


Innovative Endocrinology of Cancer



ADVANCES IN EXPERIMENTAL MEDICINE ANDBIOLOGY

Editorial Board:

NATHANBACK., State University ofNew Yorkat Buffalo
IRUN R. COHEN,The Weizmann InstituteofScience

ABELLAJTHA,N'S.Kline Institutefor PsychiatricResearch
JOHN D. LAMBRIS,University ofPennsylvania
RODOLFOPAOLETTI, University ofMilan

RecentVolumes in this Series

Volume622
OVARIAN CANCER

Editedby GeorgeCoukos,AndrewBerchuck,and Robert Ozols

Volume 623
ALTERNATIVE SPLICINGIN THE POSTGENOMIC ERA

Edited by Benjamin1. Blencoweand BrentonR. Graveley

Volume 624
SUNLIGHT, VITAMIN D AND SKIN CANCER

Edited by JorgReichrath

Volume625
DRUGTARGETS IN KINETOPLASTID PARASITES

Edited by HemantaK. Majumder

Volume 626
GENOMICIMPRINTING

Edited by Jon F.Wilkins

Volume 627
TRANSGENESIS AND THE MANAGEMENT OF VECTOR-BORNE DISEASE

Edited by SerapAksoy

Volume 628
BRAIN DEVELOPMENT IN DROSOPHILA MELANOGASTER

Edited by GerhardM. Technau

Volume 629
PROGRESSIN MOTORCONTROL

Edited by Dagmar Sternad

Volume 630
INNOVATIVE ENDOCRINOLOGY OF CANCER

Edited by Lev M. Berstein and Richard1. Santen

A Continuation OrderPlanis availablefor this series.A continuationorder will bring deliveryof each new
volume immediatelyupon publication.Volumes are billed only upon actual shipment.For further information
please contact the publisher.



Innovative Endocrinology
of Cancer
Edited by

Lev M. Berstein, MD, PhD, DMS

Laboratory ofOncoendocrinology, Professor N.N. Petrov Research Institute
ofOncology, St. Petersburg, Russia

Richard J. Santen, MD

Division ofEndocrinology and Metabolism, University ofVirginiaHealth
Sciences Center, Charlottesville, Virginia, USA

Springer Science+Business Media, LLC
Landes Bioscience



SpringerScience+Business Media,LLC
LandesBioscience

Copyright©2008LandesBioscienceand SpringerScience+Business Media,LLC

All rights reserved.
Nopartof thisbookmaybereproducedortransmitted in anyformorby anymeans,electronic ormechani-
cal, includingphotocopy, recording,or any information storageandretrievalsystem,withoutpermission
in writingfromthe publisher, with the exceptionof any materialsuppliedspecifically for the purposeof
being enteredand executedon a computersystem;for exclusiveuse by the Purchaserof the work.

Printedin the U.S.A.

SpringerScience+Business Media,LLC, 233 SpringStreet,New York, New York10013,USA
http://www.springer.com

Pleaseaddressall inquiriesto the publishers:
LandesBioscience, 1002WestAvenue, 2nd Floor,Austin,Texas78701,USA
Phone:512/637 5060;FAX: 512/6376079
http://www.landesbioscience.com

Innovative Endocrinology of Cancer, edited by Lev M. Berstein and Richard J. Santen,
Landes Bioscience1SpringerScience+Business Media,LLC dual imprint1Springerseries:Advances
in Experimental Medicineand Biology

ISBN:978-0-387-78817-3

Whilethe authors,editorsandpublisherbelievethatdrugselectionanddosageandthespecifications and
usage of equipmentand devices,as set forth in this book, are in accordwith current recommendations
and practice at the time of publication, they make no warranty, expressedor implied, with respect to
material described in this book. In view of the ongoingresearch, equipmentdevelopment, changes in
governmental regulationsandthe rapidaccumulation of information relatingto the biomedicalsciences,
the reader is urged to carefullyreview and evaluatethe informationprovidedherein.

Library of Congress Cataloging-in-Publication Data

Innovativeendocrinology of cancer1editedby Lev M. Berstein,RichardJ. Santen.
p. ; em. -- (Advances in experimental medicineand biology; v. 630)

Includesbibliographical referencesand index.
ISBN 978-0-387-78817-3
1. Cancer--Endocrine aspects. I. Berstein,Lev M. II. Santen,RichardJ. III. Series.
[DNLM: 1. BreastNeoplasms--physiopathology. 2. BreastNeoplasms--drug therapy. 3. Estrogen

ReceptorModulators--pharmacology. 4. Receptors, Estrogen--physiology. 5. Receptors, Progester-
one--physiology. WI AD559v.6302008 1WP 8701565 2008]
RC268.2.I562008
616.99'4071--dc22

2008006861



PREFACE

Atthebeginning of the21th century, hormone-associated tumorsmadeupnot less
than30-40%of allhumancancers.1 Thus,the importance of theproblem-both medi-
cal and social-was the first reasonfor the creationof this volume. Accordingly, the
firstgoalof the bookwas to reviewdifferent aspectsof the extensive fieldof research
in the area coveredby the notion 'hormonesand cancer'.

