained, providing strong evidence that the RT-
PCR DNAs represented CCK-B receptor (Figure 1B). Similar analyses on pituitary-
derived fibroblasts yielded negative results, indicating that the CCK-B receptor
mRNA was only expressed by tumors cells (data not shown).

Figure 1. A. An agarose gel electrophoresis separation of PCR product of CCK-B
receptor mRNA in human pituitary adenomas. The size of the amplified PCR band
was 309 bp. B: An agarose gel electrophoresis separation of uncut and cut PCR
DNAs of CCK-B receptor mRNA in human pituitary adenomas by PstI. PstI cuts
twice at position 12 and 141 (CTGCA/G) and gave rise to three pieces of 12, 129,
and 168 bp.

Cell Culture: Phosphatidylinositol (PI) Hydrolysis. The responses to two CCK
receptor agonists were examined. Both non-selective agonists CCK-8s (1 nm to 100
nM) and CCK-33 (2 to 200 nM) produced dose/dependent increase in PPI turnover,
providing evidence for functional activity of the CCK-B receptors (Figure 2).

Discussion

Previous studies have indicated that activation of the CCK-B receptor on rat
pituitary tumor cells leads to mobilization in association with stimulation of PI
turnover and production (7). The present findings are consistent with these
studies and show that human functionless pituitary tumors cells also possess
biologically active CCK-B receptors. Moreover, using reverse transcription
followed by restriction digestion, we have demonstrated that functionless human
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pituitary tumors express CCK-B receptor mRNA but not CCK-A receptor. Taken
together, these data correlate with previous findings that suggest cells express a
single class of high-affinity binding sites for radiolabeled CCK-8 with a Kd of 48
pM. The binding sites had high affinity for CCK-8 and CCK-B antagonists, but low
affinity for CCK-A antagonists, indicating that the binding sites are for CCK-B
receptors (4).

Figure 2. Agonist induced increase in PPI turnover in human pituitary tumor cells
in a dose dependant manner after 6.0-h incubations. Mean values of all triplicate
results obtained for each dosage are presented. Results are shown as number of
cells per flask The bars represent the mean ± SD.

The role of IPs as intracellular second messengers is well established, with
activation of cell surface receptors, promoting hydrolysis of membrane-bound PI
4,5-bisphosphate to generate and diacylglycerol. The former mobilizes
from intracellular stores, and the latter can activates the PKC enzyme family,
bringing about protein phosphorylation. Many other IPs have been identified
although their precise roles are still under investigation. In the present study, we
have examined CCK-B receptor signal transduction. The results suggest that PI
turnover is not a signaling mechanism exclusive to CCK-A receptors and
demonstrate that CCK-B receptors on cells extracted from human pituitary
adenomas are part of the family of receptors which employ IPs in cell signaling (2).

With respect to desensitization of CCK-B receptors in cells, it has
been reported that they show both homologous and heterologous desensitization.
The initial exposure to CCK-8 reduced the responsiveness to the second exposure to
CCK-8, leading to the conclusion that desensitization of the CCK-B receptors is
mediated by some intracellular messengers (3). The fact that a supramaximal
decline in response was consistently observed in agonist dose/response curves at
high concentrations suggests that it may be desensitization. Some recent studies
have shown evidence that PI hydrolysis is biphasic with a faster initial rate during
the first 30 sec of agonist exposure, and with a subsequent rate reduction afterwards,
indicating a possible mediation by rapid receptor phosphorylation. Evidence
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suggests that CCK receptors undergo rapid but partial desensitization through
phosphorylation in a concentration–dependent manner in response to agonists (8).
In addition, Li suppresses the supply of free inositol for PI resynthesis, which may
result in a stimulus-dependent desensitization of the agonist effects (8). It is
possible that similar desensitization mechanisms are present in human functionless
pituitary tumor cells, although further confirmation studies are required.

The role of CCK-B receptors in pituitary cell function remains to be
determined. However, there is considerable evidence that CCK receptors are
coupled to a mitogenic response (5). In addition, PI hydrolysis is coupled to
hormone secretion (9, 10), and thus it is conceivable that CCK may modulate the
effects of hypothalamic releasing and inhibiting factors. These two observations
together with the present findings raise the possibility that CCK may play a role in
human pituitary tumorigenesis.

Conclusions

The data presented demonstrate that human functionless pituitary tumors express
biologically active CCK-B receptors which are coupled to the PPI second
messenger system as shown by stimulation by CCK peptides of  production. As
such, these results suggest that there may be a role for CCK in the development of
human functionless pituitary tumors. However, the type and size of stimulus
required to initiate mitogenesis in a particular cell strongly depends on the
combination of other factors, which may be present in the extracellular
environment. Thus, further work is required to confirm the mitogenic effects of
CCK peptides on human pituitary cells and to determine which type of interaction
CCK may have with other factors (i.e., hypothalamic factors) involved in pituitary
cell function.
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Estrogen-Induced Mutations and
Its Role in the Development of
Tumorigenesis
Kamleshwar P. Singh, Jose Antonio López-Guerrero, Antonio
Llombart-Bosch, and Deodutta Roy

Summary

Using RAPD-PCR fingerprinting, the detection of mutations induced by
estrogen (E) exposure was studied in nonmalignant- and malignant cells.
Cells exposed to diethylstilbestrol, bisphenol A,
and induced mutations in different regions of the genome.
They consisted of insertion/deletion as a result of point or length mutations
and quantitative changes as a result of hypoploidy or polyploidy. We also
detected several mutated loci in tumor-free tissues, adjacent to tumors, and
DES-induced tumors. The data suggest that these mutations occurred in
early stages of stilbene E-induced renal carcinogenesis, and that they may
be induced as a result of stilbene E treatment.

Introduction

Chronic exposure to estrogen (E) induces carcinogenesos in some animal systems
(1-3). Target candidate regions of the genomes susceptible to mutations in response
to or diethylstilbestrol (DES) exposure are yet to be identified.
Several PCR-based methods, Random Amplified Polymorphic DNA (RAPD),
multiplex PCR, Single Strand Confirmation Polymorphism (SSCP), and Short
Tandem Repeats (STR), have been used to detect mutations. These methods,
except for AP-PCR/ RAPD, detect mutations using a known gene sequences as
primers for amplification. Morover, they exclude the possibility of detecting
mutations in unknown/novel genes(s) involved in tumorigenesis. RAPD uses an
arbitrarily chosen oligonucleotide primer for the amplification of genomic DNA or
cDNA fragments (4). In this study, we used RAPD/AP-PCR fingerprinting to
detect mutations induced by E exposure in normal and malignant cells.

Materials and Methods

Syrian hamsters (6-8 weeks old) were divided into two groups. The control group
(n = 6) received SC implants of 25 mg cholesterol pellets, and the treated group (n
= 19) DES pellets every 3.0 mo (2, 3) in combination with ethylnitrosorea (ENU)
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(3). For screening the mutagenic potential of Es, the mouse Leydig TM3 cells
(ATCC) were treated with 100 ng/ml of and DES, bisphenol A,

or the vehicle (ethanol). After 72 hs of treatment, the cells were collected
and genomic DNA was extracted. Sets of twenty OPA, OPC, OPK, OPE, OPAA
and OP-26 oligonucleotide random 10-mer primers were from Operon
Technologies, Alameda, CA. RAPD-PCR was performed as previously described
by us (4).

Results and Discussion

Representative RAPD-PCR DNA fingerprints for TM3 cells treated with and
DES, bisphenol A, or vehicle (ethanol) are shown in Figure 1.

Figure 1. Representative RAPD fingerprints generated by primers OPA 17, OPC 14,
and OPE 26-2 depicting mutations induced by Es: DES, and bisphenolA,
and zearalanol) in the genome of Leydig cells. Arrows indicate the insertion,
deletion, or intensity differences in amplification products and their sizes.

Insertions of a 590 bp DNA fragment amplified with primer OPA 17
(asterisk in left panel of Figures 1, lane 2) and a 650 bp amplified DNA fragment
with primer OPC 14 (asterisk in middle panel of Figure 1, lane 2) were observed in
the RAPD fingerprints of DES treated cells compared to untreated control cells.
Similarly, deletions of 600 bp and 410 bp DNA fragments amplified with primer
OPA 17 (left panel of Figure 1, lane 2), and 1000 bp and 700 bp DNA fragments
amplified with primer OPC 14 (middle panel of Figure 1, lane 2) were observed in
the RAPD fingerprints of DES treated cells compared to the DNA from untreated
control cells. Cells exposed to either or exhibited a deletion of 900 bp,
an insertion of 450 bp, and a loss of intensity of 800 bp DNA fragments amplified
by primer OPE 26-2 (Right panel of Figure 1, lanes 3 and 4). Cell exposed to
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zearalanol exhibited an insertion of 750 bp, a deletion of 590 bp, and a loss of
intensity of 700 bp DNA fragments amplified with primer OPA17 (Left panel of
Figure 1, lane 6). A loss of intensity of a 410 bp product was observed in the
RAPD fingerprint of bisphenol A treated cells as compared to control cell DNA
(Left panel of Figure 1, lane 5). Thus, cells exposed to E exhibited mutations in
different regions of the genome, and were both qualitative (insertion/deletion as a
result of point or length mutations) and quantitative (as a result of hypo or
polyploidy) in nature (a schematic diagram is shown in Figure 2).

Figure 2. Diagram of the principle for the detection of E-induced mutation(s).
Mutation at the primer binding sites may result in the loss of a primer binding site
(indicated by a red dot in right panel, site number 4 present in untreated normal
cells), or it may generate a new primer binding site (site number 6 in right panel).
This loss/gain of primer binding sites may result in the deletion (generated by
priming site 3 and 4), or the insertion of an amplification product (generated by
priming site 5 and 6) in the RAPD fingerprints.

We have reported that the frequency of DES-induced kidney tumors in
Syrian hamsters is around 40%, both in males and females. However, significant
differences were observed between DES + ENU treated gonadectomized females
and males, with frequencies of 91% and 53%, respectively (Figure 3). DES-
induced tumor DNA was subjected to RAPD-PCR analyses after DNA digestion
with EcoRI, BamHI, Alu1 and MspI. Tumor and adjacent non tumor tissue DNA
digested with Alu1 exhibited two mutated loci after OPCO3 amplification (an
insertion of 498 bp indicated by asterisk in lanes 9 and 10 and a deletion of 700 bp
indicated by an open circle in lane 8 of Figure 4).
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Figure 3. Representative
photographs of DES- and EMU +
DES-induced renal
adenocarcinomas in Syrian
hamsters.

Figure 4. Representative
RAPD fingerprints from a
DES-induced hamster
kidney tumors (T),
adjacent tumor free tissue
(M), and kidneys from
age-matched controls (C).
Arrows indicate the
insertion/deletion and
their base pair size.

The data presented suggest that the mutations observed occurred in early
stages of stilbene E-induced renal carcinogenesis. These mutations were induced as
a result of E treatment. In BamHI, EcoRI, and MspI digested DES-induced tumor
DNA, we observed an insertion of 1250 bp DNA fragment amplified by OPCO3
primer (Figure 4, indicated by asterisk in lanes 4, 7, and 13). In addition, co-
treatment with ENU influences mutations in the Alu repeat sequences in the genome
of stilbene E-induced hamster kidney tumors (data not shown). This finding agrees
with our previous report (3). The present study revealed that the RAPD/ AP-PCR
fingerprinting is a useful tool in the identification and characterization of the
regions of the genome of E-exposed nonmalignant and malignant cells that
underwent various changes compared to the normal untreated cells.

We have previously reported that Es or their metabolites are genotoxic (5-
7). DES and (after conversion to catechol are oxidized to quinone primarily
by cytochrome P450 1A1 (8). DES or semiquinones are also formed in the
process of oxidation of stilbene E or catechol Es. The semiquinones react with
molecular oxygen and generate superoxide, which is further reduced to the hydroxyl
radical. Various types of DNA damage are produced by either E metabolites or free
radicals binding covalently to DNA (5-7).

