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Preface

Since the first edition of Breast Cancer: Prognosis, Treatment and Prevention was
published there has been a tremendous amount of new information related to the basic
and clinical applications of this disease which can affect 1 of 8 people in the USA and
1 of 12 in European countries.

This second edition of the book: Breast Cancer: Prognosis, Treatment and Prevention
contains recent and very new information on the process of breast carcinogenesis, new
prognostic factors and methods of prevention, the role of the breast as an intracrine organ,
the enzymatic control in the bioformation and transformation of different hormones in the
breast tissue, and the recent advances in the hormonal and non-hormonal treatment of
breast cancer.

This second edition was made possible through spontaneous and strong support
from the contributors to the first edition, as well as the enthusiastic response from new
invited authors.

The 25 chapters of this book examine many aspects of breast cancer, including:
basic information on breast pathogenesis; prognostic factors; the mechanisms of
estrogens formation and its control; breast cancer and pregnancy; the cellular origin
of the disease; role of hormone receptors; action of anti-hormones and anti-growth
factors; apoptosis; aromatase inhibitors; the role of androgens; chemoprevention
(SERMs); action of LHRH analogs; the role of Vitamin D; insulin-like growth factor;
the control of proliferation; importance of lignans and isoflavones; breast cancer and
body size; anti-angiogenic therapy; cytotoxic therapy for the treatment of metastatic
breast cancer and locally advanced breast cancer, BRCA1, BRCA2 and hereditary
breast cancer.

Briefly, this book provides very recent updated information on a wide range of breast
cancer aspects and should be useful for oncologists, endocrinologists, gynecologists,
general clinicians, biologists, physiologists, and graduate students.

I would like to express my deep thanks to all the authors for their valuable
contribution to their chapters as well as to Ms. Sandra Beberman and her colleagues of
Informa Healthcare.

Jorge R. Pasqualini



Contents

Preface. ....... ... . . .
COntribULOTS . . . . .

1. Breast Architecture and the Pathogenesis of Cancer......................
Jose Russo and Irma H. Russo

2. The Enzymatic Systems in the Formation and Transformation of
Estrogens in Normal and Cancerous Human Breast: Control and
Potential Clinical Applications ................ ... ... i,
Jorge R. Pasqualini and Gerard S. Chetrite

3. Pregnancy and Breast Cancer..................ooiiiiiiiiiniiiiiiiiienan..
Jan Wohlfahrt and Mads Melbye

4. The Cellular Origins of Breast Cancer Subtypes..........................
Andrew H. Sims, Robert B. Clarke, Anthony Howell, and Sacha J. Howell

5. The Importance of Estrogen Receptors in Breast Cancer.................
Rachel Schiff, Jennifer Selever, and Suzanne A. W. Fuqua

6. Progesterone Receptor Isoforms and Human Breast Cancer .............
Anne Gompel and Aurelie Courtin

7. Compensatory Signaling Promoted by Antihormones and
Anti-Growth Factor Therapies in Breast Cancer: A Starting Point
for the Development of Resistance to Targeted Treatments ..............
Robert 1. Nicholson, I. R. Hutcheson, H. E. Jones, K. Taylor, S. E. Hiscox,
and J. M. W. Gee

8. Apoptosis, Cell Death, and Breast Cancer.................................
Ayesha N. Shajahan, Rebecca B. Riggins, and Robert Clarke

9. Aromatase Inhibitors and Their Application to the Treatment
of Breast CamcCer. .............o.iiiiniuiin ittt
Angela M. H. Brodie

X



vi

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Contents

Aromatase Inhibition in Breast Cancer: Update
of Clinical Applications........... ... ... . i
Paula D. Ryan and Paul E. Goss

Testosterone, Other Androgens and Breast Cancer.......................
Jean-Pierre Raynaud, Michele Pujos-Gautraud, and Jorge R. Pasqualini

Combination of Breast Cancer Prevention with Tissue-Targeted
Hormone Replacement Therapy.................c.coiiiiiiiiiiiiiiiinn,
Fernand Labrie

Practical Progress in the Chemoprevention of Breast Cancer
with Selective Estrogen Receptor Modulators.............................
Gregor M. Balaburski and V. Craig Jordan

Oncostatic Effect of Analogs of LHRH on Breast Cancer ................
Andrew V. Schally and Jorg B. Engel

Vitamin D and Breast Cancer ................ ...ttt
JoEllen Welsh

Insulin-Like Growth Factor Signaling in Normal Mammary Gland
Development and Breast Cancer Progression .............................
Angelo Casa, Beate Litzenburger, Robert Dearth, and Adrian V. Lee

Insulin-Like Growth Factor-I and Breast Cancer: Epidemiological

and Clinical Data ........ ... ... . . .
Carlo Campagnoli, Clementina Peris, Patrizia Pasanisi,

and Franco Berrino

Proliferation of Breast Cells by Steroid Hormones and

Their Metabolites ...............c.o i i
Helenius J. Kloosterboer, Willem G. E. J. Schoonen,

and Herman A. M. Verheul

Lignans and Breast Cancer...................cooiiiiiiiiiiiiiiiiiniaenn..
Herman Adlercreutz

Breast Cancer Risk, Soyfood Intake, and Isoflavone Exposure:

A Review of the In Vitro, Animal, Epidemiologic, and Clinical
Literature ...... ... e e
Mark Messina

Body Size and Breast Cancer............ ...ttt
Ling Yang, Marie Lof, and Elisabete Weiderpass

Antiangiogenic Therapy of Breast Cancer: Rationale

and Clinical Results. ....... ... ... i,
Raffaele Longo, Francesco Torino, Roberta Sarmiento,

Francesca Cacciamani, and Giampietro Gasparini

Cytotoxic Therapy and Other Non-Hormonal Approaches for the
Treatment of Metastatic Breast Cancer...................................
Christine M. Pellegrino and Joseph A. Sparano



Contents vii

24. Adjuvant and Neoadjuvant Systemic Chemotherapy and Biologic
Therapy for Operable and Locally Advanced Breast Cancer............. 493
Joseph A. Sparano

25. BRCAI, BRCA2, and Hereditary Breast Cancer .......................... 525
Betsy A. Bove



Contributors

Herman Adlercreutz Folkhilsan Research Center and Division of Clinical
Chemistry, Biomedicum, University of Helsinki, Helsinki, Finland

Gregor M. Balaburski Fox Chase Cancer Center, Philadelphia, Pennsylvania,
U.S.A.

Franco Berrino Dipartimento di Medicina Preventiva e Predittiva, Fondazione
IRCCS Istituto Nazionale dei Tumori, Milano, Italy

Betsy A. Bove Clinical Molecular Genetics, Department of Pathology, Fox Chase
Cancer Center, Philadelphia, Pennsylvania, U.S.A.

Angela M. H. Brodie University of Maryland School of Medicine, Baltimore,
Maryland, U.S.A.

Francesca Cacciamani Division of Medical Oncology, S. Filippo Neri Hospital,
Rome, Italy

Carlo Campagnoli S.C. Ginecologia Endocrinologica, Ospedale Ginecologico
Sant’ Anna, Torino, Italy

Angelo Casa Breast Center, Departments of Medicine and Molecular and Cellular
Biology, Baylor College of Medicine, Houston, Texas, U.S.A.

Gérard S. Chetrite AP-HP, CHU Bicétre, INSERM U693, Faculté de Médecine
Paris-Sud, Le Kremlin-Bicétre, France

Robert B. Clarke Breast Biology Group, Division of Cancer Studies, University of
Manchester, Christie Hospital, Manchester, U.K.

Robert Clarke Department of Oncology and Department of Physiology and
Biophysics, Lombardi Comprehensive Cancer Center, Georgetown University
Medical Center, Washington D.C., U.S.A.

Aurélie Courtin INSERM U673, Hopital Saint Antoine, Paris, France

Robert Dearth Breast Center, Departments of Medicine and Molecular and Cellular
Biology, Baylor College of Medicine, Houston, Texas, U.S.A.



X Contributors

Jorg B. Engel Frauenklinik der Julius Maximilians-Universitdt Wiirzburg, Germany

Suzanne A. W. Fuqua Lester and Sue Smith Breast Center, Baylor College of
Medicine, Houston, Texas, U.S.A.

Giampietro Gasparini Division of Medical Oncology, S. Filippo Neri Hospital,
Rome, Italy

J. M. W. Gee Tenovus Centre for Cancer Research, Welsh School of Pharmacy,
Cardiff University, Wales, U.K.

Anne Gompel Université Paris Descartes, Unité de Gynécologie Endocrinienne,
APHP, Hotel Dieu de Paris, and INSERM U673, Hopital Saint Antoine, Paris, France

Paul E. Goss Massachusetts General Hospital Cancer Center and Harvard Medical
School, Boston, Massachusetts, U.S.A.