First,howeverdoes not necessarily mean main. Most of us know that scienceis
about asking questions and finding credibleways to answer them and that it works
best in a culturethat welcomes challenges to prevailing dogmas.' Thus, the principal
aim of this volumeis to describethese new and attractive ideas and methodswhich
have animatedoncoendocrinolgy in recentyears.Tofulfill this task, the co-editors of
the book were guidedby a desire to describe the rich innovation in this field.

As a result,the volumeis devotedto the new developments in such topicsas
mechanisms ofhormonal carcinogenesis (contributions ofJ. Chenet al; J.Russoand I.
Russo; L. Berstein), epidemiology andrisk factors (contributions of S. Ukraintseva et
al;A. Hjartakeret al;A.H.Eliassenand S.Hankinson), hormoneproduction by tumor
tissue(contribution of S. BulunandE. Simpson) andhormonal sensitivity of the latter
(contribution of C. Lange et al), genesis,dichotomy and endocrinology of cancer in
females (contribution of C. Griindker et al), pharmacogenomics and proteomics in
oncoendocrinology (contributions ofD. Tysonand D. Ornstein; R. Weinshilboum),
biological core of hormonaland antihormonal therapyof cancer (contributions of R.
Santenet al;A.Buttet al; S. SenguptaandV. C. Jordan)anditsprevention (T. Powles'
contribution).

As oncewas saidby prominentwriter: 'Novelistsare either"large-audience"
or "small-audience'".' Weare hopingthat readership of thebook (whichtestifies that
endocrinology of cancerhas gonea longand fruitful way)will increasegradually and
receivefurtherstimulus neededfor subsequent achievements in this interesting area.

Lev M Berstein, MD, PhD, DMS
Richard J. Santen, MD

1. Parkin DM, Fernandez LM. Use of statistics to assess the global burden of breast cancer.
Breast J 2006; 12(Suppl 1):S70-80.

2. Omenn GS. Grand challenges and great opportunities in science, technology, and public
policy. Science 2006; 314:1696-704.

3. Bellow S. Something to Remember Me By: Three Tales. New York: Viking, 1991.
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Mechanisms of Hormone 
Carcinogenesis:
Evolution of Views, Role of Mitochondria
Jin-Qiang Chen,* Terry R. Brown and James D. Yager

Abstract

Cumulative and excessive exposure to estrogens is associated with increased breast cancer 
risk. The traditional mechanism explaining this association is that estrogens affect the rate 
of cell division and apoptosis and thus manifest their effect on the risk of breast cancer 

by affecting the growth of breast epithelial tissues. Highly proliferative cells are susceptible to ge-
netic errors during DNA replication. The action of estrogen metabolites offers a complementary 
genotoxic pathway mediated by the generation of reactive estrogen quinone metabolites that 
can form adducts with DNA and generate reactive oxygen species through redox cycling. In this 
chapter, we discussed a novel mitochondrial pathway mediated by estrogens and their cognate 
estrogen receptors (ERs) and its potential implications in estrogen-dependent carcinogenesis. 
Several lines of evidence are presented to show: (1) mitochondrial localization of ERs in human 
breast cancer cells and other cell types; (2) a functional role for the mitochondrial ERs in regula-
tion of the mitochondrial respiratory chain (MRC) proteins and (3) potential implications of the 
mitochondrial ER-mediated pathway in stimulation of cell proliferation, inhibition of apoptosis 
and oxidative damage to mitochondrial DNA. The possible involvement of estrogens and ERs in 
deregulation of mitochondrial bioenergetics, an important hallmark of cancer cells, is also described. 
An evolutionary view is presented to suggest that persistent stimulation by estrogens through ER 
signaling pathways of MRC proteins and energy metabolic pathways leads to the alterations in 
mitochondrial bioenergetics and contributes to the development of estrogen-related cancers.

Introduction
Cumulative and excessive exposure to endogenous and exogenous estrogens is an important 

determinant of breast cancer risk in postmenopausal women.1-3 The traditional mechanism to 
explain this association is that estrogens affect the rate of cell division and thus manifest their ef-
fect by stimulating the proliferation of breast epithelial cells. Proliferating cells are susceptible to 
genetic errors during DNA replication which, if uncorrected, can ultimately lead to a malignant 
phenotype.4 This paradigm has recently been expanded by a complementary genotoxic pathway 
mediated by the generation of reactive estrogen quinone metabolites that can form adducts in 
DNA and generate reactive oxygen species through redox cycling. Evidence supporting a role for 
estrogen metabolites in animal and human breast carcinogenesis has been reviewed (Fig. 1).1,4 
While both the traditional paradigm and the genotoxic pathway are plausible, the precise role of  
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17-  estradiol (E2) in breast cancer development is not fully understood, pointing to the involve-
ment of other pathways.