K.P. Singh, et al.
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Englitazone Delays Fetal Growth
in Late Gestation in the Rat
Julio Sevillano, Inmaculada C. López-Pérez, Emilio Herrera, M.
Pilar Ramos, and Carlos Bocos

Summary

The mechanisms regulating hepatocyte proliferation are relevant to liver
development, carcinogenesis, and regeneration. Studies of hepatocyte
proliferation control during late foetal and postnatal development have been
used as a model to understand such mechanisms. Since peroxisome
proliferator-activated receptor gamma ligands have been
implicated in the inhibition of growth and differentiation of certain human
cancers, in the present study, we have investigated the effect of englitazone
(EG), a ligand, on foetal and postnatal development. Our results
indicate that, EG administered semi-chronically to pregnant rats, produced a
body weight reduction on the progeny. This effect may be related to the
diminished level of plasma IGF-I found in the neonates from treated-
mothers. Surprisingly, despite receiving an anti-diabetic drug, foetus and
neonates showed high levels of insulin, and were hyperglycemic. The plasma
levels of leptin, other putative mitogenic factor, were not affected by the
treatment. In the liver of neonates from mothers receiving EG, the
expression of IR, PI3K and IRS-1  was unchanged, as was the
phosphorylation of MAPK. Nevertheless, an increase on Akt
phosphorylation was observed on liver of neonates from treated-mothers,
confirming a remarkable change on the mitogenic insulin/IGF-I pathway. In
conclusion, the growth inhibitory effect reported herein may be associated
with the ability of ligands to reduce IGF-I concentrations and
produce an insulin resistance state on foetus/neonates. These data strengthen
the idea that ligands have potential benefits on cancer treatment.

Introduction

The mechanisms regulating hepatocyte proliferation are relevant to liver development,
carcinogenesis, and regeneration. Hepatocyte proliferation during late foetal and
postnatal development has been used as a model to understand the mitogenic
signalling pathways involved in such mechanisms (1). is a member of the
steroid nuclear receptor superfamily, a large class of ligand-activated transcription
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factors regulating gene expression. Their activated receptors regulate the expression
of target genes after binding to peroxisome proliferator responsive elements (PPRE).
Initially, was known for its regulatory roles in insulin sensitization and
adipocyte differentiation. More recent studies have shown that has an
important role in cell proliferation and cancer (2). Thus, thiazolidinediones (TZD),
anti-diabetic drugs that activate have been implicated in the growth inhibition
and differentiation of certain cancers, i.e., human hepatocellular carcinoma (2).
Therefore, in the present study, the effect of EG (a TZD that function as a
ligand) on foetal and postnatal development was investigated.

Materials and Methods

Animals, Drug Administration, and Collection of the Samples. The
experimental protocol was approved by the Animal Research Committee of the
University San Pablo-CEU in Madrid, Spain. Female SD rats weighing 180-210 g
were mated. Pregnancy day 0 was determined when spermatozoids were found in
vaginal smears. From day 16 of gestation, rats were given a daily dose of 50 mg of
EG/kg body weight, suspended in 2% Tween-80, by oral gavage, at 9.00 AM. On
the morning of the day of pregnancy, corresponding to 4 days of treatment, the
rats were decapitated. The conceptus was dissected, weighed, and the fetuses
counted and weighed. Fetuses were decapitated, blood was collected from all pups
of the same mother, pooled into receptacles containing for immediate
plasma separation at 4°C. A different set of pregnant rats received the same EG
treatment from day 16 of gestation for 5 days. The rats were allowed to deliver. On
the day of birth, neonates were decapitated, and blood was collected as described
above. Neonate livers were dissected, and those from the same mother were
pooled, frozen in liquid N, and stored at -80°C until further analysis.

Analyses. Plasma aliquots, kept at –30° C, were used to measure glucose by an
enzymatic colorimetric test (Glucose oxidase, GOD/PAP method, Roche
Diagnostics, Barcelona, Spain) (3). Plasma insulin was determined using a specific
ELISA kit for rats (Mercodia, Uppsala, Denmark) with a detection range of the

insulin/ml (1.8% intra-assay variation, 3.8% inter-assay variation).
Plasma leptin was assayed by ELISA using a commercially available kit specific for
rat leptin (Assay Designs, Inc., Ann Arbor, MI) with a detection range of 0.06-3.6
ng leptin/ml (11.6% intra-assay variation, 11.0% inter-assay variation). IGF-I was
measured by a competitive binding enzyme immunoassay using a rat IGF-1 EIA kit
(DRG Diagnostics) with a detection limit of 30 ng/ml (7.7% intra-assay variation,
9.4% inter-assay variation).

Protein Extraction and Immunoblotting. Aliquots (50 mg) of frozen liver were
powdered in liquid N in a precooled mortar, and lysed in ice-cold 30 mM HEPES
buffer pH 7.4, containing 5 mM EDTA; 1% Triton X-100, 0.5% sodium
deoxycholate, and 2 mM protease inhibitor for 30 min. Cellular debris was pelleted
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and discarded by centrifugation at 17,000 g for 30 min at 4 °C. Supernatant
fractions were collected and their protein concentration determined by the BCA
protein assay. Aliquots of protein) from each experimental condition were
subjected to 7.5% SDS-PAGE, and electrophoretically transferred to PVDF
membranes. The blots were probed with primary antibodies: Anti-insulin receptor
-GLUT-2, -IRS-1, -IRS-2; -PI3K, -Akt1, -p Akt1, -MAPK1/2, and

, followed by corresponding secondary antibodies conjugated with horseradish
peroxidase. Immunoreactive bands were visualized using the enhanced
chemiluminescence system (ECL), and quantified by densitometry. The intensity of
the proteins studied was corrected by the values obtained from the immunodetection
of

Statistical Evaluation. The results are expressed as the mean ± SEM of 4-10
animals/group. The data were analyzed for homogeneity of variance with Levene
test. Values were log-transformed to equalize the variance between conditions.
Statistical comparisons between two groups were made using the Student t test with
95% confidence limits (4) using the SPSS program (version 9.0.1).

Results

EG semi-chronically administered to pregnant rats induced a significant decrease in
neonatal body weight (Figure 1). Retarded fetal development and impaired
postnatal growth in rats have been described for pioglitazone and rosiglitazone (5),
using doses similar to the one used herein. Since it has been postulated that IGF-I
promotes growth and differentiation in a variety of tissues (6), we determine
whether the decreased body weight observed in neonates (Figure 1) may be related
to a decreased IGF-I plasma levels in fetuses and neonates.

As shown in Figure 2, foetal plasma IGF-I from EG-treated mothers
showed a decrease trend that was confirmed in the EG-treated neonates. Plasma
IGF-I was significantly lower in the neonates from mothers treated for five days
with EG, than in pups from control rats (Figure 2). Several authors have previously
reported the importance of plasma IGF-I in body size at birth (7, and references there in).

Surprisingly, as shown Table 1, despite treatment with an antidiabetic drug,
fetuses and neonates from mothers receiving EG showed higher levels of plasma
insulin than their respective controls, and the neonates were hyperglycemic. These
data suggests that pups from EG-treated mothers have developed an insulin resistant
condition. In a recent report, the specific deletion of the gene encoding IGF-I in
murine liver (8), produced transgenic mice with a marked reduction in circulating
IGF-I levels, insulin resistant, and hyperinsulinaemic (7).

Leptin is a putative mitogenic factor that regulates intrauterine growth (9).
However, in the present study fetus and neonate plasma leptin levels were not
altered by EG treatment (Table 1), although the neonates from treated-mothers
showed significantly lower body weight (Figure 1).

J. Sevillano, et al.
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Figure 1. Average body weight of fetuses and
neonates from mothers receiving medium
(Control) or englitazone (EZ) for four (fetuses)
or five days (neonates). Values represent the
mean ± SEM, n = 80-100. Statistical
comparisons between groups receiving
different treatment are shown by asterisks (***,
p < 0.001).

Figure 2. Plasma IGF-I levels in fetuses and
neonates from mothers receiving medium
(Control) or englitazone (EZ) for four
(fetuses) or five days (neonates). Values
represent the mean ± SEM, n = 4-8. Statistical
comparisons between groups receiving
different treatment are shown by an asterisk
(*,p<0.05).

In order to understand the molecular events inducing the insulin resistant
state observed in the neonates from EG-treated mothers, we considered the possibility
that it may be influenced by a mitogenic signaling pathway, thus, we examined the
hepatic expression of IR, PI3K, IRS-1, IRS-2 and MAPK (ERK-1 and ERK-2). As
shown in Figure 3, none of the levels of the proteins examined were modified by EG
treatment, neither was the phosphorylation of MAPK (data not shown). Furthermore,
the amount of GLUT-2, an important glucose transporter in the liver, was also
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unaltered by the EG treatment (Figure 3). In addition, we analyzed the hepatic
expression of a transcription factor related to mitogenic processes (1), on
neonates from mothers receiving EG. No significant changes were observed (Figure
3).

Figure 3. Different insulin- and mitogenic-
signaling proteins in liver of neonates from
mothers receiving medium (Control) or
englitazone (EZ). IR, PI3K, IRS-1,
IRS-2, MAPK (ERK-1 and ERK-2), and GLUT-
2 proteins were determined by Western
immunoblotting (IB), as described in Materials
and Methods. Detection of was used as
a control. Representative autoradiographs from
seven animals per group.

Interestingly, as shown in Figure 4, an increase on hepatic Akt
phosphorylation in neonates from EG-treated mothers was observed, confirming a
remarkable change on the mitogenic insulin/IGF-I pathway. This constitutively active
form of Akt found in the liver of neonates from mothers receiving EG may be related
to their hyperinsulinemic state (Table 1). This basal phosphorylation of Akt may
prevent further phosphorylation of the enzyme in response to insulin, thus acting as a
negative control mechanism. In fact, although these animals have elevated insulin
levels, they were hyperglycemic.

Figure 4. Basal Akt phosphorylation in liver
of neonates from mothers receiving medium
(Control) or englitazone (EZ). The
autoradiographs identify the hepatic Akt
protein (lower lane) and the corresponding
(Ser473)-phosphorylated Akt (upper lane).
The data represent the signal due to the
phosphorylation corrected by the Akt protein
determined by Western immunoblotting. Data
represent the mean ± SEM of four animals per
group. Statistical comparisons between
groups receiving different treatment are shown
by asterisks (*, p < 0.05).

Conclusions

The growth inhibition reported herein in the pups from mothers receiving EG during
late gestation may be associated with their reduced IGF-1 levels. Actually, the

J. Sevillano, et al.
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capability of ligands to reduce IGF-1 concentration, has been suggested by
Stoll (10). Furthermore, since in the late foetal and postnatal development, the cellular
proliferation take great importance, a direct role of which activation has been
shown to inhibit cell proliferation and induce differentiation (11), cannot be discarded.
Thus, these results may be related to the fact recently reported that acromegalic
patients with reduced expression of in the colonic mucosa and increased serum
IGF-1 levels, present an increased prevalence of colonic polyps (12).

Nevertheless, the retarded growth of the pups from the mothers treated with
EG, might be also related to their insulin resistance state, since it is well known that
insulin is an important mitogenic factor in the foetal growth (13). This possibility,
along with the highest Akt phosphorylation observed in liver of neonates from treated
mothers, deserve further study.

Altogether, these data strengthen the idea that ligands have potential
benefits on cancer treatment, and represent an example of how and IGF-1 are
involved in processes related to cell proliferation and cancer (11,12).
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The Tumor Suppressor Gene
PTEN Plays a Role in Cell Cycle
Regulation and Apoptosis in
Prostate Cancer Cell Lines
Alice Hlobilková, Jana Knillová, Eva Pimrová,

Per Guldberg, and

Summary

Phosphatase and tension homology deleted on chromosome ten (PTEN) is
a tumor suppressor gene with protein and lipid phosphatase activity
frequently altered in several types of human cancers. Herein, we
demonstrate the effect of transfected wild type (wt) PTEN and its mutants
(mt) L57W, H123Y, G129R that have lost lipid and protein phosphatase
activity; and G129E characterized by loss of only lipid phosphatase
activity, during the cell cycle and on apoptosis. We characterized the
expression of important proteins regulating the cell cycle and the
PI3-K/PKB/Akt pathway, analyzed PTEN cellular localization, and
performed PTEN mutation analysis in DU-145 and PC-3 cells. The
transfection of wt PTEN and its mt with defective lipid phosphatase
activity (G129E) inhibited S-phase entry of DU-145 and PC-3 cells. In
DU-145 cells, transfection of wt PTEN induced apoptosis. An inverse
expression of PTEN and phosphorylated PKB/Akt was observed. We did
not find any mutations of the PTEN gene in either cell line. PTEN
influenced the cell cycle of tested cells in a p53 and pRb independent
manner, and the effect was cell type specific.