S. E. Hiscox Tenovus Centre for Cancer Research, Welsh School of Pharmacy,
Cardiff University, Wales, U.K.

Anthony Howell CRUK Department of Medical Oncology, Division of Cancer
Studies, University of Manchester, Christie Hospital, Manchester, U.K.

Sacha J. Howell CRUK Department of Medical Oncology, Division of Cancer
Studies, University of Manchester, Christie Hospital, Manchester, U.K.

I. R. Hutcheson Tenovus Centre for Cancer Research, Welsh School of Pharmacy,
Cardiff University, Wales, U.K.

H. E. Jones Tenovus Centre for Cancer Research, Welsh School of Pharmacy,
Cardiff University, Wales, U.K.

V. Craig Jordan Fox Chase Cancer Center, Philadelphia, Pennsylvania, U.S.A.
Helenius J. Kloosterboer KC2, Oss, The Netherlands

Fernand Labrie Laboratory of Molecular Endocrinology and Oncology, Laval
University Hospital Research Center (CRCHUL) and Laval University, Québec City,
Québec, Canada

Adrian V. Lee Breast Center, Departments of Medicine and Molecular and Cellular
Biology, Baylor College of Medicine, Houston, Texas, U.S.A.

Beate Litzenburger Breast Center, Departments of Medicine and Molecular and
Cellular Biology, Baylor College of Medicine, Houston, Texas, U.S.A.

Marie Lof Department of Medical Epidemiology and Biostatistics, Karolinska
Institutet, Stockholm, Sweden

Raffaele Longo Division of Medical Oncology, S. Filippo Neri Hospital, Rome,
Italy

Mads Melbye Department of Epidemiology Research, Statens Serum Institute,
Copenhagen, Denmark

Mark Messina Department of Nutrition, School of Public Health, Loma Linda
University, Loma Linda, California, U.S.A.

Robert I. Nicholson Tenovus Centre for Cancer Research, Welsh School of
Pharmacy, Cardiff University, Wales, U.K.



Contributors

Patrizia Pasanisi Dipartimento di Medicina Preventiva e Predittiva, Fondazione
IRCCS Istituto Nazionale dei Tumori, Milano, Italy

Jorge R. Pasqualini Hormones and Cancer Research Unit, Institut de Puériculture
et de Périnatalogie, Paris, France

Christine M. Pellegrino Department of Oncology, Montefiore Medical Center,
Albert Einstein College of Medicine, Bronx, New York, U.S.A.

Clementina Peris S.C. Ginecologia Endocrinologica, Ospedale Ginecologico
Sant’ Anna, Torino, Italy

Michéle Pujos-Gautraud Saint Emilion, France
Jean-Pierre Raynaud Université Pierre et Marie Curie, Paris, France

Rebecca B. Riggins Department of Oncology, Lombardi Comprehensive Cancer
Center, Georgetown University Medical Center, Washington D.C., U.S.A.

Jose Russo Breast Cancer Research Laboratory, Fox Chase Cancer Center,
Philadelphia, Pennsylvania, U.S.A.

Irma H. Russo Breast Cancer Research Laboratory, Fox Chase Cancer Center,
Philadelphia, Pennsylvania, U.S.A.

Paula D. Ryan Massachusetts General Hospital Cancer Center and Harvard Medical
School, Boston, Massachusetts, U.S.A.

Roberta Sarmiento Division of Medical Oncology, S. Filippo Neri Hospital, Rome,
Italy

Andrew V. Schally Miller School of Medicine, University of Miami, and
Department of Veterans Affairs Medical Center, Miami, Florida, U.S.A.

Rachel Schiff Lester and Sue Smith Breast Center, Baylor College of Medicine,
Houston, Texas, U.S.A.

Willem G. E. J. Schoonen Research and Development, Organon, a part of Schering-
Plough Corporation, Oss, The Netherlands

Jennifer Selever Lester and Sue Smith Breast Center, Baylor College of Medicine,
Houston, Texas, U.S.A.

Ayesha N. Shajahan Department of Oncology, Lombardi Comprehensive Cancer
Center, Georgetown University Medical Center, Washington D.C., U.S.A.

Andrew H. Sims Breast Biology Group, Division of Cancer Studies, University of
Manchester, Christie Hospital, Manchester, U.K.

Joseph A. Sparano Department of Oncology, Montefiore Medical Center, Albert
Einstein College of Medicine, Bronx, New York, U.S.A.

K. Taylor Tenovus Centre for Cancer Research, Welsh School of Pharmacy, Cardiff
University, Wales, U.K.

Francesco Torino Division of Medical Oncology, S. Filippo Neri Hospital, Rome,
Italy

Herman A. M. Verheul Research and Development, Organon, a part of Schering-
Plough Corporation, Oss, The Netherlands

xi



Xii Contributors

Elisabete Weiderpass Department of Medical Epidemiology and Biostatistics,
Karolinska Institutet, Stockholm, Sweden; Cancer Registry of Norway, Oslo, Norway;
and Samfundet Folkhilsan (NGO), Helsingfors, Finland

JoEllen Welsh Department of Biomedical Sciences and Gen*NY*Sis Center for
Excellence in Cancer Genomics, University at Albany, Rensselaer, New York, U.S.A.

Jan Wohlfahrt Department of Epidemiology Research, Statens Serum Institute,
Copenhagen, Denmark

Ling Yang Clinical Trial Service Unit & Epidemiological Studies Unit, University
of Oxford, Oxford, U.K.; Department of Medical Epidemiology and Biostatistics,
Karolinska Institutet, Stockholm, Sweden; and Samfundet Folkhilsan (NGO),
Helsingfors, Finland



1

Breast Architecture and the Pathogenesis of Cancer

JOSE RUSSO and IRMA H. RUSSO

Breast Cancer Research Laboratory, Fox Chase Cancer Center, Philadelphia, Pennsylvania, U.S.A.

INTRODUCTION

An important concept that has emerged from the study of
breast development is that the terminal ductal lobular unit
or TDLU, which had been identified as the site of origin of
the most common breast malignancy, the ductal carcinoma,
corresponds to a specific stage of development of the
mammary parenchyma, the lobules type 1 (Lob 1) (Russo
et al., 1991; Wellings, 1980; Wellings et al., 1975). This
observation is supported by comparative studies of normal
and cancer-bearing breasts obtained at autopsy. It was
found that the nontumoral parenchyma in cancer-associated
breasts contained a significantly higher number of hyper-
plastic terminal ducts, atypical Lob 1, and ductal carcino-
mas in situ originated in Lob 1 than those breasts of women
free of breast cancer. Lob 1 is affected by preneoplastic as
well as by neoplastic processes (Russo et al., 1991; Russo
and Russo, 1997). The finding that Lob 1, which are
undifferentiated structures, originate in the most undiffer-
entiated and aggressive neoplasm acquires relevance in the
light that these structures are more numerous in the breast
of nulliparous women, who are, in turn, at a higher risk of
developing breast cancer (Russo et al., 1992; Russo and
Russo, 1997). The Lob 1 found in the breast of nulliparous
women never went through the process of differentiation,
whereas the same structures, when found in the breast of
postmenopausal parous women did (Russo et al., 1992).

More differentiated lobular structures have been found
to be affected by neoplastic lesions as well, although they
originate tumors whose malignancy is inversely related to
the degree of differentiation of the parent structure,
i.e., lobules type 2 (Lob 2) originate lobular carcinomas
in situ, whereas lobules type 3 (Lob 3) give rise to more
benign breast lesions, such as hyperplastic lobules, cysts,
fibroadenomas, and adenomas, and lobules type 4 (Lob 4)
to lactating adenomas (Russo et al., 1991). It was con-
cluded from these observations that each specific com-
partment of the breast gives origin to a specific type of
lesion and also provides the basis for a new biological
concept that the differentiation of the breast determines
the susceptibility to neoplastic transformation.

SUPPORTING EVIDENCE FOR THE STEM CELL
CONCEPT IN BREAST CANCER

The relationship of lobular differentiation, cell prolifera-
tion, and hormone responsiveness of the mammary epi-
thelium is just beginning to be unraveled. Of interest is the
fact that the content of estrogen receptor-alpha (ERa) and
progestrone receptor (PgR) in the lobular structures of the
breast is directly proportional to the rate of cell prolifer-
ation (Russo et al.,, 1999). These three parameters are
maximal in the undifferentiated Lob 1, decreasing
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progressively in Lob 2, Lob 3, and Lob 4. The determi-
nation of the rate of cell proliferation, expressed as the
percentage of cells that stain positively with Ki67 anti-
body, has revealed that proliferating cells are predomi-
nantly found in the epithelium lining ducts and lobules,
and less frequently in the myoepithelium and in the
intralobular and interlobular stroma. Ki67 positive cells
are most frequently found in Lob 1. The percentage of
positive cells is reduced by threefold in Lob 2 and by more
than tenfold in Lob 3 (Russo and Russo, 1997; Russo et al.,
1999). ERa. and PgR positive cells are found exclusively in
the epithelium; the myoepithelium and the stroma are totally
devoid of steroid receptor—containing cells. The highest
number of cells positive for both receptors is found in
Lob 1, decreasing progressively in Lob 2 and Lob 3
(Russo et al., 1999).