Estrogen receptors (ERs) are ligand-activated transcription factors that mediate the biological 
activities of estrogens in target tissues. These receptors usually reside in the cytosol where they bind 
to their ligands and translocate to the nucleus. Like other steroid hormone receptors, the nuclear 
ERs typically bind as dimers to consensus cis-acting regulatory target DNA sequences termed 
estrogen responsive elements (EREs) and directly regulate gene transcription. Alternatively, ERs 
can also interact with other chromatin-bound transcription factors such as AP-1 or Sp1 to enhance 
or repress gene transcription.5,6 These have been referred to as the genomic or nuclear-initiated 
estrogen responses. Alternatively, several rapid, nongenomic pathways mediated by membrane 
localized ERs also affect cell proliferation and apoptosis.7,8 Even more intriguing are the recent 
findings that ERs localize within mitochondria and regulate mitochondrial gene transcription and 
the intrinsic mitochondrial apoptotic pathways.9-12 In this chapter, we will discuss novel estrogen 
activities that are mediated by the ER-dependent mitochondrial pathway and the potential im-
plications of this pathway in estrogen carcinogenesis.

A Novel Paradigm: Estrogen/Estrogen Receptor-Mediated 
Mitochondrial Pathway
Mitochondria as Important Targets for the Action of Steroid and Thyroid 
Hormones and Their Respective Receptors

Mitochondria are cellular organelles with a double membrane. Although the outer membrane 
is relatively smooth, the inner membrane is highly convoluted, forming folds termed cristae. It 
is on these cristae that metabolic substrates are combined with oxygen to produce ATP (Fig. 2). 
Mitochondria traditionally participate in multiple cellular functions including: generation of 
more than 90% of the cell’s energy requirements through oxidative phosphorylation; regulation of 
intracellular calcium homeostasis; control of various ion channels and transporters and participation 

Figure 1. Pathways for estrogen carcinogenesis This figure was taken from Yager JD, Davidson 
NE. N Engl J Med 2006; 354(3):270-282 with permission granted by New England Journal of 
Medicine © 2006 Massachusettes Medical Society. All rights reserved.1 
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in heme and steroid biosynthesis. In addition, mitochondria have a role in regulation of cellular 
proliferation and apoptosis.13,14 Each human cell contains hundreds to several thousand copies of 
the 16.5 kb mitochondrial genome (mtDNA).15 The coding sequences for 2 rRNAs, 22 tRNAs 
and 13 proteins are contiguous and without introns. A single major noncoding region, referred 
to as the displacement loop (D-loop), contains the primary regulatory sequences for transcrip-
tion and initiation of replication. MtDNA is first transcribed to a larger mitochondrial transcript 
precursor, from which the 13 mRNAs, 22 tRNAs and 2 rRNAs are derived.

The transcription and translation of the mRNAs into thirteen proteins within mitochondria16,17 
are under the regulation of various molecules.18 Among these molecules are hormones and other 
factors, including cortisol,19,20 androgen,21 glucocorticoids,22-27 1, 25 -dihydroxyvitamin D3,

28 
thyroid hormone,29-31 estrogens,32 and peroxisome proliferators,33 that have profound effects on 
mitochondrial respiratory chain (MRC) activities. Support for the regulatory effects of these 
hormones on mitochondrial gene transcription, specifically on genes involved in oxidative phos-
phorylation comes from several types of studies. First, the receptors for glucocorticoids,18,24,26,34 
thyroid hormone,26,29,35,36 estrogens,11,12,32,37,38 (see below for details) and androgens,39 have been 
detected in mitochondria (Fig. 2); Second, specific steroid hormone responsive elements for glu-
cocorticoids,40-45 thyroid hormone,30,46-48 and estrogen,9,49 are found in the nucleotide sequence of 
the human mtDNA regulatory region; Third, the ligand-activated glucocorticoid receptor,18,25 a 
variant form of the thyroid hormone receptor30,46-48 and a 45 kDa protein related to peroxisome 
proliferator-activated receptor 233 have each been shown to mediate stimulatory effects on 
mitochondrial gene expression; and Fourth, these hormones and their receptors control a num-
ber of cellular processes including apoptosis and cell proliferation.50,51 It is likely that hormonal 
regulation of mitochondrial gene transcription occurs through mechanisms similar to those that 

Figure 2. Structural features of mitochondria and the presence of steroid and thyroid hormone 
receptors and nuclear transcriptional factors within mitochondria. AR: androgen receptor; 
AP-1: Activation protein-1; BRCA1: protien coded by breast cancer-1 gene; CREB: cyclic AMP 
response element binding protein; ER  and : Estrogen receptor  and ; GR: glucocorticoid 
receptor; JNK: Jun N-terminal kinase; HMGA-1: high mobility group protein A-1; NF- B: 
nuclear factor B; T3R: Thyroid hormone receptor.



4 Innovative Endocrinology of Cancer

control nuclear gene transcription. These insights extend our understanding of hormone action 
at the cellular level.