Introduction

PTEN/MMAC (mutated in multiple advanced cancers) is a tumor suppressor gene
localized on chromosome 10q23 (1,2). PTEN is one of the most common targets
of mutation in human cancer, with a mutation frequency approaching that of p53.
Germline mutations of PTEN have been reported in three inherited syndromes:
Cowden’s, Lhermitte-Duclos, and Bannayan-Zonana syndromes. The common
feature of these diseases is a predisposition to hamartomas, benign tumors
containing differentiated but disorganized cells (3-5). PTEN mutations have been



488

found in sporadic glioblastomas, malignant melanomas, carcinomas of the prostate,
breast, kidney, urinary bladder, uterus, and other organs, mostly in advanced stages
of tumor progression (6-10). The protein product of PTEN (55 kD) possesses
phosphatase activity for lipid and protein substrates, and it plays a role in the
PI3-K/PKB/Akt pathway (11). PTEN catalyzes dephosphorylation of

at position 3 on the inositol ring, and regulates the level of
in vivo (12). PTEN causes inhibition of the phase transition in the

cell cycle by increasing the expression of cdk inhibitor (13). PTEN
expression has been described mainly in the cytoplasm of tested cells, although it
has been detected in the nucleus as well (7, 14, 15). Finally, the importance of
PTEN increases with evolutionary level (16).

Earlier experiments revealed inhibition of the S-phase entry in breast
cancer cell lines following transfection of PTEN with an active protein phosphatase
domain, whereas the lipid phosphatase domain was unessential. The cell cycle
inhibition was detected only in cell lines carrying the wt tumor suppressor genes
p53 and Rb. In this study, we have analyzed the expression of the proteins
regulating the cell cycle and the PI3-K/PKB/Akt pathway, as well as, the influence
of overexpressed PTEN and its mutants on inhibition of transition and
apoptosis induction.

Material and Methods

Mutation Analysis of PTEN. Mutation analysis was performed by denaturating
gradient gel electrophoresis and PCR described by Guldberg, et al. (17).

Plasmids and Mutagenesis. Human wt PTEN DNA, kindly provided by Dr. Steck
(University of Texas, Houston), was subcloned into the pxmyc vector according to
Lukas, et al. (18). PTENpxmyc mutagenesis was performed as previously
described (19).

Cell Culture and Transfection. The human androgen insensitive prostate cancer
cell lines DU-145 and PC-3 were cultured in medium DMEM (Invitrogen),
supplemented with 10% foetal bovine serum (Invitrogen), 2 mM glutamine
(Invitrogen), and antibiotics (penicillin 1 U/ml and streptomycin
Invitrogen). Gene transfer experiments were done on exponentially growing cell
populations using an electroporation (transfection efficiency was 10-20%) (20).
Purified DNA of the control empty vector, pxmyc, PTENpxmyc and its mutants
L57Wpxmyc, H123Ypxmyc, G129Rpxmyc, and G129Epxmyc were transfected in
combination with a pCMVCD-20 plasmid encoding the CD-20 surface antigen to
facilitate identification of cells expressing transgenes.

Analysis of Cell Cycle Effects and Apoptosis. Transfected cells were cultured on
glass coverslips for 36 or 48 h, and 12 h before cell fixation, 0.1 mM
bromdeoxyuridine (BrDU) was added to the culture medium. The cells were
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stained with mouse monoclonal CD-20 antibody (Becton Dickinson), fixed in a cold
mixture of methanol and acetone (1:1), incubated with rabbit anti-mouse
biotinylated antibody (Amersham) and with fluorescent conjugate streptavidine-
Texas red(Amersham). Cell DNA was denaturated with HCl(1:5). The cells were
stained with mouse monoclonal BrDU antibody (DAKO) and FITC-conjugated
secondary antibody (DAKO). Analyses of nuclei for apoptotic morphological
changes were performed by staining with bisbenzimide–Hoechst 33258 (1
Sigma). The percentage of S-phase inhibition was determined as previously
determined (19).

Immunocytochemical Analysis of Endogenous PTEN. Exponentially growing
DU-145 and PC-3 cells cultured on glass coverslips were fixed and stained with
mouse monoclonal antibody against PTEN (26H9, Cell Signaling).

Electrophoresis and Western Blot Analysis. DU-145 and PC-3 cells were
harvested and lysed in cold protein extraction buffer. The proteins

were electrophoretically separated on polyacrylamide gels in the
presence of SDS, and transferred into nitrocellulose membranes by semi-dry
method (21). Detection of the endogenous proteins regulating the cell cycle and
PI3-K/PKB/Akt pathway was made using the antibodies summarized in the Table 1.
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Results

Detection of PTEN Mutations and Immunocytochemical Analysis of
Endogenous PTEN. Mutation analysis failed to confirm mutations of the PTEN
gene in DU-145 and PC-3 cells. The immunocytochemical detection of endogenous
PTEN revealed cytoplasmic staining of a granular character in DU-145 cells.
PTEN protein was not detected in PC-3 cells (Figure 1).

Figure 1. Immunofluorescence
detection of endogenous PTEN
using anti-PTEN antibody,
clone 26H9, magnification
l000×.

Analysis of Protein Expression Regulating the Cell Cycle and PI3-K/PKB/Akt
Pathway in DU-145 and PC-3 Cells. Western blot analysis of PTEN expression
was not detected in PC-3 cells. This finding may be explained by either very low
expression levels or changes at the post-transcription level. An inverse correlation
between the expression of PTEN and phosphorylated PKB/Akt in both prostate
cancer cell lines was detected. The total PKB/Akt was unchanged. DU-145 cells
did not express pRb, but overexpressed a mt form of p53. In PC-3 cells, p53 was
not detected, while pRb and its phosphorylated form were expressed at high levels
(Figure 2).

Effect of Overexpressed PTEN on the Cell Cycle and Apoptosis.
Overexpression of wt PTEN and its mutant with defective lipid phosphatase activity
(G129E) led to inhibition of transition in both cell lines, DU-145 with
defective expression of p53 and pRb, and PC-3 with defective p53. Overexpression
of PTEN mutants with defective lipid and protein phosphatase activity (L57W,
H123Y and G129R) had no cell cycle effect (Figure 3). Overexpression of wt
PTEN induced apoptosis in DU-145 cells (increase about 69% against the control
empty vector). The influence of overexperessed PTEN on apoptosis in PC-3 cells
was not shown.

A. Hlobilková, et al.
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Figure 2. Western blot analysis of protein expression involved in cell cycle and
PI3-K/PKB/Akt pathway regulation in exponentially growing DU-145 and PC-3
cells

Figure 3. S phase
inhibition after
overexpression of
PTEN and its mts in
DU-145 and PC-3
cells. S-phase
inhibition of the control
vector was set at 0%.

Conclusions

In tested prostate cancer cell lines PTEN blocked the cell cycle transition in a
p53 and pRb independent manner. These data are not in agreement with already
published mechanisms in some breast cancer cells. Protein phosphatase activity is
essential for the PTEN cell cycle effect in both prostate cancer cell lines. The
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protein and lipid phosphatase activity are essential for apoptosis induction in
DU-145 cells. The inverse correlation between PTEN and phosphorylated
PKB/Akt supports their opposite role in the PI3-K/PKB/Akt pathway.
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The Coactivators CBP and p300
in Androgen Independent
Prostate Cancer
Jose D. Debes, Zoran Culig, and Donald J. Tindall

Summary

Prostate cancer (PCA) is the most frequently diagnosed malignancy and
the second leading cause of death as a result of cancer in men in the USA
and many other western countries. In the year 2003 there will be
approximately 220,900 cases diagnosed and 28,900 deaths due to PCA.
Steroid hormones, particularly androgens (As), play a major role in PCA,
but their precise role is not clear. The majority of PCA responds to A
ablation therapy by temporary remission. However, most tumors will
eventually relapse in an A-refractory state. A recent study from our
laboratory suggests that androgen receptor (AR) function may play a
major role in the proliferation of A-refractory PCA cells. Several reports
suggest that the AR co-activators are involved in A-dependent and A-
independent PCA. We have shown that p300 and CBP are involved in A-
independent transactivation of the AR.

Introduction

Several coactivators interact with the AR and enhance its activity. The members of
the 160-kd nuclear receptor coactivator family (p160) have been shown to interact
with the AR and enhance its transcriptional activity. Some members of the p160
family include the glucocorticoid receptor interacting-protein 1, the steroid receptor
coactivator-1 and the receptor-associated coactivator 3(1). These proteins bind to
the N-terminal activation domain of the AR and can enhance ligand-dependent
activation (2, 3). It has been suggested that alterations in the AR coactivators or
their interaction can allow AR activity to be enhanced by non-androgenic
molecules. In this regard, it has been shown that p160 coactivators interact with
BRCA1 and the AR. Indeed, BRCA1 enhances AR transactivation activity (4). A
second group of coactivators are known to alter the ligand-dependent activation of
the AR. These include the AR-associated proteins ARA54, ARA55 and ARA70.
Activation of the AR by is enhanced by ARA55 and ARA70 (5-7). In
addition, it has been shown that anti-As like hydroxyflutamide (HFM) and
bicalutamide (Bic), among others, can promote the interaction between the AR and
ARA70. On the other hand the anti-A HFM enhances the AR activity in the
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presence of ARA55 (6, 8). In LNCaP cells the coactivator ARA54 enhances
transcriptional activity of the AR (which contains the T877A mutation) by both

and HFM in LNCaP cells (which presents the T877A mutation) (9).
Indeed, increased expression of coactivators PIAS1 (33% of 43 tumors) and
Ran/ARA24 (81% in 43 tumors) have been reported in primary PC A, whereas
decreased expression of ELE1/ARA70, ARA54, and no change in ARA54, SRC1
and TMF1/ARA160 have been found (10). In addition, LNCaP cells transfected
with ARA70 cDN A retarded proliferation. Thus, co-activators for the AR may also
act as tumor suppressors. Recently p300, as well and its binding protein PCAF,
have been shown to enhance AR ligand-dependent activity on PC A cells (11), and
data from our laboratory indicates that p300 produces the same effect in the absence
of As (12). The p300 homologous CREB-binding protein (CBP) has been found to
be expressed in PCA and to enhance AR transcriptional activity by A and anti-A.

Thus, there are several ways by which coactivators may be involved in the
A-independent progression of PCA through the AR. Overexpression of coactivators
may allow the activation of the AR by non-steroidal molecules as well as growth
factors or cytokines, leading ultimately to progression of PCA. Herein, we present
some of our published data about the role of p300 in interleuking-6 (IL-6)-mediated
transactivation of the AR and CBP in the transactivation of the AR by anti-A.

Materials and Methods

Transfections and Luciferase Assays. LNCaP cells in 6 well plates)
were plated and 24 h, transfected using the Gene Porter Transfection System (Gene
Therapy Systems, Inc., San Diego, CA) with plasmids containing full-length p300
(pCI.p300) or its mutant acetyltransferase negative derivative (pCI.p300-HAT),
both previously described in the figure legends. Plasmid pCMVE1A12S was used
at 10 ng per plate. Luciferase reporter containing a PSA promoter (2ug per plate)
was used to measure AR transactivation activity in all transfections. Twenty-four
hours post-transfection cells received fresh media containing 9% charcoal-stripped
FBS (CSS) either with or without 50ng/ml IL-6 (R & D Systems, Mpls, MN). Dual
Luciferase assays were performed according to the manufacturer’s instructions
(Promega, Madison, WI). Transfection efficiency was monitored by co-transfection
with pGFP per plate, Promega) and visualized with a Zeiss fluorescent
microscope at 488 nm. Routinely, transfection efficiencies of 45-50% were
obtained. More details are described elsewhere (12). Details on luciferase assays
for CBP experiments are also described elsewhere (24).

Results

p300 and PCA. p300 has been shown to interact with the AR during its ligand-
dependent activation in PCA cells (11). The same study shows that a point
mutation in the acetylation site of the AR abrogated the A-dependent transactivation
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of the receptor. However, p300 role in A-independent transactivation of the AR
remains to be elucidated.

One growth factor involved in PCA progression is, as be mentioned above,
IL-6. This cytokine has been found to transactivate AR in the presence and absence
of As, indicating that it might be involved in the A-independent progression of
PCA. Many points in the pathway by which IL-6 regulates the AR remain
undefined. Thus, further studies are needed.