The content of ERa and PgR in the normal breast tissue
varies with the degree of lobular development, in a linear
relationship with the rate of cell proliferation of the same
structures. The utilization of a double-labeling immuno-
cytochemical technique for staining in the same tissue
section of those cells containing steroid hormone recep-
tors and those that are proliferating, i.e., Ki67 positive,
allowed us to determine that the expression of the recep-
tors occurs in cells other than the proliferating cells,
confirming results reported by other authors (Clarke
et al., 1997). Immunocytochemical stains for ERa, PgR,
and Ki67 in human breast tissues were compared vis-a-vis
with the in vivo incorporation of *H-thymidine into cells
that were synthesizing DNA in the mammary glands of
young virgin Sprague-Dawley rats. The analysis of the rat
mammary gland confirmed that maximal proliferative
activity occurs in the terminal end buds (TEBs), as
previously reported (Russo and Russo, 1980). It also
revealed that the TEBs, alveolar buds (ABs), and lobules
of the virgin rat mammary gland contain receptors for
both estrogen and progesterone, and that the number of
cells positive for both receptors was higher in the epithe-
lium of TEB, progressively declining in the more differ-
entiated AB and lobules. The higher concentration of ERa
and PgR in the immature mammary gland of rodents and
other species has been reported by other authors (Haslam,
1987). Similar to what has been observed in humans, the
rat mammary gland contains steroid hormone receptor
positive cells only in the ductal and lobular epithelium,
but no positive cells were found in the stroma. These
findings contrast with results obtained by cytosolic deter-
mination that reported that a high percentage of receptors
were located in the mammary stroma. The findings that
proliferating cells are different from those that are ERa
and PgR positive support data that indicate that estrogen
controls cell proliferation by an indirect mechanism. This
phenomenon has been demonstrated using supernatants of
estrogen-treated ERo positive cells that stimulate the
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growth of ER negative cell lines in culture. The same
phenomenon has been shown in vivo in nude mice bearing
ER negative breast tumor xenografts. ER positive cells
treated with antiestrogens secrete TGF-B to inhibit the
proliferation of ER negative cells (Clarke et al., 1992;
Knabbe et al., 1987). Our studies have shown that the
proliferative activity and the percentage of ERa and PgR
positive cells are highest in Lob 1 in comparison with the
various lobular structures composing the normal breast.
These findings provide a mechanistic explanation for the
higher susceptibility of these structures to be transformed
by chemical carcinogens in vitro (Russo et al., 1988,
1993), supporting as well the observations that Lob 1 are
the site of origin of ductal carcinomas (Russo et al., 1991).

The relationship between ER positive and ER negative
breast cancers is not clear (Habel and Stamford, 1993;
Harlan et al., 1993). It has been suggested that ER neg-
ative breast cancers result from either the loss of the
ability of the cells to synthesize ER during clinical evo-
Iution of ER positive cancers, or that ER positive and
ER negative cancers are different entities (Habel and
Stamford, 1993; Moolgavkar et al., 1980). Our data
allowed us to postulate that Lob 1 contain at least three
cell types, ERa positive cells that do not proliferate, ERa
negative cells that are capable of proliferating, and a small
proportion of ERa positive cells that can also proliferate
(Russo et al., 1999). Therefore, estrogen might stimulate
ERa positive cells to produce a growth factor that, in turn,
stimulates neighboring ERa negative cells capable of
proliferating. In the same fashion, the small proportion
of cells that are ERa positive and can proliferate could be
the source of ERa positive tumors. The possibility exists,
as well, that the ERa negative cells convert to ERa-
positive cells. The conversion of ERa negative to ERa
positive cells has been reported (Kodama et al., 1985).
The findings that proliferating cells in the human breast
are different from those that contain steroid hormone
receptors explain much of the in vitro data (Foster and
Wimalasena, 1996; Wang et al., 1997; Levenson and
Jordan, 1994; Weisz and Bresciani, 1993). Of interest
are the observations that while the ERa positive MCF-7
cells respond to estrogen treatment with increased cell
proliferation, and that the enhanced expression of the
receptor by transfection also increases the proliferative
response to estrogen (Foster and Wimalasena, 1996;
Zajchowski et al., 1993), ERa negative cells, such as
MDA-MB-468 and others, when transfected with ERaq,
exhibit inhibition of cell growth under the same type of
treatment (Levenson and Jordan, 1994; Weisz and Bres-
ciani, 1993). Although the negative effect of estrogen on
those ERa negative cells transfected with the receptor has
been interpreted as an interference with the transcription
factor used to maintain estrogen-independent growth
(Pilat et al., 1996), there is no definitive explanation for
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their lack of survival. These data can be explained in light
of the present work, in which proliferating and ERa
positive cells are two separate populations. Furthermore,
we have observed that when Lob I of normal breast tissue
are placed in culture they lose the ERa positive cells,
indicating that only proliferating cells, that are also ERa
negative, can survive, and become stem cells. These
observations are supported by the fact that MCF-10F, a
spontaneously immortalized human breast epithelial cell
line derived from breast tissues containing Lob 1 and Lob 2,
is ERa negative (Calaf et al., 1994). Recently we have
shown that estradiol-7p (E,), the predominant circulating
ovarian steroid, is carcinogenic in human breast epithelial
cells and that this process is a nonreceptor mechanism
(Russo et al., 2003, 2006c; Fernandez et al., 2006). The
induction of complete transformation of the ER-negative
human breast epithelial cell (MCF-10F) in vitro confirms
the carcinogenicity of E,, supporting the concept that this
hormone could act as an initiator of breast cancer in
women. This model provides a unique system for under-
standing the genomic changes that intervene for leading
normal cells to tumorigenesis and for testing the func-
tional role of specific genomic events taking place during
neoplastic transformation (Russo et al., 2006c).

BREAST ARCHITECTURE AS A DETERMINING
FACTOR IN THE SUSCEPTIBILITY TO CANCER

The breast of women that underwent reduction mammo-
plasty (RM) contains the three types of lobules studied
that follow the same morphological characteristics
described previously (Russo et al., 1992). The three

3

lobular structures are in general surrounded by a loose
stroma that demarcates them from the interlobular
stroma that may have a different ratio of connective
and fat tissue. All the lobules were very well demarcated
and no fibrous tissue was observed (Table 1). Quantita-
tion of the three lobular structures in the overall popu-
lation of breast tissue studied indicated that Lob 1
represented 22.5% of the structures, whereas Lob 2
were 37.3%, and Lob 3 38.4% of the total number of
structures. The differences are statistically significant.
The separation of the breast samples, based on the preg-
nancy history of the host, such as nulliparity and parity,
showed a different pattern of lobular development. The
breast of nulliparous women contained a significantly
higher number of Lob 1 and Lob 2, with 45.9% and
47.2%, respectively and a highly significantly lower
number of Lob 3 (6.9%) (Table 1). In the breast of
parous women, the pattern was inverse, being the Lob 2
and Lob 3 the most abundant, 35.5% and 47.9%, respec-
tively whereas, Lob 1 comprised only 16.9% of the total.

The breast tissue of women with familial breast cancer
(verified to be either BRCA+, or carriers of genetic
abnormalities) (Table 2) was obtained from prophylactic
mastectomies. The average age of these women was
37.0 £ 2.9 years of age (Table 2). The whole mount,
as well as the histological appearance of the lobular
structures, was different from that observed in the breast
tissue of women that underwent RM. Eight of 17 breast
samples presented a well-demarcated lobular structure,
but all of them had a moderate or marked fibrous of the
intralobular stroma (Table 3). Ductal hyperplasia (mild to
severe) in the Lob 1 or Lob 2 was observed in seven
cases, carcinoma insitu (solid, cribriform, and papillary)

Table 1 Lobular Architecture of the Breast Tissue from Reduction Mammoplasty (RM)

Age Lob 1 Lob 2 Lob 3
Group No. of cases X £+ SD X £+ SD (%) X £+ SD (%) X £+ SD (%)
RM (all) 33 294 £ 8.2 22.5 £23.7 37.3 + 28.6 38.4 £ 342
RM (nulliparous.) 9 229 + 6.7 459 £ 274 47.2 £22.0 6.9 £7.0
RM (parous) 24 319 £ 23 169 £ 8.3 355 £ 3.1 479 £+ 334

Abbreviation: X £ SD, mean =+ standard deviation.