In addition to steroid hormone receptors, other nuclear transcription factors (e.g., NF- B, 
AP-1 and p53) have been detected in mitochondria (Fig. 2). The cis-acting regulatory binding 
sites for these and other transcription factors have been identified in the mtDNA (for review see 
ref. 18) and their ability to modulate mitochondrial gene expression and affect energy regulation 
has been observed.

The mitochondria store a host of critical apoptotic activators and inhibitors in their intermem-
brane space. The release of such factors could represent another mode of action for these hormone 
receptors and transcription factors within mitochondria.

Collectively, these observations suggest that the mitochondrial genome is an important target 
for the direct actions of steroid and thyroid hormones and their cognate receptors. The effects of 
glucocorticoid and thyroid hormones and their receptors on mitochondrial function have been 
reviewed.18,26,52,53 Here, we focus on the role of estrogens and ERs in the regulation of mitochon-
drial function.

Mitochondrial Localization of Estrogen Receptors
During the past decade, a number of studies detected both ER  and ER  in the cytoplasm 

of many types of cells and tissues (see ref. 11 for review), although it was unclear whether these 
receptors were free within the cytoplasm or resided within specific organelles. Monje and col-
leagues were the first to report the presence of ER  and ER  in the mitochondria of rat ovarian 
and uterine tissues.38,54 More recent studies have definitively demonstrated the presence of ER  
and ER  in mitochondria. For example, Chen et al used confocal microscopy and immunogold 
electron microscopy to show the predominant localization of ER , but also ER  in mitochondria 
of MCF-7 cells.11,55 These observations were independently confirmed by Pedram et al.56 ER  has 
also been detected in mitochondria of other cells, including human liver tumor-derived cancer 
HepG2 cells;10,57 osteosarcoma SaOS-2 cells,57 sperm,39 lens epithelial cells,58,59 cardiomyocytes37 and 
periodontal ligament cells;60 rat primary neurons and cardiomyocytes37 and murine hippocampal 
cells.37,61 ER  was localized in mitochondria of rat cerebral blood vessels.62 Interestingly, these 
cell types exhibit a common requirement for high levels of energy derived from mitochondria to 
maintain their normal physiological activities.

Stimulation of Mitochondrial Respiratory Chain Gene Expression  
and Function by Estrogen and ERs

The presence of ER  and ER  in mitochondria suggests that they may play a key role in the 
regulation of MRC function by estrogens. As mentioned above, mtDNA encodes 13 proteins 
that participate in the processes of oxidative phosphorylation. Mounting evidence supports a role 
for estrogens in mitochondrial gene transcription. For instance, a 16-fold increase in the levels of 
cytochrome oxidase II(COII) mRNA was observed in GH4C1 rat pituitary tumor cells treated 
with 0.5 nM E2 for 6 days.63 Treatment of ovariectomized female rats with E2 induced transcript 
levels of COIII in the hippocampus following treatment for 3 hours.64 Several mtDNA gene 
transcripts, including COI, COII, COIII, NADH dehydrogenase subunit 1 (ND1) and ATP 
synthase subunits 6 and 8, were increased in HepG2 cells and rat hepatocytes treated with ethinyl 
estradiol (EE).65-67 In human beast cancer MCF-7 cells, E2 treatment enhanced the transcript levels 
of COI, COII and ND1 and these effects were blocked by the ER antagonist, ICI182780, suggest-
ing the involvement of ERs.10,11 Hsieh et al68 observed up-regulation of MRC complex IV by the 
ER -selective ligand, diarylpropionitrile (DPN), in rat cardiomyocytes. Jonsson et al60 observed 
that E2-induced attenuation of COI expression in human periodontal ligament cells involved ER . 
Stirone et al69 reported that in vivo treatment of ovariectomized female rats with E2 increased 
the levels of nuclear- and mtDNA-encoded MCR proteins in cerebrovascular mitochondria and 
increased the energy-producing capacity of these cells.

Whereas the mechanisms of estrogen-induced mitochondrial gene transcription are not 
fully understood, several lines of evidence support a role for the binding of ERs to EREs in 
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the mtDNA in response to E2. First, nucleotide sequences with homology to the EREs found 
in estrogen-responsive nuclear genes have been detected in the D-loop of mouse and human 
mtDNA.49,70 Second, using electrophoretic mobility shift assays and surface plasmon resonance 
analysis, recombinant human ER (rhER ), rhER  and ER  present in mitochondrial protein 
extracts were shown to bind specifically to these mtDNA EREs and this binding was enhanced 
by E2 in a time- and dose-dependent manner (Fig. 3).9,10 The presence of these putative mtDNA 
EREs and the binding of ER  and ER  to them lend support for a novel ER signal transduction 
pathway. These lines of evidence suggest that ERs mediate mtDNA transcription in the same 
manner as the glucocorticoid receptor which is translocated into the mitochondria and binds to 
glucocorticoid response elements after treatment with glucocorticoids.22,25