IL-6 has been shown to transactivate the AR through the MAPK pathway
(13). We assessed this effect and found that IL-6 induced inhibition of the MAPK
pathway with a MEK-1 inhibitor significantly reduced the IL-6-mediated
transactivation of the AR, and the phosphorylation of ERK-1 by IL-6. However, we
found that increasing amounts of p300 overcame the inhibition of the MAPK
pathway leading to transactivation of the AR (12). These data suggested that the
effects of p300 on AR may be downstream of the MAPK pathway, or that IL-6
could induce AR activation through a different pathway involving p300.

It is known that the adenoviral oncoprotein E1A binds and sequesters
p300, thereby inhibiting its HAT activity (14). When we transfected cells with EIA
IL-6 could no longer transactivate the AR indicating that p300 sequestration by
E1A impeded IL-6 effects on the AR (12). E1A also bind to other factors, like
CBP. Nonetheless, when increasing amounts of p300 were transfected into cells,
E1 A-mediated inhibition was released (Figure 1). In these experiments AR protein
was not affected by either IL-6 treatment, or by E1A or p300 transfection,
indicating that these events may be taking place at the level of transcription (12). It
has been proposed that acetylation alters the positive charge of histones, thus
destabilizing the nucleosome bed and leaving DNA susceptible to regulation by
different transcription factors (14). A mutant p300 lacking histone acetyltransferase
activity (p300-HAT) failed to reverse E1A-mediated repression of AR activity,
indicating the importance of the histone acetyltransferase activity of p300 for its
interaction with AR in A-independent transactivation (12). Inducing p300
degradation or limiting its RNA production should have similar effects on AR
transactivation in PCA cells. Thus, we used synthetic duplex RNAs (~25
nucleotides in length) specific for p300 that induce specific cleavage of p300
mRNA, thus knocking down its expression. When we transfected siRNA specific
for we found that cells showed no p300 protein expression at 48 h (12). Since PSA
is a known AR gene target and is dependent on AR activity, we evaluated PSA
production after siRNA-p300 in PCA cells. We found that IL-6 treatment increased
PSA expression, however, in cells that were transfected with siRNA-p300, IL-6 had
no positive effect on PSA expression. AR protein expression was not altered during
these experiments. These results confirmed that p300 plays a direct role in the
transactivation of the AR by IL-6 (12). Our experiments do not preclude the
possibility that other histone acetylators may also regulate the activity of the AR in
the absence of As. This is the case of CBP, which is known to interact with the AR
and induce its transactivation.

J.D. Debes, et al.
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Figure 1. Inhibition of p300 abrogates IL-6-mediated transactivation of the AR.
LNCaP cells were transfected with PSA-LUC reporter E1A 12S (10 ng), and
increasing amounts of p300 (+, ++, +++, Twenty-four h
after transfection, cells received fresh medium containing either 50 ng/ml of IL-6 or
vehicle alone. Cells were lysed 12 h later and luciferase activity measured.
[Reprinted with permission from Cancer Research (35)]

CBP and PCA. CBP was originally identified as a co-activator of CREB (cAMP
response element binding protein) (15). In addition to CREB. CBP binds to several
other specific factors like c-Fos and c-Myb (16-17), and enhances the activity of
different nuclear receptors like the thyroid hormone, glucocorticoid, and estrogen
receptors (18-19).

It has been demonstrated that CBP is an important coactivator for the AR
during A-dependent transactivation (15). Therefore, we investigated the effects of
CBP in A-independent transactivation of the AR. Acquisition of agonistic properties
of AR antagonists has been reported previously, and is of interest because of the use
of these drugs in endocrine therapy. Several studies have reported that HFM
induces agonist properties in mutated ARs (20, 21). The mechanism by which
HFM induces these effects in human PCA is not well established.

Since alterations in AR co-activators can induce a functional change in the
receptor response, we decided to assess the effect of CBP over-expression in PCA
cells. We found that HFM induced a greater response of wild-type AR activity in
the presence of over-expressed CBP in DU-145 cells (22) (Figure 2). Moreover,
when the mutated AR 730 val-met (that has increased activation by metabolic
products of HFM) was used, HFM induce more activity than with the wild-type
receptor (22). When the anti-A Bic was used, the levels of induction of AR activity
were lower than with HFM, nonetheless, CBP over-expression enhanced the agonist
activity of Bic. When LNCaP cells, which posses endogenous AR, and LNCaP-abl
cells, a derivative with long-term steroid deprivation, were transfected with CBP
and treated with HFM. AR activities induced by HFM were higher both in the
absence and presence of over-expressed CBP in LNCaP-abl cells when compared to
parental LNCaP (22). AR protein expression was not altered by CBP over-
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expression indicating the activity was at the level of transcription (22). In addition,
CBP was found to be expressed in the nuclei of all the cell lines used for this study,
as well as in PCA tissue specimens (22).

In this study, it was shown that agonistic/antagonistic balance of non-
steroidal anti-As, mainly HFM, is influenced by the transcriptional coactivator CBP.
Because of its association with a number of different factors, CBP might be
involved in the ligand-independent activation of the AR and could be considered as
a potential target for PCA therapy.

Figure 2. AR activity in the
absence (dotted bars) or presence
(open bars) of over-expressed
CBP. DU-145 cells were
transfected with the reporter gene

wild-type AR,
and CBP cDNA. Cells were
treated with R1881 and or
hydroxyflutamide (HFM) or
bicalutamide (Bic) and CAT
activity was measured. [Reprinted
with permission from the
American Journal of Pathology
(57)].

Conclusions

In the last few years much attention has been given to AR co-activators and their
role in A-independent PCA. It is clear that many of these co-activators play a major
role in transactivation of the AR in the absence of As. Considering the paucity of
treatment options available to patients with A-independent PCA, the discovery of a
new group of potential targets represented by AR co-activators is encouraging.

We have shown that both p300 and CBP play an important role in the A-
independent transactivation of the AR in PCA (Figure 3). Both co-activators have
the potential of becoming targets for treatment of PCA. Moreover, there is still a
question of whether these co-activators could serve as markers for A independent
progression of this neoplasm. Further studies are needed regarding the relation of
p300 and CBP in PCA. Indeed, the role of these coactivators in A-independent
transactivation of the AR needs to be investigated in depth considering the potential
of both proteins.

J.D. Debes, et al.
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Figure 3. AR transactivation pathways induced by IL-6 or anti-As in PCA.
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Expression Study of Estrogen
Receptor-related Receptors and
Steroid Hormone Receptors in
Human Prostatic Cells
C.P. Cheung, Lung-Wai Chan, Ki Lui, Uwe Borgmeyer, Shiuan
Chen, and Franky L. Chan

Summary

Estrogen receptor-related receptors (ERRs) are closely related to the
estrogen receptors (ERs) in their protein structures and consist of 3 closely
related isoforms: and However, ERRs do not bind to
estrogens (Es) or any other known physiological ligands, and thus they are
classified as “orphan nuclear receptors”. Studies on the expression
pattern of ERRs in prostatic cells and prostate is scarce.  As the first step
towards a better understanding of the significance of ERRs in prostate, we
investigated their expression profiles in human prostatic cell lines, two
primary prostatic carcinoma xenografts, and prostatic tissues by RT-PCR,
immunohistochemistry, and Western blot analysis. The results of RT-PCR
showed that transcripts were widely detected in all tested cell lines
and xenografts; transcripts were either not detected or weakly
expressed in prostatic cell lines and xenografts, while transcripts
were moderately expressed in C4-2B and PC-3 cells, and two xenografts.
Similar expression patterns were also shown in human hyperplastic and
neoplastic prostatic tissues. immunohistochemistry showed that
immunosignals were localized to the prostatic epithelial cells. We also
compared mRNA expression of ERRs with that of ERs in prostatic cell
lines. The results showed that ERRs and ERs were co-expressed in most
cell lines and xenografts. Based on these observations, we speculate that
the two members of nuclear receptor subfamily, ERRs and ERs, may
control overlapping regulatory pathways in the prostatic cells.

Introduction

In addition to androgens, Es have been suggested to play certain roles in the normal
development and neoplastic growths of prostate gland, (1,2). However, the exact
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functional roles of Es and their receptors in the prostate are still unclear and remain
controversial. The effects of Es on the prostate are complex and involve both direct
and indirect actions.

The direct effects of Es on the prostate or their roles in prostate cancer and
benign prostatic hyperplasia are believed to be mediated through ERs, which are
present in two subtypes, and Both ER subtypes are expressed in human
and rodent prostates, and exhibit distinct expression pattern in different tissue
components. The expression of both and in prostate has developed into a
view that the two ERs might play different functional roles in the prostate, and Es
and their antagonists exert different actions on prostatic cells. However, studies
from ER knock-out mouse models show that targeted disruption of either ER or

or both ERs does not affect the prostatic phenotype and function (3), suggesting
that other ER-related signaling pathways could exist and be involved in the prostatic
growth and functions.

ERRs belong to the nuclear receptor subfamily III and consist of three
closely related isoforms: and All three ERR isoforms are highly homologous
to ERs in their protein structures. However, they do not bind to Es or any other
known physiological ligands, and thus they are classified as orphan nuclear
receptors. Human and were first cloned in 1988 in kidney and heart
cDNA libraries in a search for new members of ER (4). Similar to ERs, ERRs can
bind to the consensus E responsive elements (ERE) and related E/retinoid receptor
response element which is recognized by other orphan receptor (steroid factor-1),
and thus they could regulate or modulate the transcription of genes, which are also
regulated by ERs and other orphan nuclear receptors (5-7). In vitro studies show
that ERRs are constitutively transactivated without binding to any known
physiological ligands in positively expressed cells (8, 9), and they interact with a
number of nuclear receptor coactivators (7,10-12), and also with ER by completing
for same coactivators (13). A recent study suggests a mechanism of
transactivation of ERR as calmodulin can bind to These studies suggest
that ERRs could modulate or crosstalk with the classical E-signaling pathway
mediated by ERs in regulating physiological activities in normal and cancer cells.

Based on this background, we are interested to investigate the expression
pattern of ERRs in various human prostatic cell lines and prostatic tissues in order
to reveal whether these receptors have any functional implication and roles in the
prostate and prostate cancer.

Materials and Methods

Cell Lines, Xenografts and Human Prostatic Tissues. Four human immortalized
prostatic epithelial cell lines (HPr-1, HPr-1AR, PNT1 A, PNT2) and seven prostatic
cancer lines (CA-HPV-10, CWR22Rv1, LNCaP, C4-2B, DU 145, PC-3, MDA PCa
2b) were used in this study. Total RNA and protein were extracted from cells when
they reached 80-90% confluence. Human primary prostate cancer xenograft
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CWR22 was grown in male nude mice supplemented with either one slow-release
testosterone pellet, while an androgen-independent subline, CWR22R, was grown in
castrated nude mice. Benign hyperplastic tissues were obtained from BPH patients
by TURP whereas neoplastic tissues were obtained by radical prostatectomy or
ultrasound-guided needle biopsy from prostate cancer patients.

RT-PCR. About DNase I-treated total RNA samples extracted from cultured
cells, xenografts and human prostatic tissues were reverse transcribed to cDNAs
using Oligo(dT) primer and of cDNA samples was used for PCR reaction.

Immunohistochemistry and Western Blot Analysis.A rabbit antiserum against
generated by a synthetic peptide of conjugated to KLH (15), was

used for immunohistochemistry and Western blot analysis.

Results

The results of RT-PCR showed that all immortalized prostatic epithelial cell lines
and cancer cell lines, and two CWR22 xenografts expressed one to three isoforms
ofERRs (Figure 1). Among the three ERR isoforms, transcripts
were expressed in all cell lines and CWR22 xenografts, with weaker expression in
DU 145 and PC-3. transcripts were weakly detected in the four immortalized
cell lines (HPr-1, HPr-1AR, PNT1A, PNT2), three cancer cell lines (LNCaP, PC-3,
MDA PCa 2b) and CWR22R xenograft. transcripts were expressed variably
in different cell lines and CWR22 xenografts, with higher levels in C4-2B, PC-3,
CWR22, and CWR22R xenografts.