Table 2 Lobular Architecture of the Breast Tissue from Prophylactic Mastectomy for Familial Breast Cancer (FAM)

Age Lob 1 Lob 2 Lob 3
Group No. of cases X + SD X £+ SD (%) X £+ SD (%) X £+ SD (%)
FAM (all) 17 37.0 £ 29 479 + 373 399 £ 313 991 + 441
FAM (nulliparous) 8 37.6 £ 32 51.3 £ 344 39.9 £ 26.2 8.83 £ 8.39
FAM (parous) 9 36.5 £ 26 44.0 +42.00 40.0 £+ 38.1 16.10 £ 9.9

Abbreviation: X £+ SD, mean =+ standard deviation.
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Table 3 Profile of the Lobular Structures in the Breast Tissues Obtained from Reduction Mammoplasty (RM), Prophylactic Mastectomy for
Familial Breast Cancer (FAM), and Modified Radical Mastectomy (MRM) for Invasive Cancer

Fibrosis
Group No. of cases Well-defined lobules (%) Not well-defined lobules (%) None Mild to moderate Marked
RM 33 33 (100) 0 (0) 33 (100) 0 0
FAM 17 8 (47) 9 (53) 0 3 (17.6) 14 (82.4)
MRM 43 40 (93) 3 (7.0) 12.3) 39 (90.3) 3.0(7.4)

Table 4 Type of Lesions Found in the Breast Tissue Studied from Reduction Mammoplasty (RM), Prophylactic Mastectomy for
Familial Breast Cancer (FAM), and Modified Radical Mastectomy (MRM)

Ductal hyperplasia Ductal carcinoma in situ

Group Number of cases Number of lobules counted Number % Number %
RM 33 31,220 0 0 0 0
FAM 17 3,162 7 41.2 1 5.9
MRM 43 2,901 27 63 5 11.4

in one case, and invasive carcinomas was observed in
nine cases (Table 4).

The distribution of Lob 1, Lob 2, and Lob 3 in the breast
tissue derived from women with BRCA+, or being carriers
of genetic abnormalities by linked analysis was 47.9%,
39.9%, and 9.9%, respectively (Table 2). This pattern was
significantly different from that observed in the RM group 1,
containing a higher percentage of Lob 1 (p < 0.0008)
whereas Lob 3 were significantly lower (p < 0.00004)
(Table 2).

The separation of the breast samples, based on the
pregnancy history of the host, such as nulliparity and
parity, indicated that in both subgroups the percentage of
Lob 1 was significantly higher than Lob 3 (Table 2), and
that the differences between nulliparous and parous
observed in the control or RM group (Table 1) were not
present in the breast tissue derived from women with
familial breast cancer (Table 2). Lob 1 represents 51.3%
and 44.0% in the nulliparous and parous women, respec-
tively. This indicates a reversion of the pattern observed in
the parous in which the Lob 1 are less frequent. In the
familial cases, the comparison of the nulliparous from the
RM group with those of the prophylactic mastectomy for
familial breast cancer (FAM) group is not statistically
different. Instead, the parous breast tissue of the RM
group was significantly different from those of the FAM
group (Tables 1 and 2). To determine if the breast tissue of
those with BRCA+ was different from those designated to
be carriers but in which no BRCA was determined yet,
these two groups (BRCA-+ and carriers) were separated
and it was found that the percentage of lobular structures
were not significantly different.

The age of women from the RM group was different
from those of the FAM group; the average age was

29.4 years for the first group and 37.0 years for the second
group. This difference is significant. In order to determine
if age may be contributory to the differences observed, the
data were retabulated for the RM group for the women
with matching age to those of FAM group, and it was
found that the difference between both groups still per-
sists, indicating that the familial factor could in itself be a
deterrent in the pattern of architectural development of the
breast.

The architectural pattern of the breast tissue obtained
from modified radical mastectomy (MRM) were from
43 breast samples. The average age for this group is
35.4 years with no significant difference between the
age for the nulliparous and parous women (Table 5).
Quantitation of the three lobular structures in the overall
population of breast tissue studied indicated that Lob 1
represented 74.25% of the structures, whereas Lob 2 were
22.3% and Lob 3 3.4% of the total number of structures.
The differences are statistically significant. The separation
of the breast samples, based on the pregnancy history of the
host, such as nulliparity and parity, showed no different
pattern of lobular development. The breast of nulliparous
women contained a significantly higher number of Lob 1
and Lob 2, with 80.0% and 16.8%, respectively, and a
highly significantly lower number of Lob 3 (1.7%)
(Table 5). In the breast of parous women, the pattern was
similar, Lob 1 and Lob 2 being the most abundant, 70.4%
and 25.4%, respectively, whereas, Lob 3 comprised only
3.8% of the total. The differences between nulliparous and
parous were not statistically significant (Table 5).

The histological appearance of the lobular structures
was not as different from that observed in the breast tissue
of women who underwent RM, but when compared with
the FAM group, 92.8% of the lobular structures were well
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Table 5 Lobular Architecture of the Breast Tissue from Modified Radical Mastectomy (MRM)

Age Lob 1 Lob 2 Lob 3
Group Number of cases X £+ SD X £ SD (%) X + SD (%) X + SD (%)
MRM (all) 43 354 + 39 74.3 + 25.8 22.3 + 22.1 3.35 + 10.0
MRM (nulliparous) 7 36.0 £+ 3.6 80.0 + 19.0 16.8 £ 15.0 1.74 + 4.6
MRM (parous) 36 352 +43 70.4 + 26.4 254 +£22.7 3.80 + 12.48

Abbreviation: X + SD, mean =+ standard deviation.

defined as opposed to only 47.0% in the FAM group, as
4 out of 43 breast samples were marked fibrous with the
intralobular stroma (Table 2), which was significantly
lower than the FAM group in which most of the lobules
presented were marked intralobular fibrous. Ductal hyper-
plasia in Lob 1 or Lob 2, on the other hand, was observed
in 62.9% of the cases and carcinoma in situ in 11.4%
of the cases. Invasive carcinomas were observed in 88.6%
of the cases (Table 4). The age of the women from the
MRM group was not different from those of the FAM
group.

Altogether these results show that the breast of parous
women from the FAM and the MRM group exhibited a
different architectural pattern from those of parous women
of the RM group, which can be considered the normal or
control population (Russo et al., 2003, 2006a,b; Fernandez
et al., 2006). The observation that Lob 1 of the breast of
both nulliparous and parous women of the FAM and
MRM group are the most frequent structure is in agree-
ment with the knowledge that the cancer in the breast
starts in Lob 1 (Russo and Russo, 1994a,b; Russo et al.,
1991; Wellings et al., 1975). The greater proportion of
Lob 1 found in the breast of nulliparous and parous
women of the FAM and MRM groups suggest that these
breasts were at higher risk of developing malignancies
because each Lob 1 is the target of carcinogenic insult
(Russo et al., 1991; Wellings et al., 1975).

It has been postulated that BRCA1 and/or BRCA2 may
serve to control cell proliferation and differentiation dur-
ing developmental stages characterized by rapid growth
(Rajan et al., 1997). This model predicts that individuals
possessing germline mutations in BRCA1 and/or BRCA2
may be particularly susceptible to early events in mam-
mary carcinogenesis during pregnancy (Rajan et al.,
1997). How BRCA1 and/or BRCA2 control breast differ-
entiation is unknown. In both sporadic and familial breast
cancer, the pattern of lobular development is very similar.
In rodents as well as in the breast tissue of women that
underwent plastic surgery for cosmetic reasons, parity is
associated with lobular differentiation (Russo et al., 1991;
Russo and Russo, 1978). In both cases, lobular differen-
tiation makes the mammary tissue refractory to neoplastic
transformation by chemical carcinogens (Hu et al.,
1997a). Moreover, the relation of the differentiation effect

induced by pregnancy and the induced protection against
breast cancer in women who have undergone this first
full-term pregnancy early in life (Lambe et al., 1994) is an
indication that the same operational events are modified in
both familial and sporadic cases of breast cancer.