The majority of MRC proteins and a number of other proteins involved in the assembly of 
MRC complexes, the replication and transcription of mtDNA and translation of mtRNAs, are 
encoded by nuclear DNA, synthesized in the cytosol and subsequently imported into mitochon-
dria. However, proper MRC biogenesis and functions depend on the coordinate expression and 
correct assembly of both nuclear- and mtDNA-encoded proteins, a complex process that requires 
a variety of well orchestrated regulatory mechanisms between the physically separate nuclear and 
mitochondrial compartments.71,72

Numerous observations now support a role for estrogens in induction of nuclear-encoded 
MRC proteins and stimulation of mitochondrial respiration. Treatment of ovariectomized rats 
with estrogens substantially increased respiratory rate, glycolytic activities and glucose utilization 
in their uterus in concert with uterine growth.73 In the liver of EE-treated rats and in E2-treated 
HepG2 cells, transcript levels for nuclear genes, e.g., mitochondrial ATP synthase subunit E, were 
increased along with the enhanced mRNA levels for several mtDNA genes.65,66 Moreover, these 
effects were accompanied by increased MRC activity.66,74 Among the estrogen responsive genes 
identified in MCF-7 cells was the nDNA-encoded COVII whose promoter region contained a con-
sensus ERE that exhibited E2-dependent enhancer activity.75 Several nuclear-encoded MRC genes 

Figure 3. Time- and concentration-dependent effects of E2 on the binding on MCF-7 mito-
chondrial protein extracts to D-loop ERE III MCF-7 cells cultured in media containing 5% 
charcoal-striped fetal bovine serum (FBS) for five days were treated with E2 (100 nM) for the 
indicated time points (A) or with E2 (B) at the indicated concentrations. Mitochondrial protein 
extracts were prepared and EMSA were performed as described.9 This figure was taken from 
Chen et al9 with permission granted by the Journal of Cellular Biochemistry.
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(e.g., COVa; and mitochondrial ATP synthase subunits  and F) were up-regulated in dysplastic 
prostates of Noble rats following administration of testosterone and E2.76 The nuclear-encoded 
subunit C isoform of the F0 complex of mitochondrial ATP synthase (F1/F0) and mitochondrial 
ribosomal protein 3 were up-regulated by estrogens in ER -positive breast cancer cells.77 O’Lone et 
al78 performed gene expression profiling in aorta of ER  knock out (ER  KO) and ER KO mice 
to identify comprehensive gene sets whose levels of expression were regulated by long-term (one 
week) estrogen treatment. They noted that ER  was essential for the stimulation of a majority of the 
estrogen-induced genes in the aorta whereas ER  primarily mediated estrogen-dependent decreases 
in gene expression. Among the estrogen-regulated genes were those involved in electron transport 
and the control of reactive oxygen species. Of particular note, the estrogen/ER  pathway mediated 
down-regulation of mRNAs for nuclear-encoded subunits in each of the MRC complexes. The 
estrogen receptor related receptor , an orphan receptor that is identified as a regulator of cellular 
energy metabolism, together with its co-activator, proliferator-activator receptor  1, played an 
important role in the regulation of several genes encoding MRC proteins.79,80

Morphological observations of abnormal mitochondrial cristae in cardiomyocytes of ER KO 
mice81 and gender differences in mitochondrial morphology and functionality82,83 suggest that E2 
and ERs are integrally involved in the coordinate expression of mtDNA-and nuclear-encoded 
subunits. Moreover, nDNA-encoded regulatory/accessory factors are required for mtDNA rep-
lication, transcription, translation and assembly.

The effects of E2/ERs on MRC protein expression are associated with their effects on MRC 
activities, as reflected by increased superoxide production, O2 uptake,66 and intracellular ATP 
levels.67,84 The E2-mediated mitochondrial effects can be inhibited by the pure ER antagonist, 
ICI182780.11,74 Estrogen induced higher levels of glutathione (GSH) in mitochondria and nuclei 
and decreased apoptosis.67,85 Consistent with these observations is the finding that liver mitochon-
dria from female rats have greater capacity for oxidative phosphorylation than liver mitochondria 
from male rats.86 Doan et al observed that prenatal blockade of E2 synthesis impaired respiratory 
and metabolic responses to hypoxia in newborn and adult rats.87

Taken together, these observations provide significant insights into the molecular mechanism 
by which E2 and ERs contribute to the preservation and regulation of mitochondrial function. 
ERs are present in mitochondria and E2 enhances mtDNA transcription. Through induction of 
MRC protein synthesis, E2 and ERs may regulate mitochondrial structure and function and thus 
other energy-dependent physiological processes. We proposed (Fig. 4) that once inside the cells, 
binding of E2 to ER  and/or ER  enhances their translocation to the nucleus where they stimulate 
the expression of nuclear-encoded MRC proteins and protein factors for mtDNA transcription 
such as mitochondrial transcription factor A (mtTFA) and other accessory factors for assembly of 
MRC complexes. These proteins are synthesized in the cytosol and imported into mitochondria. 
On the other hand, binding of E2 to cytosolic ER  (or ER ) leads to their import into mitochon-
dria and stimulation of mtDNA transcription and MRC protein synthesis. Assembly of MRC 
complexes enhances MRC activity, leading to increased ATP and ROS, which could be involved 
in the control of cellular processes, as described below.