Figure 1. RT-PCR of ERRs and ERs in different prostatic cell lines and CWR22
xenografts. Controls for RT-PCR were in the absence of reverse transcriptase (no
RT), total RNA (no RNA) and cDNA templates (no cDNA).
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ERRs also exhibited similar patterns in human hyperplastic and neoplastic prostatic
tissues as shown in cell lines and xenografts. transcripts were detected in all
hyperplastic and neoplastic samples, whereas and were variably
expressed in hyperplastic tissues but weakly expressed or absent in neoplastic
tissues. The gene expression of other steroid hormone receptors in these cell lines
and xenografts was also examined and compared to ERRs. In summary, most cell
lines and the two CWR22 xenografts positively expressed (except DU 145,
MDA PCa 2b, CWR22Rv1), (Figure 1), androgen receptor (except PNT2,
CA-HPV-10, DU 145), progesterone receptor (except HPr-1, HPr-1AR, PNT2, CA-
HPV-10, PC-3), and glucocorticoid receptor. The results of gene expression of
ERRs and different steroid hormone receptors as detected by RT-PCR are
summarized in Table 1.

Figure 2. Immunohistochemistry of  in normal human prostate. 2a and 2b:
The glandular epithelia show positive immunosignals (2a, X100; 2b, X200). 2c:
Control section stained with blocking solution with 3 % BSA (X200).
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Figure 3. Western blot analysis of in prostatic cell lines and tumor
xenografts. The antiserum recognizes a band of 51 kDa in LNCaP and two CWR22
xenografts but not in DU 145 and PC-3.

Discussion

In this report, we demonstrated the expression patterns of ERRs in various human
prostatic epithelial cell lines, CWR22 xenografts and prostatic tissues. Among the
three ERR isoforms, transcripts were expressed in all tested cell lines,
CWR22 xenografts and human prostatic tissues, whereas and showed
variable expression patterns. Immunohistochemistry of demonstrated that
immunoreacted proteins were mainly localized to the glandular epithelia of normal
prostate. The wide expression of in prostatic cell lines and xenografts
suggests that expression could be important to the prostatic cells. An
examination of its relative expression levels as shown by RT-PCR in different cell
lines shows that is expressed at higher levels in the fournormal immortalized
cell lines and an immortalized primary prostatic carcinoma cell line, CA-HPV-10,
and at lower levels in four cancer cell lines, which are established from prostatic
carcinoma metastasized to secondary sites. Its expression level was low in two
androgen-independent lines, DU 145 and PC-3. Furthermore, RT-PCR of
showed a similar expression pattern in prostatic tissues that was expressed at
higher levels in hyperplastic tissues than in neoplastic tissues, suggesting that
could be down-regulated in the progression of prostate cancer. It is also noted that

transcripts were expressed at high levels in two androgen-independent and
bone metastatic prostatic cancer cells, MDA PCa 2b and C4-2B. MDA PCa 2b was
established from an androgen-independent bone metastatic prostate cancer patient,
whereas C4-2B was derived from LNCaP cells in metastatic lesions in lumbar spine
of castrated nude mice, both of which express androgen receptor. However, its
expression was low in another bone metastatic and androgen-independent line, PC-
3, of which androgen receptor is expressed at low level.

Compared to and showed weak expression in four
normal immortalized cell lines and MDA PCa 2b, and barely detected in LNCaP,
PC-3 and CWR22R xenografts, but negative in other lines, suggesting that its
expression is down-regulated in tumor progression but transcribed in bone
metastastic cells. It is uncertain whether the expression of and in two
bone metastatic lines, MDA PCa 2 b and PC-3, is related to bone metastasis of
prostate cancer.
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On the other hand, is weakly expressed in the four normal
immortalized cell lines and undetected in three androgen-independent lines,
CWR22Rv1, DU 145 and MDA PCa 2b.  High expression level of was
detected in two CWR22 xenografts, C4-2B and PC-3. Its variable expression in
different prostatic cancer cell lines reflects the clonal and genetic heterogeneity of
the tumors.

Since ERRs are closely related to ERs, we also examined and compared
their mRNA expression patterns in prostatic cells. We observed that was
positively expressed in all tested cell lines and xenografts, and exhibited a similar
expression pattern as that of Similarly, showed a similar expression
pattern as that of in the tested cell lines. The results suggest that members of
both nuclear receptors, which are different in their ligand dependence, are co-
expressed in the prostatic cells and they could crosstalk between one another or
share similar regulatory pathways through competition for DNA binding sites and
coregulatory proteins. However, the regulatory roles of ERRs in prostatic cells are
still unclear and require further studies.
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Immunohistochemical and In-Situ
Detection of Sex Hormone-
binding Globulin (SHBG)
Expression in Breast and Prostate
Cancer: Implications for
Hormone Regulation
Scott M. Kahn, Daniel J. Hryb, Atif M. Nakhla, Saeed M. Khan,
Nicholas A. Romas, and William Rosner

Summary

Sex Hormone Binding Globulin (SHBG), in addition to regulating free
concentrations of steroid sex hormones in plasma, also participates in
membrane-based steroid signaling in breast and prostate cells. In this
study, we address whether the breast and prostate can synthesize their own
SHBG. SHBG mRNA and protein were detected in human breast and
prostate cancer cell lines, as well as in normal and cancerous breast and
prostate tissue where it was prominent in epithelial cells. In cultured
human LNCaP prostate cancer cells, SHBG was found both in the
cytoplasm, and on the outer cell membrane where it was presumably
bound to its high affinity receptor When LNCaP cells were
treated with 2-methoxyestradiol an antagonist of SHBG
binding to membrane-associated SHBG was eliminated. These
results demonstrate that the breast and prostate can synthesize SHBG
locally, and that SHBG can bind to, and perhaps participate in autocrine
and/or paracrine signaling through Therefore, perturbations in
SHBG expression in breast and prostate tumors may affect the regulation
of steroid signaling through and target SHBG-mediated biologic
properties at the cellular level.

Introduction

SHBG is a multifunctional protein that regulates steroid hormone signaling in
prostate.  Located on chromosome 17p13.1 (Fig. 1), only 30 kb away from the p53
gene (1, 2), the SHBG gene locus undergoes allelic deletions in tumors from
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many tissue types, including the breast and prostate. SHBG was initially described
as a hepatic-derived protein (3), that is secreted into the plasma, where it binds sex
steroids such as estradiol and testosterone (T) (4,5). Acting as a chaperone in
plasma, SHBG establishes a dynamic equilibrium between free and bound steroids,
presumably regulating their bioavailability. Researchers have investigated the
relationship between plasma SHBG concentrations and cancer risk for hormone
responsive tissues such as the breast and prostate. Certain studies, including data
presented in these proceedings, suggest an inverse relationship between plasma
SHBG concentration and cancer risk (6-8), although the differences in plasma
SHBG are usually slight. This relationship has not been extended to all studies (9-
12). If true, plasma SHBG might protect against breast and prostate cancer by
sequestering free steroids, or by mechanisms related to additional functions
attributed to SHBG.

Figure 1.  Close linkage of SHBG and p53 genes on chromosome 17p13.1.  (Ref.2)

SHBG is now known to be part of a membrane based steroid signaling
system that is found in certain hormone responsive tissues (13, 14), including the
breast (15) and prostate (16), where it influences gene transcription and cell growth
(17, 18). As shown in Figure 2, unliganded SHBG binds to a specific receptor

on the outer cell membrane (19-22) (steroid-bound SHBG is not an
appropriate ligand, presumably due to induced steric changes within the protein).
The inactive complex is activated by subsequent binding of a steroid
agonist, such as or T, which is rapidly followed by the generation of cAMP, and
activation of downstream elements of the PKA pathway. has yet to be cloned,
though data suggest it is a G-protein coupled receptor (23). Downstream effects of
activated appear to be context dependent. For example, signaling in
prostate cell lines (LNCaP), induces PSA gene transcription (24) and enhances
growth (ALVA-41) (17); in breast, it inhibits growth (MCF-7) (18). The isolation
and characterization of will allow further elucidation of its biologic properties.

The rate limiting step in signaling is not yet known. It could involve
expression in target cells, local concentrations of free SHBG, or availability

of steroid. The known effects of signaling (cAMP induction, modulation of
cell growth) suggest that activation of this pathway must be rapidly inducible. It is
highly unlikely that tissues would rely on changes in plasma SHBG concentrations
to induce because plasma SHBG concentrations are relatively stable. Setting
aside the immediacy question, we were concerned that global changes in plasma
SHBG concentrations could not specifically target only those tissues requiring
induction of We therefore addressed the scenario that breast and prostate
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Figure 2. Steroid signaling through the
– the initial steps.

cells might synthesize their
own SHBG for local use. If
so, tissues could have direct
control over activation
through regulation of
endogenous SHBG gene
activity via autocrine or
paracrine mechanisms. Here,
we report that prostate stromal
and epithelial cell explants and
breast and prostate cell lines do
express SHBG, and that normal
human prostate and breast and
tumor tissues express both
SHBG mRNA and protein

(25). Our findings support a model in which the breast and prostate can regulate
hormone responses intracellularly and/or through stromal-epithelial cell interactions
by the modulation of endogenously produced SHBG. Furthermore, perturbations in
SHBG expression in breast and prostate cancer, including frequent
intrachromosomal deletions that involve the SHBG gene locus, could contribute to
their malignant phenotype.

Results

Breast and Prostate Cells Express SHBG mRNA. SHBG mRNA expression was
examined in a panel of human prostate stromal cell explants, epithelial and cancer
cell lines (Fig. 3), and in MCF7 breast cancer cell line (data not shown). All
expressed SHBG mRNA, was determined by RT-PCR analysis. SHBG mRNA
expression was also observed in samples from human liver and prostate, and HepG2
liver cancer cell line (known to express SHBG mRNA). The primers used for RT-
PCR spanned exons 5-8 of the SHBG gene, and a smaller SHBG species was
detected in all samples (other than TrHPSC 3, a stromal cell explant transiently
transfected with a full-length SHBG expression vector). Sequence analysis showed
the smaller RT-PCR band lacked exon 7 (data not shown). The exon 5-8 species is
consistent with the cDNA for hepatically secreted SHBG. The shorter species is
consistent with one previously described for a poorly characterized transcript
originally described in testis, and postulated to remain intracellular. These results
confirm prior reports on SHBG expression in liver and HepG2 cells, and
demonstrate SHBG expression in breast and human prostate cancer cell lines and explants.

Human Breast and Prostate Cancer Cell Lines Express SHBG Protein. To
investigate SHBG protein expression, immunohistochemical analysis was
performed on LNCaP, PC3, DU145 (Fig. 4), and MCF-7 cells (data not shown). All
cell lines showed cytoplasmic SHBG staining. Under nonpermeabilized conditions,
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LNCaP and MCF7 cells showed membrane SHBG staining (Fig. 5, top left, and
data not shown) (PC3 and DU145 have not yet been tested). Confocal microscopy
(Fig. 5) and colocalization studies (data not shown) confirmed the presence of
membrane SHBG. Control experiments, not shown, ruled out the medium as a
source of SHBG. These results demonstrate that LNCaP, PC3, DU 145 and MCF-7
cells synthesize and secrete their own SHBG.

Figure 3. SHBG mRNA expression in
prostate explants and cell lines. RT-
PCR results are shown for the
expression of SHBG and (25).
First strand, cDNAs were prepared
from total human liver, HepG2 human
liver cancer cells, LNCaP prostate cancer cells, whole human prostate tissue (total
prost), human prostate stromal cell explants (HPSC1, 2, 4), TrHPSC 3, a stromal
explant transiently transfected with an SHBG expression vector, human prostate
epithelial cell lines (HPEC1-4), LNCaP, PC 3, DU 145, and ALVA 41, human
prostate cancer cell lines, and the human MCF-7 breast cancer cell line (not shown).
The primers, SHBG forward and SHBG reverse, respectively: 5’-

ACTCAGGCAGAATTCAATCTC-3’ and 5’-CTTTAATGGGAAGCGTCAGT-3’,
directed amplification of a larger 521 bp fragment containing sequences from exons
5-8 in all samples tested, and a smaller 313 bp fragment lacking exon 7 (30
cycles) in all except for TrHPSC 3 [due to the overexpression of the SHBG cDNA-
HPSC 3 itself shows both species (data not shown)].

Figure 4. Expression of SHBG protein in DU145, LNCaP, and PC3 cells.
Photomicrographs (400 x) of permeabilized DU145 (left), LNCaP (center), and
PC3 (right) prostate cancer cells incubated with a monoclonal antibody to SHBG
and developed with a rabbit anti-mouse IgG1 linked to the fluor, Alexa-488 (25).
Nuclei were stained with DAPI (dark regions inside cells). Similar cytoplasmic
staining was seen with MCF-7 cell line (data not shown). Insets- mouse IgG1control.