ROLE OF THE STROMA IN THE PATHOGENESIS
OF BREAST CANCER

In addition to the overall architectural differences
described above, the breast tissues from women with
hereditary breast cancer present histological differences
in the intralobular stroma (Table 3). The intralobular
stroma at difference of the more dense collagenized
interlobular stroma is a dynamic compartment of the
breast composed of loosely arranged connective tissue,
containing cells such as fibroblasts, blood vessels, and
inflammatory cells such as lymphocytes, mast cells, and
macrophages (Eyden et al., 1986; Ozzello, 1970). The
intralobular stroma contrasts with the interlobular stroma
that has fewer cells separated by larger quantities of more
compact collagen. The role of intralobular stroma during
breast development from adolescence to premenopausal
maturity, pregnancy and lactation, and involution and
postmenopausal changes has been implicated; however,
how the interaction with the epithelial cells takes place is
unknown. Most of our understanding of the interaction
between epithelial and stroma in the breast is from the
experiments of Sakakura et al. (1979). The intralobular
stroma of the Lob 1 of the breast of women with familial
breast cancer has lost the loosely arranged connective
tissue for a denser stroma that erases its demarcation from
the intralobular stroma. The intralobular stroma of the
breast tissue from the FAM group was more fibrotic and
dense. These findings suggest either that in the breast
cancer families, the development of the breast paren-
chyma has failed to respond to the normal physiological
stimuli that determine the formation of lobular structures
indicative of differentiation, or that the involution pattern
of Lob 3 after pregnancy is more rapid in these women than
in those in the control. It is noteworthy that early pregnan-
cies influence breast cancer risk by altering the structure
of the mammary parenchyma (Russo et al., 1991, 1992).
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It has been hypothesized that late pregnancies could like-
wise influence breast cancer risk via alterations in the
mammary parenchyma, by delaying or interrupting
the normal process of involution of glandular tissue of
the breast (Henson and Tarone, 1994). It has been
observed that BRCA1 in mice is induced during puberty
and pregnancy and following treatment of ovariectomized
animals with 17B-estradiol and progesterone. Therefore, it
is not surprising that in the human breast, alteration of this
gene may explain the altered morphological pattern
observed. The findings that the intralobular stroma is
more fibrotic in the FAM group than in the MRM and
RM groups may in part explain the increased mammo-
graphic density in women with familial breast cancer.
Although the intralobular stroma is only a small compo-
nent of all the factors that determine the mammographic
pattern, the mammographic breast density reflects prolif-
eration of breast stroma through collagen formation and
fibrosis. The factors that determine breast densities depend
on the interplay of hormones, such as estrogen and growth
factors such as epidermal growth factor, transforming
growth factor, and insulin growth factors I and II. How all
these factors and the genes related to familial breast cancer
interrelate in the biology of the intralobular stroma is not
known (Marquis et al., 1995; Pankow et al., 1997; Wilkinson
et al., 1977; Wolfe et al., 1980; Saftlas et al., 1989).

The development of mammary ductal structures
involves a complex interplay between epithelium and
mesenchyme (Sakakura et al., 1976, 1979; Oza and
Boyd, 1993; Russo J, et al., 2001a,b; Propper, 1972;
Cunha et al., 1992; Kratochwil and Schwartz, 1976). The
branching of the mammary ducts depends on circulating
hormones for stimulation and synchronization with repro-
ductive events, but is also influenced by local factors to
provide signals that influence glandular growth, differenti-
ation, and morphogenesis. The matrix-degrading metalo-
proteinase stromelysin-1, stromelysin-3, and gelatinase A
are expressed during ductal branching morphogenesis of
the murine mammary gland (Faulkin and DeOme, 1960),
whereas the role of metalloproteinases in the branching
pattern of the mammary gland and its relation with BRCA1
require further investigation. On the basis of these data it is
possible to postulate that the breast tissue from women with
hereditary breast cancer is affected by an alteration of the
interaction between the epithelium and the stroma, resulting
in a modified interaction between the stroma parenchyma
as described here.

GLAND ARCHITECTURE IN THE SPORADIC
AND FAMILIAL BREAST CANCER

As indicated in Table 2, BRCAI or related genes asso-
ciated with familial breast cancer play a role in the lobular
pattern of the breast mainly by altering the pattern of

Russo and Russo

involution after pregnancy, with the consistent increase in
the Lob 1 compared with the control population (Table 1).
However, the fact that familial breast cancer patients have
an even larger proportion of Lob 1 in their unaffected
breast points toward other genes that control the process
and may be equally affected in both groups (Russo et al.,
2001b). More specific to the role of familial breast cancer
genes is the alteration in the epithelial stroma relationship
by increasing the percentage of lobular structures with
marked intralobular fibrosis (Table 3). These observations
indicate that more studies in this direction must be
attended. Genetic influences are responsible for at least
5% of the breast cancer cases; they also seem to influence
the pattern of breast development and differentiation, as
evidenced by the study of prophylactic mastectomy speci-
mens obtained from women with familial breast and
breast/ovarian cancer, or proven to be carriers of the
BRCAL1 gene, as determined by linkage analysis. The
study of prophylactic mastectomy specimens obtained
from both nulliparous and parous women revealed that
the morphology and architecture of the breast were similar
in these two groups of women (Russo et al., 2001b). Their
breast tissues were predominately composed of Lob 1, and
only a few specimens contained Lob 2 and Lob 3, in frank
contrast with the predominance of Lob 3 found in parous
women without familial history of breast cancer (Russo
et al., 1992, 1994, 2001b). The developmental pattern of
the breast of parous women of the familial breast cancer
group was similar to that of nulliparous women of the
same group and less developed than the breast of parous
women without history of familial breast cancer. The
breast of women belonging to the familial breast cancer
group also presented differences in the branching pattern
of the ductal epithelium, an observation suggesting that
the genes that control lobular development might have
been affected in those women belonging to families with a
history of breast and breast/ovarian cancer (Russo et al.,
1992, 1994a,b, 2001b). Supporting evidence to this fact is
the poor milk production reported in carriers of the
BRCA1 mutation compared with female relatives without
mutation (Jernstrom et al., 1998) and the poor differenti-
ation of the mammary gland of mice with BRCAI1
mutations (Xu et al., 1999).

INFLUENCE OF PARITY IN BREAST
DEVELOPMENT AND CANCER RISK

Despite their architectural similarity, there are important
differences between the Lob 1 of the nulliparous woman
and the regressed Lob 1 of the parous woman. Lob 1 of
nulliparous women have a very active intralobular stroma,
whereas those of the parous woman are more hyalinized
and indicative of a regressed structure. Another important
difference is the higher proliferative activity in Lob 1 of
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nulliparous than in parous women. The cells of both Lob 1
and Lob 3 in the parous breast are predominantly in the
GO phase or resting phase, while in Lob 1 of the nulli-
parous breast, proliferating cells predominate and the
fraction of cells in GO is quite low. Thus, parity, in
addition to exerting an important influence on the lobular
composition of the breast, profoundly influences its pro-
liferative activity (Russo et al., 1992; Russo and Russo,
1997).

These biological differences that are influenced by the
pattern of breast development may provide some expla-
nation for the increased susceptibility of the breast of
nulliparous women to develop breast cancer. It is
hypothesized that unlike parous women, the Lob 1
found in the breast of nulliparous women never went
through the process of differentiation, seldom reaching
the Lob 3, and never the Lob 4, stages (Russo et al.,
1992; 1994a,b; Russo and Russo, 1997). Although the
lobules of parous women regress at menopause to Lob 1,
they are permanently genetically imprinted by the dif-
ferentiation process in some way that protects them from
neoplastic transformation, even though these changes are
no longer morphologically observable (Russo et al.,
2006a,b; Balogh et al., 2006). Thus, they are biologically
different from the Lob 1 of nulliparous women. Thus, the
hypothesis is that parous women who develop breast
cancer may do so because they have a defective response
to the differentiating influence of the hormones of preg-
nancy (Russo et al., 1991; Russo and Russo, 1993, 1994a,b,
1997). Among the genes that have been proposed as
mediating the favorable influence of pregnancy are
inhibin (Russo and Russo, 1993, 1994a,b), mammary-
derived growth factor inhibitor (Hu et al., 1997b; Huynh
et al.,, 1995), or a serine protease inhibitor (serpin)-like
gene (Russo et al., 1991).