Potential Role of E2/ER-Mediated Mitochondrial Pathway  
in Estrogen Carcinogenesis

Estrogens control biogenesis and maintenance of mitochondria through the cross-talk be-
tween nuclear and mitochondrial genomes, which appears to control estrogen-induced signaling 
pathways involved in the cell proliferation, apoptosis and differentiation of both normal and 
malignant cells.

Potential Role in Cell Proliferation
Estrogens are essential for growth and differentiation of normal, premalignant and malignant 

cell types including breast epithelial cells, through interaction with ER  and ER . The majority of 
cellular ATP is generated via the MRC.88 Under physiological conditions, about 2% of electrons leak 
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from the MRC, which reduce oxygen to superoxide anion and trigger the formation of a cascade of 
free radicals that are collectively termed reactive oxygen species (ROS).89 The MRC-generated ATP 
and ROS are essential for the viability of cells. E2-induced MRC protein synthesis and, perhaps, 
energy metabolism are physiologically important in E2-target cells and tissues, which have high 
demand for energy. Therefore, a relative deficiency or overabundance of MRC activities may lead 
to pathological consequences, depending on the types and ages of the target cells where the energy 
demand, the availability of E2 and ERs and the duration of their actions vary. Overabundance of 
E2/ER-mediated MRC protein synthesis and energy metabolism may exist in human breast cells 
as they are likely exposed to relatively high E2 levels due to the active in situ synthesis of E2.90-93

Cell survival, growth and proliferation require large amounts of ATP. For example, cell cycle 
progression, biosynthetic pathways, kinase-mediated signaling pathways and a wide variety of 
cross-membrane transporters and channels all require ATP for their proper function. Thus, without 
sufficient ATP supply, cells are not viable. However, with an excess of ATP, cell proliferation may 
be enhanced. For example, in rapidly proliferating cells, rates of cell proliferation were closely cor-
related with enhanced mitochondrial gene expression and MRC activities.94,95 The E2/ER-mediated 
mitochondrial pathway may stimulate cell proliferation by overproduction of ATP.

The importance of ATP for regulation of cell proliferation was demonstrated in several 
studies. Vascular smooth muscle cells respond to ATP by increasing their intracellular calcium 
concentrations and rate of proliferation. In many cells the extracellular signal-regulated kinase 
(ERK) cascade plays an important role in cell proliferation. Wilden et al96 observed that the 
binding of ATP to an UTP-sensitive P2Y nucleotide receptor activated ERK1/ERK2 in coronary 
artery smooth muscle cells (CASMC). ATP-induced activation of ERK1/ERK2 is dependent 
on mitogen-activated protein kinase (MAPK)/ERK kinase. Shen et al97,98 reported in cultured 
CASMC that adenosine stimulated phosphorylation of ERK, Jun N-terminal kinase ( JNK) and 
AKT. Moreover, adenosine-induced phosphorylation of these kinases was inhibited by the inhibi-
tors of respective kinase pathways, which, in turn, was associated with abolishment or diminution 
of adenosine-induced increases in DNA/protein synthesis and cell number. These observations 

Figure 4. Proposed model for E2/ER-mediated mitochondrial pathway.
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suggest that both ERK1/ERK2and PI3K activities are required for CASMC proliferation. ATP 
also stimulated the proliferation of several cell types.99-102

Recent studies103-106 have suggested that estrogen-mediated mitochondrial ROS act as signal-
ing molecules to regulate the expression of growth-related proteins. Several proteins involved 
in redox-regulated signaling pathways, including A-Raf, Akt, protein kinase C(PKC), ERK, 
MAPK/ERK kinase (MEK) and transcription factors AP-1, nuclear factor B (NF- B) and 
cAMP response element-binding protein (CREB), are targets of both estrogen and ROS. Felty et 
al103,104 observed that these same redox sensor kinases and transcription factors were responsible 
for cell cycle progression in response to estrogen-induced stimulation of mitochondrial ROS. 
In another study, Felty et al106 reported that E2-induction of mitochondrial ROS promoted cell 
motility through increases of cdc42, activation of Pyk2 and increased phosphorylation of c-jun 
and CREB. These observations suggest that induction of mitochondrial ROS by E2 acts as a signal 
to control cell growth and proliferation.