2-Methoxyestradiol a Steroid Antagonist of SHBG Binding to
Prevents SHBG from Associating with LNCaP Cell Membranes. In the

current model of activation (Fig. 2), SHBG, pre-bound to a steroid, is unable
to bind to We tested this model by incubating LNCaP cells with an excess
of an antagonist of SHBG binding to should prevent both
endogenously synthesized SHBG and exogenously added SHBG from localizing to

on LNCaP membranes. LNCaP cells were grown in serum-free medium for
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three days on glass chamber slides, and then incubated for 16 h with either carrier
alone (EtOH), highly purified SHBG (100 nM), or highly purified SHBG along
with In the absence of added SHBG and steroid, endogenously
synthesized SHBG was located both in the cytoplasm and at the membrane (Fig. 5,
left). When highly purified SHBG was added, more intense cytoplasmic and
membrane staining was seen (Fig. 5, middle). When SHBG and an excess of

were added, membrane binding was eliminated, while little effect was seen
on cytoplasmic staining.  These results are consistent with the model in Figure 2

Figure 5.  Incubation with steroid displaces SHBG from LNCaP cell membranes.
LNCaP cells were plated on glass chamber slides, incubated in serum free medium,
then exposed to either EtOH solvent (left panel), highly purified SHBG (100 nM)
(middle panel), or for 16 h (25). Cells were fixed either
in the absence (top row) or presence (bottom row) of 0.1 % Triton X-100 to prevent
or allow permeabilization of a monoclonal antibody against SHBG (5B2). Insets
are confocal micrographs lacking a nuclear counterstain. Staining of permeabilized
cells represents both intra- and extracellular SHBG. Staining of non-permeabilized
cells represents SHBG outside of the cell, inferentially bound to Free SHBG
binds LNCaP cell membranes (top, middle), pre-bound SHBG cannot (top, right).
Mouse IgG1 control gave no staining (not shown). Original color figures in reference 25.

SHBG is Expressed Predominantly in Prostate Epithelial Cells in Intact
Tissues. In-situ hybridization and immunohistochemistry were performed on tissue
sections obtained from normal human prostate tissue and prostate tumor tissue (data
not shown) (25). In normal prostate, SHBG mRNA expression predominates in
luminal epithelial cells, with weak expression in stromal cells. SHBG protein is
similarly expressed more intensely, and perhaps with polarity in cells lining the
ducts. SHBG protein expression appears to be abundant in cancerous areas of
prostate tumor samples that we have examined. Similar SHBG expression patterns
were seen in sections from normal human breast tissue and breast tumors.

Conclusions

Our results show breast and prostate cells in culture synthesize and express SHBG.
Furthermore, SHBG mRNA and protein are visualized in breast and prostate tissue
sections. Taken together, these results suggest that the breast and prostate, two
quintessential sex steroid target tissues, can and do synthesize SHBG (the fraction
of immunoreactive SHBG in breast and prostate tissue that is internalized from



SHBG Expression in Breast and Prostate Cancer 513

outside sources, if any, is not yet clear). Though its biologic role in breast and
prostate is not fully understood, it is reasonable to hypothesize that locally
synthesized SHBG binds intracellular steroids, and may (as the major source?)
participate in signaling. Local SHBG expression must be aptly regulated if it
participates in rapid response pathways. These results raise important new
questions, does locally expressed SHBG 1) affect intracellular steroid signaling
pathways; 2) act in an autocrine/paracrine manner through ; 3) participate in
crosstalk between epithelial and stromal cells, as SHBG is predominantly expressed
in the former and is predominantly expressed in the latter? Furthermore, do
perturbations of SHBG expression in cancer cells, through allelic deletions
associated with the SHBG/p53 locus on chromosome 17p13.1 in breast and prostate
tumors, contribute to the malignant phenotype? If so, can agonists or antagonists of

signaling serve as useful therapeutic agents? In summary, regulation of
SHBG synthesis in target cells offers new possibilities for the local modification of
steroid hormone effects.
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Activation of Androgen Receptor
in Prostate Cancer: Role of
Protein Kinase A and
Extracellular Signal-regulated
Kinases
Yehia Daaka, Elizabeth Kasbohm, and Charles Yowell

Summary

The androgen receptor (AR) is a ligand-controlled transcription factor that
is required for normal development of the prostate. It is expressed in both
A-dependent and -independent prostate cancer (PCA) cells. Emerging
data suggest AR regulates growth of PCA cells even in the absence of As,
implying it is activated by factors other than As. Herein, we show that
stimulation of A-dependent PCA LNCaP cells with reagents that promote
accumulation of cyclic adenosine monophosphate (cAMP) leads to protein
kinase A (PKA)-dependent activation of AR. Importantly,
dihydrotestosterone (DHT)-regulated activation of AR also required PKA.
Stimulation with epidermal growth factor, that robustly activates
extracellular signal-regulated kinase pathway, did not promote activation
of AR. These data establish a critical role for PKA in AR activation and
suggest it may contribute to the growth of A-independent prostate tumors.

Introduction

PCA is the most diagnosed cancer in men, and is the second leading cause of male
cancer deaths in the USA (1). PCA is multifocal, and the cancerous gland contains
multiple independent tumors, demonstrating disease heterogeneity (2). A unique
PCA characteristic is its initial dependence on As for growth. As a result, standard
strategies for PCA treatment rely on blockade of A action by: 1. Decreasing
circulating A levels via chemical or physical castration; or 2. Treatment with As
(i.e., DHT) that compete for binding to the AR (3,4).  The major limitation of this
approach, however, is that the PCA frequently develops into A-independent (AI)
lesions, characterized by recurrent growth and metastasis even in the continued
presence of the hormonal therapies. To date, there is no cure for AI PCA (5).
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Mechanisms involved in the transition of PCA from A-dependent (AD) to
AI remain poorly defined, although recent findings suggest a role for AR (6). First,
AR is overexpressed in up to one third of AI PCAs, suggesting a compensatory
mechanism by which the AR adjusts its physiologic rheostat to respond to lower
serum levels of As (3,7). Second, AI lesions exhibit frequent AR mutations, which
may allow for its activation by other As or even anti-As (6). Third, AR can be
activated by growth factors other than As (8). In all cases, activated AR promotes
cell growth and inhibits cell death by regulating expression of specific genes.

In addition to becoming active by binding As, new evidence suggests AR
can support transcription in response to growth factor stimulation. For example, in
DU145 cells ectopically expressing human AR, stimulation of endogenous insulin-
like growth factor 1 (IGF-1) receptors activates transcription of A response element
(ARE)-regulated reporter genes (9). Similarly, in LNCaP cells, IGF-1 can stimulate
secretion of ARE-regulated prostate specific antigen (PSA) in absence of As (10).
Overexpression of the receptor tyrosine kinase (RTK) HER2/neu (11), as well as
treatment with forskolin ( 12,13) induces PSA expression. Mechanisms involved in
the growth factor-regulated activation of AR are not fully understood. Herein, we
show that stimulation of LNCaP cells with reagents that increase levels of
intracellular 3’,5’-cAMP induces protein kinase A (PKA)-dependent activation of
AR. Importantly, we show that inhibition of PKA activity abrogates the DHT-
mediated activation of AR. We also provide evidence that stimulation of the
LNCaP cells with epidermal growth factor (EGF) does not support AR activation.

Materials and Methods

Cell Culture. AD human PCA LNCaP cells (ATCC) were cultured in RPMI 1640
containing 10% fetal bovine serum (FBS) and antibiotics, as described (14). Cells
were transiently transfected using DMRIE-C reagent (In Vitrogen) and allowed to
recover overnight. Cells were incubated in phenol red-free medium supplemented
with 5% charcoal-stripped FBS (starvation medium) and exposed to agonists, as
indicated. Where appropriate, cells were pretreated with inhibitors (H89,
PD98059, 250 nM; U0126,       for 30 min prior to exposure to agonists.

ERK Activation Assay.  Cells were incubated overnight in starvation medium,
exposed to agonist for 5 min at 37°C, washed once with ice-cold phosphate buffered
saline (PBS), and lysed in Laemmli sample buffer. Cell lysates were subjected to
protein electrophoresis on 4-20% SDS-polyacrylamide gels and transferred onto
nitrocellulose membranes. Phospho-ERK was detected using a 1:2,000 dilution of a
rabbit polyclonal phospho-ERK (Cell Signaling) specific antibody, and total ERK2
was detected using a 1:2,000 dilution of ERK2 (Cell Signaling) antibody. Blots
were developed with a 1:7,000 dilution of horse-radish peroxidase-conjugated
secondary antibody and specific protein bands visualized using enhanced
chemiluminescence (Amersham).
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Luciferase Assay. LNCaP cells transiently expressing luciferase gene fused to
ARE-containing promoter (ARR3-luc/PB3) were grown in phenol red-free RPMI
containing 2% charcoal-stripped serum overnight, and lysed in luciferase-lysis
buffer (Promega). Protein concentrations were determined by the Bradford method.
Relative luciferase units (RLU) were normalized to sample protein concentration.
Results are presented as fold induction, the relative luciferase activity of transfected
cells over the control cells.

Results and Discussion

Recently, we demonstrated that activated ERK is involved in the agonist-dependent
growth of AI PCA cells (15). To begin to assess the potential role of ERK in the
mitogenic signaling and growth of AD PCA cells, we used LNCaP cells stimulated
with isoproterenol (ISO), EGF, DHT, or forskolin (FSK). The growth factors were
chosen because they activate representative members of the three major classes of
receptor, namely G protein-coupled receptors (ISO), receptor tyrosine kinases
(EGF), and steroid receptors (DHT). Figure 1A shows that while exposure to EGF
can robustly induce ERK phosphorylation, treatment with ISO or DHT did not lead
to ERK activation.  These results are distinct from those reported by Ueda, et al.,
who showed that stimulation with the synthetic androgen R1881 (16) or FSK (17)
induces ERK activation.

The LNCaP cells are dependent for their growth on As. We determined
the effect of growth factors on AR activation using a reporter construct made of
three congruent rat probasin AREs positioned upstream of the firefly luciferase gene
(Prb-luc; 18). Cells were transfected with the cDNA encoding Prb-luc. Luciferase
activity was determined after overnight stimulation with ISO, FSK, EGF, or DHT.
Figure 1B shows that stimulation with ISO and FSK, but not EGF, induced ~10.0-
fold increase in reporter luciferase activity, compared to untreated samples. DHT
treatment (used as positive control) promoted a 20.0-fold increase in ARE-reporter
activity. Together, these data demonstrate distinct mitogenic effects for ISO/FSK
and EGF on the LNCaP cells. Whereas EGF elicits its mitogenic effects by
activating ERK, ISO and FSK exert their mitogenic effects by activating the AR.

Recent reports suggest that ERK is required for AR activation (16, 17).
However, our data clearly show that ISO and DHT promote AR activation, but do
not exert measurable increase in ERK phosphorylation (Figure 1). To directly
probe contribution of ERK to AR activation, LNCaP cells were pretreated with
ERK pathway inhibitors PD98059 or U0126, followed by overnight stimulation
with an agonist. Data shown in Figure 2A demonstrate that inhibition of ERK
activation does not interfere with ISO- or DHT-mediated AR activation.
Interestingly, we consistently observed that EGT treatment did not activate AR,
consistent with published data (17). To ensure that the inhibitor was effective,
LNCaP cells were treated with PD98059 for 30 min, exposed to agonists for 5 min,
and examined the ERK phosphorylation state. Figure 2B shows that PD98059 was
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effective because it inhibited the robust EGF-induced phosphorylation of ERK.
Together, these data demonstrate ERK does not likely participate in AR activation.

Figure 1.  Effect of growth factors on LNCaP cells. A. Activation of ERK. LNCaP
cells were incubated overnight in starvation medium and stimulated with ISO

EGF (10 ng/ml), or DHT (10 nM) for 5 min. Cell lysates were analyzed for
phospho-ERK, as described. Filters were stripped of immunoglobulins and reprobed
with anti-ERK2 to ensure equal loading of proteins among the samples.  B.
Activation of AR. LNCaP cells were transiently transfected with Prb-luc, incubated
overnight in starvation medium with ISO FSK EGF (10 ng/ml),
or DHT (10 nM), and luciferase activity determined, as described. Relative
luciferase activity was determined as fold increase over unstimulated samples. Data
represent the mean ± SD of duplicates from three independent experiments.