Developmental differences might provide not only an
explanation for the protective effect induced by preg-
nancy but also a new paradigm to assess other differences
between the Lob 1 of parous and nulliparous women,
such as their ability to metabolize estrogens or repair
genotoxic damage. Such differences exist, and they have
been shown to modulate the response of the rodent
mammary gland to chemically induced carcinogenesis.
It has been postulated (Russo et al., 2001b) that unre-
sponsive lobules that fail to undergo differentiation under
the stimulus of pregnancy and lactation are responsible
for cancer development despite the parity history. It
stands to reason that having more of these lobules
increases the risk of breast cancer. In fact, the extent of
age-related menopausal involution of the Lob 1 appears
to influence the risk of breast cancer and may modify
other breast cancer risk factors, including parity. This
early observation postulated by us (Russo et al., 1992,
1994a,b, 2001b) has been confirmed in a recent report
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(Milanese et al., 2006) focused on breast biopsy speci-
mens from 8736 women with benign breast disease.
Milanese et al. (2006) have evaluated not only Lob 1
or TDLU but also the atrophic or involuted structures
resulting from the normal process of aging in the
human breast. The extent of involution of the terminal
duct lobular units or Lob 1 was characterized as
complete (>75% of the lobules involuted), partial
(1-74% involuted) or none (0% involuted). The relative
risk (RR) of breast cancer was estimated on the basis of
standardized incidence ratios by dividing the observed
numbers of incident breast cancers by expected values of
population-based incident breast cancers from the Iowa
Surveillance, Epidemiology, and End Results (SEER)
registry. The following findings were noted: (1) Greater
degrees of involution were positively associated with
advancing age and inversely associated with parity.
(2) Overall, the risk of breast cancer was significantly
higher for women with no involution than for those with
partial or complete involution (RRs 1.88, 1.47, and 0.91,
respectively. This particular finding is of great interest
because it confirms the previous observations of Russo
et al. (Russo et al., 2001), indicating that Lob 1 are a
marker of risk. (3) The degree of involution modified the
risk of developing breast cancer in women who had
atypia in their breast biopsies (RR 7.79, 4.06, and 1.49
for women with none, partial, and complete involution,
respectively) as well as for those with proliferative disease
without atypia (RR 2.94 and 1.11 for those with no and
complete involution, respectively). (4) There was an inter-
action with family history as well: Women with a weak or
no family history of breast cancer who had complete
involution had a risk for breast cancer that was fivefold
lower than the risk of those with a strong family history
and no involution (RR 0.59 vs. 2.77, respectively). These
data also confirm the previous observations of Russo et al.
(2001b). (5). Among nulliparous women and those whose
age at first birth was over 30 years, the absence of invo-
lution significantly increased the risk of breast cancer (RR
241 vs. 2.74, respectively). In contrast, for both groups
there was no excess risk if involution was complete.

Altogether the study of Milanese et al. (2006) provides
a powerful confirmation of the risk of Lob 1 or TDLU in
the breast (Russo et al. 1992, 1994a,b, 2001b) and
provides an additional morphological parameter like atro-
phic or involution of Lob 1 or TDLU as an indication of
protection. However, this conclusion must be taken with
reservation because in a recent finding by Harvey et al.
(2004) postmenopausal women who had received hor-
monal replacement therapy showed an increase in breast
density associated with a significant increase in the num-
ber of Lob 1 or TDLU, indicating that reactivation of the
so-called involuted Lob 1 or TDLU can increase the risk
of breast cancer in a woman.
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INTRODUCTION

In latter years the intratumoral formation and transformation
of estrogens and other hormones, as a result of the activity of
the various enzymes involved, attracted particular attention
for their role play in the development and pathogenesis of
hormone-dependent breast cancer. These enzymatic activ-
ities are more intense in the breast carcinoma tissue than in
the normal breast, particularly in postmenopausal patients
where the ovary has ceased to produce hormones and in
whom, in addition, the tissular concentrations of estrogens
are various times higher than the circulating plasma levels.

The enzymatic process concerns the aromatase, which
transforms androgens into estrogens; the sulfatase, which
hydrolyzes the biologically inactive sulfates to form the
active hormone; 17B-hydroxysteroid dehydrogenases
(17B-HSDs), which are involved in the interconversion
estradiol (E,)/estrone (E;) or testosterone/androstene-
dione; hydroxylases, which transform estrogens into
mitotic and antimitotic derivatives; sulfotransferases and
glucuronidases, which convert, respectively, into the bio-
logically inactive sulfates and glucuronidates. It is also
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important to consider the metabolic transformations of
progesterone and their role in normal and cancerous
breast. Concerning aromatase, the application of antiar-
omatase substances is extensively used as the first-line
treatment of breast cancer, with very positive results (for
details see chapters 10 and 11). In this chapter, we sum-
marize the recent developments of the mechanism of these
enzymatic processes, their control, use of the enzymatic
expression as a prognostic factor in breast cancer patients,
as well as possible clinical applications. To indicate the
evolutionary findings in the different sections, we recall
previous basic and important pioneer studies.

EVOLUTION OF THE BREAST FROM NORMAL
TO CANCEROUS

The evolution of the breast cell from normal to cancerous
is a long process (probably decades) where the mechanism
of the initial transformation is still unknown. A series of
recent studies using new molecular technology concludes
that breast cancer is a heterogeneous disease including a
wide variety of pathological entities.
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Table 1 Main Factors Involved in Low-grade and High-grade Breast Cancer Tumors

Receptor
Proliferation Apoptosis ER PR p53 ErbB-2 Lymphocystic infiltration
Low-grade tumors Low Low + + Wild type — -
High-grade tumors High High — — Mutant + +

Most breast cancers (about 95%), whether in pre- or
postmenopausal women, are initially hormone dependent,
where the hormone E, plays a crucial role in their develop-
ment and progression (Segaloff, 1978; Henderson and Can-
ellos, 1990; Hulka and Stark, 1995; Henderson and Feigelson,
2000; Yager and Davidson, 2006). The hormone and estrogen
receptor (ER) complex can mediate activation of the proto-
oncogenes and oncogenes (e.g., c-myc, c-fos) histones and
other nuclear proteins, as well as various target genes. Besides
this classic genomic mechanism of estrogen, there is evidence
that E, also exerts rapid, nongenomic actions initiated by
binding to cytoplasmic or membrane receptors, implicated
ERs, ER-related proteins, or G-protein-coupled receptors
such as GPR30, which activate in particular the production of
the second messengers (CAMP, Ca2+, or nitric oxide) and the
growth factor kinase signaling pathways, mitogen-activated
protein kinase (MAPK), and phosphatidylinositol-3-kinase
(PI3K)/Akt (Levin, 2005; Rai et al., 2005). Despite the impor-
tance of E, in breast carcinogenesis there is at present no proof of
a “direct effect” of the hormone in the initiation of this process.

After a period which may last several years, the tumor
becomes hormone independent by a mechanism which, though
not fully elucidated, is under scrutiny. One explanation for the
progression toward hormone independence could be the pres-
ence of ER mutants (Raam et al., 1988; Fuquaetal., 1991, 1992;
Schiff and Fuqua, 2002). In hormone-dependent cells the
interaction of the hormone with the receptor molecule is the
basic step for eliciting a hormone response. As the cancer cell
evolves, mutations, deletions, and truncations appear in the
receptor gene (McGuire et al., 1992; Castles et al., 1993), the
ER becomes “nonfunctional” and, despite the estrogen binding,
the cell fails to respond to the hormone. A non-functional ER
might explain why 35% to 40% of patients with ER-positive
tumors do not respond to antiestrogen therapy (Litherland and
Jackson, 1988). The possibility that ER mutants could be
involved in the transformation of breast cancer from hormone
dependency to hormone independency requires further study.
However, it is interesting that these mutants are found in ER-
negative breast tissue (Herynk and Fuqua, 2004). Komagata
et al. (2006) suggest that the naturally occurring human ERo
mutants with amino acid changes may modulate the respon-
siveness to estrogens and antiestrogens. Very interesting clinical
results were obtained during treatment by selective estrogen
receptor modulators (SERMs), such as tamoxifen, droloxifene,
toremifene, raloxifene, or by fulvestrant, anew type of pure

ER antagonist that downregulates the ER. Unfortunately,
development of endocrine-resistant breast cancer cells over
time can also be explained by the fact that SERMs activate
nongenomic activity of E,, in particular via cooperation with
the EGF receptor/MAPK pathway, and contribute to
SERMs resistance (Osborne et al., 2005; Fan et al., 2007).

Another attractive aspect in the evolution of breast cancer
from hormone dependency to independency involves coac-
tivators and corepressors in the activity and control of various
enzymes that act in the formation and transformation of
estrogens during this process (Pasqualini and Chetrite, 1996).

Two distinct major pathways can be considered in the
evolution of breast cancer, one showing positive ER and
progesterone receptor (PR) with 16q loss and a low grade of
invasive carcinoma, the other with overexpressed Her-2/neu
(c-erbB-2), negative ER and PR, and a high grade of invasive
carcinoma. Table 1 indicates the main factors and character-
istics of low- and high-grade tumors. Figure 1 schematizes the
progression of normal mammary cells toward a hormone-
independent carcinoma. In terms of therapeutic options,
patients with triple-negative breast cancer (15% of all breast
cancer), defined by a lack of ER, PR and ErbB-2 receptor
expression, lead to high rates of local and systemic relapse since
no specific treatment, hormonal or by biological target therapies
(e.g., signal transduction inhibitors, such as monoclonal anti-
body against Her-2/neu (e.g., trastuzumab: herceptin™) or
small molecule receptor tyrosine kinase inhibitors) is available.