Potential Role of E2/ER-Mediated ROS to Oxidative Damage  
and Mutations on mtDNA

Persistent E2/ER-mediated mitochondrial ROS production may cause mutations in mtDNA 
and damage to mitochondrial proteins. As mentioned above, in rat hepatocytes and human HepG2 
cells treated with E2 or EE, mitochondrial superoxide levels were enhanced by several fold and 
inhibited by ICI182780, indicating that these effects were mediated via ERs.67,74 Under normal 
conditions, MRC-generated superoxide is detoxified by mitochondrial antioxidant systems that 
include manganese superoxide dismutase (Mn-SOD), catalase and glutathione. Since estrogens 
also induce MnSOD expression and activity, the increased superoxide is likely detoxified by 
MnSOD. However, if the antioxidant system is impaired, superoxide will accumulate within 
mitochondria. On the other hand, estrogens are known to stimulate the expression of inducible 
nitric oxide synthase within mitochondria,107 which catalyzes the generation of nitric oxide (NO–). 
Superoxide can combine with nitric oxide to form a highly toxic peroxynitrite species (OONO–). 
Increased levels of superoxide itself and/or of OONO– in response to estrogens could lead to 
oxidative damage to mtDNA and to the redox, heme-containing proteins located in the inner 
mitochondrial membrane (Fig. 5).

Unlike nuclear DNA, mtDNA is considered by some authors to be highly susceptible to oxi-
dative damage because it is not associated with protective histones and is continually exposed to 
high levels of ROS generated by MRC. Furthermore, since mitochondria have less-efficient repair 
mechanisms than the nuclear systems,108,109 damaged mtDNA may not be efficiently repaired. A high 
frequency of somatic mtDNA mutations that affect the energetic capability have been described 

Figure 5. Proposed model for generation, degradation and accumulation of superoxide within 
mitochondria.
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in breast cells.110,111 In addition, the mtDNA polymorphism, G10398A, results in a nonconserva-
tive amino acid substitution of threonine (encoded by the A allele) for alanine (encoded by the G 
allele) in NADH dehydrogenase subunit 3 (ND3). Canter et al112 reported that African-American 
women carrying this variant allele are 60 percent more likely to develop invasive breast cancer than 
African-American women without this genetic marker. Increased risk of prostate cancer was also 
observed in African American men who carry this allele.113 Mutations in nuclear-encoded MRC 
genes [e.g., succinate dehydrogenase B and C, MRC complex II genes) predispose to two differ-
ent types of inherited neoplasia syndromes.114-116 Pathogenic mtDNA mutations that impinge on 
mitochondrial energy transduction do play a relevant role in the etiology of cancer by any one 
and/or combination of the following mechanisms: excessive ROS signaling,117 diminished cellular 
apoptotic potential118 or mitochondrial signaling that triggers invasive phenotypes.119

ROS-induced mitochondrial dysfunction can also lead to activation of nuclear genes and 
signaling pathways involved in tumor initiation and progression. For example, ROS can induce 
stress response pathways that increase the expression of  hypoxia induced factor 1 , which, in turn, 
can activate genes involved in angiogenesis and tumor metastasis.120 In addition, ROS-mediated 

disruption of mitochondrial functions has been shown to activate the calcium-dependent PKC 
pathway, which activates cathepsin L and other downstream genes involved in tumor invasive-
ness.119 Whereas only a few nuclear genes are known to be targets of mitochondrial dysfunction 
in cancer, the effects of mitochondria on nuclear stress signaling in tumor progression may provide 
clues to the identification of subtypes of tumors that respond to the targeted disruption of specific 
pathways as effective therapies.

Potential Role in Inhibition of Apoptosis
Apoptosis is a fundamental cellular activity to protect against neoplastic development by 

eliminating genetically damaged cells or those cells that have been improperly induced to divide 
by a mitotic stimulus. Inhibition of spontaneous and/or metabolically-induced apoptosis could 
be one of the mechanisms underlying carcinogenesis.

Estrogens normally inhibit apoptosis in human breast cancer and other types of cells.121-124 
While several membrane ER-mediated pathways mediate E2-dependent inhibition of apoptosis,8,125 
the E2/ER-mediated mitochondrial pathway may play a role in the control of apoptosis as well. 
Mitochondria serve to integrate cellular apoptotic signals and to amplify apoptotic responses.126 
Enhanced MRC gene expression is associated with decreased apoptosis67,127,128 whereas reduced 
MRC gene expression and MRC function has been associated with increased apoptosis.129-132 By 
regulating E2-mediated mtDNA gene expression and energy metabolism, mitochondrial ERs may 
contribute to inhibition of apoptosis.