Figure 2.  Role of ERK in AR activation.  A. Exposure to PD98059 or U0126 does
not affect AR activation. LNCaP cells were pretreated with PD98059 (250 nM) or
U0126 for 30 min, prior to overnight stimulation with the indicated agonist.
Luciferase activity was determined. The data represent mean ± SD of duplicates
from three independent experiments. B. PD98059 inhibits EGF-mediated
phosphorylation of ERK. LNCaP cells were incubated overnight in starvation
medium, exposed to PD98059 for 30 min, treated with the indicated agonist for 5
min. ERK phosphorylation levels were determined, as described.
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Recent evidence suggests that mechanisms controlling AD and AI
activation of AR converge at the level of AR phosphorylation. Weber, et al. (19)
identified six A-inducible phospho-serine sites in AR; S16, S81, S256, S308, S424,
and S650. They also showed S650 to become phosphorylated in response to
stimulation with FSK and EGF. ERK has been suggested to phosphorylate AR in
vitro and to control its function (20). However, ERK does not appear to directly
phosphorylate AR in vivo (19). Consistent with this observation is the finding that
EGF treatment, which strongly activates ERK, does not cause AR activation (17).
Our data support the conclusion that ERK does not play a role in AR activation.

Figure 3. Effect of PKA on AR
activation. LNCaP cells were
transfected with cDNA encoding the
Prb-luc, pretreated with H89
for 30 min, stimulated with ISO

FSK EGF(10ng/ml),
or DHT (10 nM) for 16 h. Cells were
processed for luciferase activity, as
described. Data represent mean ± SD
of duplicates from three independent
experiments.

ISO and FSK stimulation of LNCaP cells activates AR. ISO induces its
effects on target cells by activating its cognate receptor, the adrenergic receptor

which belongs to the superfamily of G protein-coupled receptors. Ligand-
bound activates heterotrimeric protein, which activates adenylate cyclase
to produce cAMP. FSK is a diterpenoid that directly binds adenylate cyclase and
activates it to produce cAMP. Our results show that stimulation of LNCaP cells
with ISO and FSK induce accumulation of cAMP.

The best characterized effector of cAMP is PKA. We inhibited PKA with
H89 in order to determine its role in the agonist-mediated activation of AR using
the LNCaP cells. As shown in Figure 3, treatment of LNCaP cells with H89
abrogated the ISO- and FSK-mediated ARE-regulated gene expression. Treatment
with H89 also obliterated the DHT-mediated activation of AR. In accordance with
these observations is the finding that treatment of monkey kidney CV-1 cells with
the PKA inhibitor peptide PKI abrogated FSK-, as well as R1881-induced ARE-
regulated gene expression (13).

In conclusion, our data demonstrate a critical role for PKA in the
activation of AR. Inhibition of PKA activity abrogates the A- and ISO-mediated
AR transactivation. These results suggest that targeted inhibition of PKA, or its
activators may prove beneficial in advanced PCA treatment.
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Cadmium and Zinc Chloride-
induced Preneoplastic Changes in
the Rat Ventral Prostate: An
Immunohistochemical and
Molecular Study
Riánsares Arriazu, José M. Pozuelo, Rosario Rodríguez, Nuno
Henriques-Gil, Teresa Perucho, Rocío Martín, and Luis Santamaría

Summary

Cadmium chloride (Cd) is a toxicant that has been implicated in human
prostate cancer (PCA). The goal of the present study was to evaluate the
immunoexpression of markers for cell proliferation, apoptosis, resistance
to apoptosis, and to determine mutations on segments of the bcl-2 gene, in
preneoplastic lesions induced in rat prostate after treatment with Cd alone
or in combination with zinc chloride (Zn). We evaluated: 1) The % of
cells positively immunostained for the proliferating cell nuclear antigen
(PCNA), 2) The % of apoptotic cells (evaluated by TUNEL), 3) The
volume fraction of Bcl-2 immunostaining. 4) The mutations on a segment
of 253 pb of bcl-2, in the ventral prostate lobe of normal and treated rats
with Cd alone or in the presence of Zn in the drinking water for 18 mo.
Our results indicate that the % of PCNA positive nuclei was significantly
increased in preneoplastic prostatic acini of Cd-treated rats alone and in
combination with Zn, compared to the normal acini of untreated animals.
No significant changes were detected on the apoptotic rate or the volume
fraction of Bcl-2.  Moreover, no significant changes in the band pattern of
the amplified segment of bcl-2 gene were observed after Cd treatment.  In
summary, our data indicate that, prostate dysplasia induced in rats by Cd
increases proliferative activity, without significant changes in either
apoptosis or bcl-2 immunoreactivity.

Introduction

Prostatic intraepithelial neoplasia (PIN) is widely considered as a premalignant
lesion. A number of studies indicate that high-grade PIN (HGPIN) represents a
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premalignant lesion that could evolve into invasive adenocarcinoma (1,2). Molecular
and immunohistochemical markers have been used to characterize the progression
of human PIN. Some of these markers include: changes in the level of expression
of genes that encode cell proliferation regulators, increase in cell proliferation,
genetic instability, and the expression of antiapoptotic oncoproteins (1,2).

Several rat models for PCA have been developed (2-4). Morphological
similarities between human PIN and dysplastic changes experimentally promoted in
rodent prostates have been reported (2). These studies have provided substantial
evidence implicating Cd as a prostate carcinogen (5), but the epidemiological data
linking Cd and PCA are less convincing (5). Cd toxicity may induce changes in
cellular homeostasis of essential metal ions, such as Cu, Zn, and Ca. Since there are
similarities in the Zn and Cd transport characteristics, it has been suggested that
these metals share a common transport mechanism (6). Also, it has been stated that
Cd induces premalignant and/or invasive epithelial lesions in rat ventral prostate
when administered in drinking water (2, 5).

The present study was undertaken to investigate whether treatment with Cd
alone or in combination with Zn would induce changes in cell proliferation (PCNA
expression), DNA apoptotic fragmentation, resistance to apoptosis (bcl-2
oncoprotein expression); and mutations on bcl-2 gene segments (PCR-SSCA).

Materials and Methods

Animals. Male Sprague-Dawley (SD) rats were divided into 3 treatment groups (15
rats/group). In the drinking water, group 1 received 60 ppm Cd; group 2, 50 ppm
Zn + Cd; and group 3, water free of these metals. An additional group of 9 rats was
used for DNA extraction and PCR-SSCA study. After an 18.0-mo treatment period,
all rats were killed by exsanguination after narcosis. The ventral lobe of the
prostate was dissected and cut into 2 mm-wide slices. The section plane was
perpendicular to the sagital axis of the gland. All specimens were fixed in 4%
paraformaldehide in phosphate buffered saline (PBS), pH 7.4, for 24 h, and
embedded in paraffin.

Sampling Procedure. The ventral lobes from each treatment group were serially
sectioned. Sections were used for haematoxylin and eosine and
immunohistochemistry staining. Immunostaining evaluation was performed in 20
sections, selected by random systematic sampling (7), from each animal of each
group.

Histological Definition of Lesion Changes. The morphological criteria used to
classify the lesions was: 1. Dysplastic, enlargement of the epithelial lining of the
acinus, usually associated with nuclear pseudostratification. 2. Increase in the
basophilic appearance of the epithelium with nuclear crowding. 3. Nuclear
pleomorphism. 4. Cribriform pattern.
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Immunohistochemistry. For immunostaining, at least 5 selected
slides/rat/prostate/antigen were used. The mouse monoclonal antibodies used were
PCNA (Biomeda, Foster City, CA, USA) diluted at 1:400, and Bcl-2 protein (Dako,
Copenhagen, Denmark) diluted at 1:10. The second antibody used was a
biotintilated anti-mouse immunoglobulin (Biomeda, Foster City, CA, USA), diluted
at 1:400. After the immunoreactions, the sections were counter-stained with either
methyl green.    The specificity of the immunohistochemical procedures was
determined in the presence of non-immune serum instead of the primary antibodies.

DNA Fragmentation Detection.  To detect the apoptotic fragmentation of DNA, a
TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) technique (Boehringer
Mannheim) was used (8). After TUNEL technique, sections were counter-stained
with acetic carmine.

Quantitative Evaluation of Cell Proliferation and Apoptosis.  The % PCNA-
immunostained nuclei (2) and that of labeled apoptotic nuclei (9)
were calculated in selected sections from control rats, non-dysplastic acini, and
dysplastic acini of treated animals, using the formula: (n) of labeled nuclei x
100/total number of labeled + unlabeled cell nuclei. Measurements were carried out
using an Olympus microscope equipped with a 100 x oil immersion lens at a final
magnification of 1200 s, and using the stereologic software GRID (Interactivision,
Silkeborg, Denmark). PCNA-immunostained nuclei were considered positive
regardless of staining intensity. Apoptotic nuclei were considered positive when the
stain was uniform and intense.

Quantitative Evaluation of Bcl-2 Immunostaining. To quantify the
immunoreactivity of Bcl-2 protein, its volume fraction was measured, using the
Scion Image Beta 4.02 program, available on the Internet at
http://www.scioncorp.com, and expressed as % of immunostained epithelium (2).

DNA Extraction. Fresh tissue samples of ventral prostate from 9 SD rats were
separately frozen and stored in liquid N. DNA was extracted from prostate samples
following the CTAB (mixed Alkyltrymethyl ammonium bromide) method (10).

Polymerase Chain Reaction-single Strand Conformation Analysis (PCR-
SSCA).  The primers employed for amplification of bcl-2 cDNA were: Upper GAT
GAC TTC TCT CGT CGC TAC, Lower GCA GAT GCC GGT TCA G; amplified
segment of 253 bp and 57°C of annealing temperature. They were selected with the
program OLIGO 6.0 (Molecular Biology Insights Inc., CO, USA), based on the
sequence of bcl-2, GenBank accession L14680; bcl2(a) amplify a 253 base pair (bp)
fragment. PCR was performed from 50 ng of template DNA with 0.25 mM of each
nucleotide, of each primer, and 1 unit of Taq polymerase (Roche
Molecular Biochemicals) in its correspondent buffer. PCR was performed in a
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PTC-100 ™ (MJ Research, Waltham, MA, USA) apparatus.  For bcl-2 primers, we
used the PCR program consisting of an initial step of 7 min/94 °C, followed by 34
cycles/min/94°C, 1 min/69°C, and 1 min/72°C, with a final step of 7 min/72°C.
Electrophoresis was performed with of each PCR product plus of loading
buffer, at 200 V, for 2.5 h, to check that a single product of the expected size was
obtained. Band detection was made by silver staining. SSCA was performed by
techniques described by Myiers, et al, 1997 (11).

Statistical Analysis.  For each parameter studied, the mean ± SD was calculated.
The differences among different ages, treatments, non-dysplastic and dysplastic
groups were evaluated by ANOVA (p < 0.05). The variables were normalized by
logarithmic transformation.

Results

Histology. Dysplastic changes in the ventral prostate acinar epithelium were
detected to the end of the study in 3/9 rats treated either by Cd alone or in the
presence of Zn. The control acini showed a columnar monostratified epithelium,
whereas the dysplastic acini manifested an irregularly enlarged epithelial lining with
occasional polypoid formations. The non-dysplastic acini from treated rats had
morphology similar to that of the acini of control rats. When compared to the
control acini, the dysplastic glands showed a remarkable enlargement, with a
frequent cribriform pattern.  The size of nuclei was heterogeneous, and the nucleoli
were usually prominent (Figure 1a, b).  No tumoral infiltration was observed in the
surrounding stroma.