With new methodology in molecular genetics, proteo-
mic analysis, and immunohistochemistry, the concept of
different steps in the evolution of breast cancer has
introduced interesting data detailed in various studies
concerning DNA amplification (Lage et al., 2003), tissue
microdissection (Emmert-Buck et al., 2001), genoma, and
transcriptional analysis (Ma et al., 2003).

There is growing evidence that local and specific peritu-
moral microenvironments, created by mammary stromal
cells and extracellular matrix components, have an important
pathophysiological role in tumorigenesis (Schiffler et al.,
2007; Celis et al., 2005). Since epithelial breast cancer cells
are surrounded by large amounts of adipose tissue, adipose
stromal fibroblasts and (pre)-adipocytes particularly, can
produce local estrogens as they express high levels of
aromatase (Amin et al., 2006). Further, some soluble secreted
factors such as adipokines (e.g., leptin, adiponectin, tumor
necrosis factor-o,, interleukin-6) have crucial endocrine,



Enzymatic Systems in Normal and Cancerous Human Breast 13

- ESTRADIOL ~

Proto-oncogenes Growth Factors

Oncogenes
Cell
o O —L# — 3N

NORMAL — Hyperplasia

|

Dysplasia — | NEOPLASIA

Hormone- Hormone- Invasive
Dependent Independent Carcinoma
Metastatic Carcinoma
Estradiol
Receptor status: ER+- ER++ ER++ ER mutants or ER-

Figure 1 Evolutive transformation of the breast cell from normal to carcinogen. Estradiol plays important roles in the development and
progression of breast cancers by acting with its receptor (ER) via (1) nuclear genomic action as a transcription factor or a coactivator;
(2) extranuclear (plasmatic membrane), rapid and nongenomic action as activator of growth factor pathways and protein kinases cascades
(MAPK and PI3K/Akt). Prognosis of the disease evolution is very good in the period when the breast cancer is hormone dependent, but very
poor when the cancer becomes hormone independent. Abbreviations: ER+, estrogen receptor positive (detectable and functional); ER mutants,
estrogen receptor detectable but nonfunctional; ER—, estrogen receptor negative (not detectable).

paracrine, and/or autocrine functions implicated in the tumor-
stromal interaction, by modulating proliferation, apoptose,
metabolism, and angiogenesis of breast cancer cells
(Tworoger et al., 2007; Garofalo et al., 2006; Yamaguchi
et al., 2005). Epidemiological studies suggest that increase of
adipose tissue mass and obesity can influence both breast
cancer risk and tumor behavior. This way represents new
therapeutic targets for the prevention and treatment of breast
cancer. For example, some glitazones (rosiglitazone, piogli-
tazone) that activate peroxisome proliferator-activated recep-
tor-y implicated in the upregulation of adiponectin expression,
an antiproliferative adipokine of breast cancer cells, are under
evaluation (Rubin et al., 2000; Yee et al., 2007).

Simpson et al. (2005) questioned whether the desig-
nations “ductal” and “lobular” were still appropriate. They
considered that the majority of neoplastic breast diseases
arise from the terminal duct lobular unit whereby this
terminology is not intended to reflect the microanatomical
site of origin but rather a difference in cell morphology
(Reis-Filho and Lakhani, 2003; Simpson et al., 2003).

Progesterone is another major though controversial player
in mammary gland biology. This ovarian steroidal hormone
also acts in conjunction with estrogens through its specific
receptor PR in the normal epithelium to regulate breast
development. The effects of these hormones on the prolifer-
ative activity of the breast, indispensable for its normal
growth and development, have been and still remain the
subject of heated controversy (for reviews see Russo and
Russo, 2002, 2008; Pasqualini et al., 1998; Pasqualini, 2007).

The remaining 5% of breast cancers, denoted BRCA-1
or BRCA-2, are hereditary breast cancers (for details see
Bove et al., 2002; Bove, 2007).

CONCENTRATION OF ESTROGENS IN NORMAL
AND CANCEROUS BREAST

As breast cancer tissue is very active in the biosynthesis of
estrogens, especially in postmenopausal patients (Pasqualini
and Chetrite, 2005a), and concentration levels are signifi-
cantly higher in relation to normal breast (Chetrite et al.,
2000), it was interesting to summarize the values obtained in
different studies in both the breast tissue and the plasma
concentration of various estrogens.

In the Breast Tissue

Information on estrogen levels in breast tissue is very lim-
ited. Table 2 summarizes the tissular concentration values of
E,, E|, and their sulfates obtained by different authors in the
breast tumors of pre- and postmenopausal patients. All the
data agree that higher levels of E, were found in particular in
the postmenopausal patients. Analyzing the tissue-plasma
ratio, it is observed that for E;, E,, and estradiol sulfate there
is a significant tissue to plasma gradient, which increases in
postmenopausal patients where, for instance, E, increases to
23 from a ratio of 5 in premenopausal patients (Pasqualini
et al., 1996a). In a study of 90 breast cancer patients (pre-
and postmenopausal), Miyoshi et al. (2004) found a
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Table 2 Concentrations of Unconjugated Estrogens and Their Sulfates in Malignant Breast Tissue (in pmol/g Tissue)

Estrone Estradiol Estrone sulfate Estradiol sulfate Authors
Premenopausal
1.04 0.70 — — van Landeghem et al. (1985)
1.40 4+ 0.08 1.20 £ 0.60 1.27 + 0.36 0.92 + 0.27 Pasqualini et al. (1994a)
Postmenopausal
1.14 £+ 0.22 1.80 + 0.29 — — Reed et al. (1983)
0.60 0.78 — — van Landeghem et al. (1985)
25.18 &+ 51.10% 32.72 £ 37.95% 14.61 &+ 19.77* — Vermeulen et al. (1986)
(0.37-248)* (1.47-180.50)* (0.28-97.70)*
0.25 0.60 — — Thijssen and Blankenstein (1989)
1.00 &+ 0.15 1.40 £ 0.70 335+ 1.85 1.47 + 0.11 Pasqualini et al. (1996a)
1.06 + 0.43 1.27 + 0.59 2.89 + 1.93 0.97 £+ 0.56 Pasqualini et al. (1994a)
- 0.169 — — Recchione et al. (1995)
(0.033-0.775)
1.20 + 0.28 1.42 + 0.25 1.24 £ 0.12 0.83 + 0.11 Chetrite et al. (2000)

“In pmol/g protein.

Table 3 Plasma E, Levels and Risk of Breast Cancer

Breast cancer patients/controls RR (95% CI) by category of circulating E,* Authors
1 4
Premenopausal women
285/555 1.0 1.0 (0.7-1.5) Kaaks et al. (2005a,b)
185/368 (follicular phase) 1.0 2.1 (1.14.1) Eliassen et al. (2006)
175/349 (luteal phase) 1.0 1.0 (0.5-1.9) Eliassen et al. (2006)
Postmenopausal women
663/1765 1.0 1.8 (1.3-2.4) EHBCCG (2002)°
322/643 1.0 2.1 (1.5-3.2) Missmer et al. (2004)
297/563 1.0 1.7 (1.0-2.8) Zeleniuch-Jacquotte et al. (2004)
677/1309 1.0 1.7 (1.22.4) Kaaks et al. (2005a,b)

“Estradiol (E,) values presented in quartiles (4).
®The Endogenous Hormone and Breast Cancer Collaborate Group.
Source: From Hankinson and Eliassen (2007).

correlation between intratumoral E, and the PR content in
ER-positive, but not with ER-negative, tumors and sug-
gested that patients with E,-high tumors showed a signifi-
cantly better prognosis than those with E,-low tumors.

In the Plasma

A series of studies carried out between 1971 and 1996
clearly show that for premenopausal breast cancer
patients, compared with controls, there are no significant
differences in the plasma concentrations of E;, E,, or
estrone sulfate (E;S) (for a review see Pasqualini, 2004). A
study including 663 postmenopausal breast cancer patients
and 1765 controls, circulating estrogen levels were found
to be positively associated with breast cancer risk (Key
et al., 2002). Another study demonstrated an increase of
plasma E, levels in postmenopausal patients (Manjer
et al., 2003; Missmer et al., 2004; Zeleniuch-Jacquotte

et al., 2004; Kaaks et al., 2005a,b) (Table 3). However,
there were no significant differences in premenopausal
patients with the exception of an evaluation carried out
during the follicular phase (Eliassen et al., 2006). It is
interesting to mention that in postmenopausal patients, a
positive association of estrogen plasma levels and ER+/
PR+ tumors was found, whereas a weak or no association
was noted in ER+/PR— or ER—/PR— tumors (Missmer
et al., 2004). It was demonstrated that plasma estrogens,
but not androgens or sex hormone-binding globulin, were
strongly and significantly associated with risk of breast
hyperplasia in postmenopausal women, suggesting that
estrogens can be important in the pathological process
toward breast cancer.

Circulating androgens are important precursors of
estrogens, as summarized in Figure 2 showing the con-
centration values of various androgens and estrogens in
breast cancer patients.
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Figure 2 Enzymatic mechanism involved in the formation of estrogens in human breast cancer tissue of postmenopausal patients. Plasmatic
steroid concentrations (indicated in brackets) were expressed in pmol/mL and tissular steroid concentrations in pmol/g tissue. Abbreviations:
DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; Adiol, androstenediol (androst-5-ene-38,17B-diol). This androgen
has a high affinity for the estrogen receptor and exerts estrogenic effect; Adione, androstenedione; T, testosterone; E;S, estrone sulfate; E;,
estrone; E,, estradiol; STS, steroid sulfatase; SULT, sulfotransferase; 178-HSD, 17B-hydroxysteroid dehydrogenase; 33-HSD, 3f-hydrox-
ysteroid dehydrogenase. Tissular concentrations of DHEAS and DHEA quoted from van Landeghem et al. (1985). Tissular concentrations of
Adiol, Adione, and T quoted from Thijssen et al. (1993). Plasmatic concentrations of DHEAS, DHEA, Adione, and T quoted from Simpson
et al. (2005). Plasmatic and tissular concentrations of E;, E,, E;S, and E,S quoted from Pasqualini et al. (1996a) and Chetrite et al. (2000).

ENZYMATIC PROCESS INVOLVED IN THE
BIOFORMATION AND TRANSFORMATION OF
ESTROGENS IN NORMAL AND CANCEROUS
BREAST AND ITS CONTROL

As a great variety of enzymes are involved in the forma-
tion and metabolic transformation of estrogens in breast
tissue, these pathways and the mechanistic controls are
summarized here. Figures 3 and 4 schematize the main
conversions of estrogens in the human breast.

Hydroxylated Metabolic Pathway of
Estrogens in the Breast

It is well documented that breast tissues have the capac-
ity to convert estrogens (particularly E, and E;) to C,,
C4, and Cy¢ hydroxylated derivatives. The role of these
compounds has become very attractive in the search for
knowledge of the biological response of estrogens in the
normal or cancerous human breast. E; and E, are sub-
strates of cytochromes P450 CYP1A1/1A2 and CYPIBI,
which generate predominantly 2- and 4-hydroxy-
catecholestrogens (4-OH-CE) (Lee et al., 2003; Dawling
et al., 2004).

Co-Hydroxy Derivatives

Early studies in human breast cancer tissue demonstrate
the conversion of E; or E, to 2-hydroxy-estrogens
(2-OH-Es), then by the action of a catechol-O-methyl-
transferase to the 2-methoxy-E; or 2-methoxy-E, (Assicot
et al., 1977). 2-OH-Es generate stable DNA adducts, and
after transformation to methoxy derivatives possess anti-
proliferative and antiangiogenic properties (Lottering
et al., 1992; Zhu and Conney, 1998; Lippert et al.,
2003). As the antiproliferative effect can be obtained in
negative ER cell lines, it is suggested that the biological
response of 2-methoxy-E, is mediated by another path-
way than the classical ER; for instance, it was demon-
strated that 2-methoxy-E, activity takes place independent
of ER o or B (Lakhani et al., 2003).

Liu and Zhu (2004) demonstrated that 2-methoxy-E, has
a consistent antiproliferative effect on the ER-negative
breast cancer cells and has both mitogenic and antiprolifer-
ative activity in the ER-positive cells. In another study it
was shown that a combination of tamoxifen and 2-methoxy-
E, can have an additive inhibitory effect on the proliferation
of ER-positive and ER-negative breast cancer cell lines
(Seeger et al., 2003, 2004). Vijayanathan et al. (2006)
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Figure 3 Enzymatic mechanism involved in the formation and transformation of estrogens in human breast cancer, intracrine concept.
The sulfatase pathway is quantitatively 100 to 500 times higher than that of the aromatase pathway. Abbreviations: E,, estradiol; E»-ER,
estradiol-estrogen receptor complex (genomic effect of E, in nucleus); E,, estrone; E;S, estrone-3-sulfate; E,S, estradiol-3-sulfate;
ADIONE, androstenedione; TESTOST, testosterone; 173-HSD-1, 17B-hydroxysteroid dehydrogenase type 1, reductive activity.
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Figure 4 Hydroxyl pathways of estrogens in human breast cancer. Abbreviations: 2-OH-E,, 2-hydroxy-estrone; 2-OH-E,, 2-hydroxy-
estradiol; 4-OH-E;, 4-hydroxy-estrone; 4-OH-E,, 4-hydroxy-estradiol; 160-OH-E;, 16a-hydroxy-estrone; 173-HSD, 17B-hydroxysteroid

dehydrogenase.

provided evidence for the nongenomic action of 2-methoxy-
E, in ER-positive breast cancer cells. These authors found
that with E,, 2-methoxy-E, can suppress E,-induced cell
growth, whereas it acts as an estrogen in the absence of E,.

It is of interest to mention that 2-methoxy-E, can
inhibit oocyte maturation and early embryonic develop-
ment (Lattanzi et al., 2003).

Recently, a new derivative, 2-methoxy-E,-3,17-0,
O-bis-sulfamate (STX140), shows very efficient antitumor

activities (cell cycle arrest and apoptosis) in vitro and
in vivo in both wild-type and multidrug-resistant MCF-7
breast cancer cells and tumors (Newman et al., 2008).

C4-Hydroxy Derivatives

In opposition to 2-hydroxy-estrogens, the 4-hydroxy
derivatives (4-OH-Es) possess estrogenic properties and
exert a stimulatory effect on the growth of breast cancer
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cells (Schiitze et al., 1993; Mueck et al., 2002). 4-OH-Es
are particularly carcinogenic because they form unstable
DNA adducts and induce tumor formation in animal
models (Liehr et al., 1986; Newbold and Liehr, 2000).
Elevated 4-hydroxy enzyme activity was found in breast
cancer specimens (Liehr and Ricci, 1996) as well as high
concentrations of 4-hydroxy estrogens (Castagnetta et al.,
1992). Liehr and Ricci (1996) suggested that 4-hydroxylation
of estrogens could be a marker for human mammary tu-
mors. Paquette et al. (2005) showed that the accumulation of
4-OH-E, in breast tumors could enhance the invasiveness of
breast cancer cells.

The inactivation of 4-OH-CE can be caused by the
formation of glucuronides. Thibaudeau et al. (2006) dem-
onstrated that the genetic variants of uridine-diphosphate-
glucuronosyltransferase (UGT), UGT1A8, UGT1A9, and
UGT2B7 enzymes, are involved in the inactivation of
4-OH-CE in breast cancer.

Cheng et al. (2005) suggest that catecholestrogen—
metabolizing gene profiles are involved in the initiation
of breast cancer by estrogens and that exposure to
estrogens confers a high risk of breast cancer, causing a
double strand break of DNA. In the control of 2- and 4-
hydroxyestradiol catecholestrogens and the conver-
sion to the inactive methoxy derivatives by catechol-O-
methyltransferase (COMT), van Duursen et al. (2004)
observed that phytochemicals with a catechol structure
have the capacity to reduce COMT activity in mammary
tissues and consequently reduce the inactivation of poten-
tially mutagenic E, metabolites thereby increasing the risk
of DNA damage. Rogan et al. (2003) found that the ratio
of 2-catechol/4-catecholestrogens was higher in the nor-
mal breast tissues, but 4-catecholestrogens were three
times higher than 2-catecholestrogens in the cancerous
breast tissues, suggesting that some catecholestrogen
metabolites and conjugates could serve as biomarker to
predict the risk of breast cancer.

C46-Hydroxy Derivatives

160-OH-E; has estrogenic activity that, based on the
increased uterine weight of ovariectomized rats, is more
potent than that of E, itself (Fishman and Martucci, 1980).
It was suggested that 160-OH-E; could be implicated in
carcinogenesis; for instance, a comparison of the E,
metabolism of murine mammary epithelial cells revealed
that 16-hydroxylation was significantly elevated in high-
risk animals (Telang et al., 1991; Suto et al., 1992). It was
demonstrated that in MCF-7 cells, 16-OH-E, is capable of
accelerating cell cycle kinetics and stimulating the expres-
sion of cell cycle regulatory proteins (Lewis et al., 2001).
Using MCF-7 and T-47D breast cancer cells, it was
observed that the mitogenic potencies of 16a-OH-E; and
160-OH-E, were comparable to or greater than E, (Gupta

et al., 1998). High levels of 16-OH-E; were found in the
tumoral tissue of breast cancer patients (Castagnetta et al.,
2002).

Sulfatase Activity and Its Control

Estrogen (or other steroid hormones) sulfates are implicated
in the regulation of various physiological or pathophysio-
logical processes in normal and malignant tissues