PCNA Immunostaining and Apoptosis.  The number of PCNA-immunoreactive
nuclei was increased in dysplastic acini, while non-dysplastic acini from Cd ± Zn-
treated rats was slightly higher than that of the controls (Figure 1c, d). was
significantly higher (p < 0.05) in Cd-treated rats treated than in the controls,
however the difference was not significant between Cd-treated alone or in
combination with Zn (Table 1 A). Dysplastic acini was significantly greater
than that from non-dysplastic acini (Table 1B). Apoptotic nuclei were evident in all
the groups examined (Figure 1e, f). did not show significant differences
among the different treatments (Table 1A) or the presence of dysplastic changes
(Table 1B)

Bcl-2 Immunostaining.  Bcl-2 immunoreactivity was evident in all groups. It was
granular and expressed in the apical border of the epithelium in controls and non-
displastic acini (Figure 1g, h). The of Bcl-2 immunostaining did not change in
relation to treatment (Table 1A), or the presence of dysplastic acini (Table 1B).
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Figure 1. a: Normal epithelium from a
control rat. b: HE of a dysplastic acini from
an 18.0-mo Cd + Zn-treated rat (100 x). c:
PCNA-stained acini from a control rat.
Some positive nuclei are observed in the
epithelium (arrowhead). d: PCNA in a
dysplastic acinus of a Cd-exposed rat. The
number of positive nuclei is higher than in
control acini (arrowheads) (c,d: 400 x). e:
TUNEL in control acinus, some apoptotic
nuclei are seen (arrowheads). f: TUNEL in a
dysplastic acinus from a Cd-treated rat, an
apoptotic nucleus is observed (arrowhead) (e,
f x 400). g: Bcl-2 staining in a control
acinus. Positive cells are observed in apical
border of epithelium (arrowheads). h: Bcl-2
staining in a Cd + Zn-treated dysplastic
acinus in apical border of epithelium
(arrowheads) (g,h: 600 x).

PCR-SSCA.  After Cd ± Zn treatments, the 253 bp fragment of bcl-2 gene,
amplified by PCR-SSCA, did not show any significant changes in band pattern
(Figure 2).
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Discussion

The present study confirms previous reports regarding the role of Cd in rat prostate
tumorigenesis (5). The changes observed resembling dysplasia have been
previously described after Cd exposure and other carcinogenic agents (2,4). The
lesions observed were histologically similar to those described as atypical
hyperplasia induced in rats by treatment
with phenylephrine (12). It should be
noted that the changes from untreated
acini to those of non-dysplastic and
dysplastic acini from Cd-treated rats
display a continuum (2). Cd intake may
induce initial changes in the prostatic
epithelium by increasing cell
proliferation. This assumption agrees
partially with other descriptions of Cd
effects on rat male genital organs
because, in contrast to other reports (2),
we did not find an increase in
apoptosis. Although, it has been
reported that Zn may have a
potentiating effect on prostatic
tumorigenesis (13), in the present
study, we did not observed neither an
effect on cell proliferation or apoptosis
after Zn exposure. Bcl-2 expression
was increased in Cd ± Zn-exposed rats,
in comparison to untreated animals;
however these differences were not
significant, contrary to previous studies (2). No differences in bcl-2 gene band
pattern were observed in any of the groups examined indicating that the mutation
rate for this gene was lower than expected. Differences in PCNA and Bcl-2
expression and localization between rat and human prostates were remarkable. In
normal human prostate, the proliferation compartment is better defined than in rat
prostate. It is represented by isolated cells and often is absent in some portions of
the acini (the basal layer, PCNA and Bcl-2 positive). Moreover, proliferative
activity in the rat is not confined to the basal cells. It has been reported that the
main proliferating cells in rat prostate are the columnar cells (14). Cd-induced
prostate dysplasia, increased proliferative activity, but did not induced changes on
apoptosis, or Bcl-2 immunoreactivity. The addition of Zn did not modify the
histological, immunohistochemical, and molecular features observed in the solely
Cd-treated rats.

Figure 2. PCR-SSCA gels. There
was no variation on the band pattern
of the amplified segment of the bcl-2
gene in relation to the treatment. a:
Samples after 6.0 mo, b: Samples
after 18.0 mo. c:  Samples after 12.0
mo. d:  Samples after 12.0 mo.
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317t
endometrioid tumors in, 453, 453f
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317t
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314–320, 317t, 318f
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therapy on, 273–276, 275f
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314–320, 317t
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acid on, 398–403, 400f, 401f
mutations, and tumorigenesis,

475–478, 476f–478f
Estriol. See (estriol)
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GnRH/GnRH-R crosstalk of, in ovarian cancer,

263–265
in ovarian carcinogenesis, 261–263, 263f, 264f
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Estrogen-induced oncogenesis, 20
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estrogen-induced oncogenesis)
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in ductal carcinomas in-situ (DCIS),
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in estrogen-induced oncogenesis, 20, 21,
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hinge region mutants of, and breast
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in ovarian carcinogenesis, 261–263, 263f,

264f
in PR-A transgenic vs. wild-type mice

mammary glands, 80, 81 f
progestins on, 68
in prostate cancer, 502
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See also specific agents
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neoplasia, 321–327, 324t, 325t

Estrogen receptor expression
in aromatase transgenic mice, 134
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Estrogen replacement therapy (ERT), breast cancer
risk with, 122
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replacement therapy (HRT), lobular...
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Experimental results interpretation, dominant
hypothesis on, 71

Extracellular signal-regulated kinases, in androgen
receptor activation, 517–519, 518f
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Fatty acid synthase (FAS), 68

as antineoplastic therapy target, 344–345

clinical significance of, 69–70
expression of, in normal vs. neoplastic

cells, 351
functions of, 351
progestin regulation of, 68–69
upregulation of, in tumorigenesis, 344–345

Fatty acid synthase (FAS) gene silencing by
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cancer cell growth and apoptosis,
350–354, 352f, 353f, 354t
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also specific agents
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prevention, 343–347, 346t

tumor cell cytotoxicity of, 343, 345
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in prostate cancer, 358
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on androgen-independent prostate tumors
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on prostate tumor growth, 218
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Focal adhesion kinase (FAK), 301
Focal adhesion kinase (FAK) activity
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Aromatase inhibitors
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225, 517, 518f, 519
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Gab-1 docking protein in uterine cells

hormonal activation of, 443–448,
445f–448f

hormonal activation of, growth factor,
447–448, 447f

hormonal activation of, ovarian steroid
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hormonal activation of, uterine in estrous
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mechanisms of, 92–93
in rat endometrial cancer, 251
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303f–305f
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on estradiol-induced mammary carcinogenesis in
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on mammary carcinogenesis in rodent models, 407
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in estrogen-induced oncogenesis, 412–413
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in carcinogenesis, 293–294
expression and function of, 293
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inhibitory actions of, 258–260
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260–261
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cancer prevention by, 343–344
cancer prevention by, via EGCG-mediated
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343–347, 346t
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not normal fibroblasts by, 346

endocrine system modulation by, 216–217
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prevention, 343–347, 346t
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on proliferation and apoptosis in prostate

cancer cells, 345–346, 346t
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by, 216
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Growth factors. See also specific growth
factors

androgen receptor activation by, 224–225,
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in androgen-refractory progression of
prostate cancer, 234

on Gab-1 docking protein in uterine cells,
447–448, 447f

onMAPKs, 383, 383f
GSTA1,34
GSTP1,34

in proliferative inflammatory atrophy,
38–39

GSTP1, in prostate cancer prevention and
pathogenesis, 34—35, 38

GSTP1 CpG island hypermethylation, in
prostate cancer, 36, 37t, 39

Gynecomastia, in male transgenic mice from
aromatase overexpression, 135
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Hormone replacement therapy (HRT), lobular
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conclusions on, 59–60
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MAPK signaling pathway and, 202–206
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206f
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nature of, 198
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436
canine, IGF-1 and androgens in, 436–441,
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in c-Myc gene in cancer, 89f, 90
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Kinases. See specific kinases
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Aromatase inhibitors
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on aromatase-induced preneoplastic changes and
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in breast cancer treatment, 170–171, 171t
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Lipids, serum. See also specific lipids
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receptors in, 515–519, 518f, 519f
RNA interference silencing of fatty acid synthase

gene on, 350–354, 352f, 353f, 354t
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canine, IGF-1 and androgens in, 436–441, 439f,
440f

genes in, 437
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estrogen metabolic pathways on, 278
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BMI on, 281, 282t
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pre- vs. postmenopausal, 281–282, 281t
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MAPK(s). See also specific MAPKs
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in progesterone receptor regulation of
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MAPK activation
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385–386
in progesterone receptor actions, 382, 382f
in progesterone receptor localization,
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activity, 384, 385f
MAPK pathway
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and, 381–388

Id-1 protein as prostate cancer biomarker
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dose in postmenopausal CHT of, on

endometrial cancer risk, 273–276,
275f

human breast cancer cell line assays of, 67
on mammary carcinogenesis, 65–66, 82
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MEK1/2, Id-1 protein ectopic expression on,
203–204, 203f

Met amplification, in rat endometrial
adenocarcinoma, 251–252, 252f, 253t

Metaphase-anaphase transition, cyclin E
deregulation on, 103

Microarray analysis, of estrogen-induced
protection against breast cancer,
419–424, 422t, 423t

Micrometastasis, PTTG1 detection of,
462–467. See also Pituitary
tumor-transforming gene-1 (PTTG1)

Microtubule organizing center (MTOC), 1
Mifepristone, on mammary dysplasias in

PR-A transgenic mice, 81
Mitogen activated protein kinases (MAPKs).

See MAPK; specific protein kinases
Monosomy, 87
MSR1, in prostate cancer, 35
Myc proteins, mutant, in genomic instability,
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treated with, 450–453, 451t, 452f, 453f

NADPH-dependent hepatic oxidation of estradiol,
chronic estradiol on, 367, 370, 370t

Nuclear receptors, 455–456
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Oncogene. See also specific oncogenes
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Onion skin model, 93
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Orphan nuclear receptors, 501
Ovarian cancer, 258–265
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hormone/GnRH receptor crosstalk in,
263–265

estrogen/ER in carcinogenesis of, 261–263, 263f,
264f

gonadotropin-releasing hormone and GnRH
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in, 234–235
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236f

P13K/Akt, in androgen-refractory prostate cancer cell
survival, 233–242

P13K/PTEN/Akt, in regulation of Bcl-2 expression
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estrogenic stimulation of BC cell lines on, 133
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p53 regulation of, 110–111
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cyclin D1 on sequestration of, 133
estrogenic stimulation of BC cell lines on,
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in prostate cancer, 144

p42 MAPK. See also MAPK(s)
growth factors as activators of, 383, 383f

p44 MAPK. See also MAPK(s)
growth factors as activators of, 383, 383f
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cancer, 110
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p53 null mammary epithelium transplant
model
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progression in, 431–435

hormone-induced tumorigenesis in, 433,
433t
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mammary epithelium in, 432, 433f

tamoxifen inhibition of mammary
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tumorigenesis in progesterone
receptor–deficient mammary
epithelium in, 433, 434t
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p300, in androgen-independent prostate
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PCNA expression
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serum-independent prostate cancer
growth, 205–206, 205f, 206f

on MEK1/2 and Egr-1 expression in Id-1
protein transfectant clones, 204, 204f
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amplification by, 111

Perictriolar material, 106–107
Peroxisome proliferator-activated receptor

gamma ligands
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480–485, 481f,481t,484f
roles of, 480–481

Phenylbutyrate, androgen receptor activation
by, 224–225

Phosphatase and tension homology deleted
on chromosome ten. See PTEN

Phosphatidylinositol (PI)
in CCK-B receptor transduction, 471,

472–473, 472f
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as intracellular second messenger, 472
Phosphorylation

Akt, englitazone on, 480, 484, 484f
of androgen receptors, 519
on centrosomes in cell cycle, 110
of progesterone receptor by MAPK, 383–384, 383f
STAT3, in prostate tumor differentiation, 226
tyrosine, of FAK in breast cancer, on, 301

Phytoestrogens. See also Soy phytoestrogens
on estradiol-induced mammary carcinogenesis in

ACI rat, 405–409, 408t, 409f
estrogenic activity of, 322
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mRNA in, 468–473, 471f, 472f

Pituitary tumor-transforming gene-1 (PTTG1),
462–463, 463t
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Pituitary tumor-transforming gene-1 (PTTG1)
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human tumor cell line expression of, 465, 465f
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467f
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on proliferation & activity in
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Precancerous lesions. See also specific lesions

rationale for treatment of, 325
Pregnancy, in breast cancer prevention, 126, 420
Premalignant breast disease, 121 –127
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125t
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ductal carcinomas in-situ (DCIS) in, 122
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hormonal dependence of, 431–435, 433f, 433t,

434f
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estrogen-induced expression of, in oncogenesis,
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high, in mammary tumor prevention, 156
in mammary development, 77
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Progesterone receptor (PR)
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bidirectional regulation of, and MAPK
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381–388
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MAPK activation by liganded modules of,
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MAPK activation in receptor localization
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MAPK activation in transcriptional
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MAPK in regulation of cyclin D1
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regulation of cyclin Dl protein levels by,
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carcinogenesis, 77–82
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