The role of the mitochondrial ER  in E2-mediated inhibition of apoptosis was demonstrated 
by Pedram et al12 who used several approaches to separate the contributions of the mitochondrial 
ER from the nuclear and membrane ER signaling pathways in investigating how E2 inhibits 
UV-induced apoptosis. ER negative HCC-1569 breast cancer and CHO cells were transfected 
with the ligand binding E domain of ER  targeted to the nucleus, membrane or mitochondria. 
Anti-apoptotic effects were not seen with the nuclear-targeted E domain ER construct, whereas 
both the membrane and mitochondria targeted E domain ER constructs inhibited UV-induced 
apoptosis. To address the mechanism of this protective effect by E2, Pedram et al12 examined the 
effects of E2 treatment on the activity of MnSOD in intact cells and isolated mitochondria. E2 
increased MnSOD activity in both untreated and UV-irradiated intact cells. While others have 
shown that MnSOD transcription is enhanced by E2, Pedram et al12 showed that E2 stimulated 
MnSOD activity just in isolated mitochondria. The E2-enhanced MnSOD activity was inhibited 
by ICI182780 in both intact cells and isolated mitochondria. This appears to represent the first 
report indicating that E2 can increase MnSOD activity through a process mediated by the E 
domain of the ER. Additional studies are needed to uncover the mechanism involved and spe-
cifically to determine whether it results from a direct interaction between the E domain of ER 
and MnSOD protein, or as an indirect effect.133 On the other hand, up-regulation of mtDNA 
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encoded respiratory chain complex IV expression by DPN, an ER -selective ligand, was critical 
for inhibiting mitochondrial apoptotic signaling in rat cardiomyocytes.134 This finding together 
with that of Pedram et al12 suggest that there may be several mechanisms by which the ERs may 
mediate inhibition of apoptosis following E2 treatment.

It is likely that the E2/ER-mediated enhancement of cell proliferation and inhibition of apoptosis 
contribute, at least in part, to estrogen carcinogenesis. Consistent with this notion, MRC gene 
expression is significantly enhanced in immortalized and transformed cells.135

Potential Role in Anti-Cancer Drug Resistance
Tamoxifen (TAM) is an antiestrogen used for treatment of ER-positive human breast cancer. 

While TAM therapy is initially successful, most tumors become TAM resistant (TAM-R) and the 
disease ultimately progresses.136 To date, the majority of studies on TAM-R have focused on the 
actions of TAM-mediated nuclear- and plasma membrane-ERs, but primary mechanisms leading 
to TAM-R have yet to be identified. There is evidence that mitochondria are an important target 
for the action of TAM.137-142 Proteomic analysis using human breast cancer xenografts identified 
several MRC proteins whose expression was up-regulated in TAM-R cells.143 Altered mitochon-
drial proteome and MRC functions have been observed in adriamycin resistant MCF-7 cells.144 
A role for ER  in TAM-R is suggested by several observations: a) ER  expression is up-regulated 
in TAM-R tumor cells145 and low levels of ER  protein predict TAM-R in breast cancer.146 TAM 
did not abrogate E2-induced cell proliferation and transformation of MCF-10F cells,2,147 in which 
ER  is predominantly localized in mitochondria and is involved in E2-induced expression of MRC 
proteins. Together, these observations suggest that the E2/ER -mediated mitochondrial pathway 
could be an important target for TAM and other anti-cancer drugs and that alterations in the 
E2/ER -mediated mitochondrial function via differential subcellular localization of ERs may con-
tribute to TAM-R and resistance to other anticancer drugs. On the other hand, the mitochondrial 
localization of ERs can result in fundamental changes in the way cells respond to anti-estrogens. 
Consistent with this notion, it was reported148 that long-term treatment of MCF-7 cells with TAM 
facilitated the translocation of ER  out of the nuclei and enhanced its interaction with epidermal 
growth factor receptor in the cytoplasm. This change in ER  subcellular localization was thought 
to be responsible for the acquired TAM-R.

Deregulation of Mitochondrial Bioenergetics in Cancer Cells  
and Involvement of Estrogens and ERs

Epidemiological studies149-155 suggest an association of energy imbalance with increased risk of 
breast, prostate, colon, ovarian, lung and other cancers. While the biological and pathological rel-
evance of these observations remains to be determined, they suggest that altered energy metabolism 
and utilization is an emerging paradigm in cancer development. It is possible that an imbalance 
of energy metabolism and utilization could be caused by prolonged exposure to estrogens, which 
may contribute to estrogen carcinogenesis in the breast, ovary and prostate.

It has long been known that the bioenergetics of cancer cells substantially differ from those of 
normal cells in that cancer cells need an unusual amount of energy to survive and grow. Cancer cells 
typically depend more on glycolysis than on oxidative respiration (Warburg effect) in contrast to 
most normal cells that predominantly rely on oxidative phosphorylation for energy production.156,157 
For example, glycolysis was up-regulated upon malignant transformation in breast cancer tissue.158 
Increasing evidence from recently reviewed studies on bioenergetics of cancer cells indicate that 
deregulation of bioenergetics is an important hallmark of cancers, including breast cancer159,160 and 
plays a crucial role in cancer development. Alterations in energy metabolism pathways including 
glycolysis, the tricarboxylic acid (TCA) cycle and MRC in cancer cells have been recognized. E2 

and ERs are likely involved in causing these alterations.
Glycolysis is a biochemical pathway catalyzed by enzymes that break hexose sugars into 

three-carbon molecules, e.g., pyruvate, with generation of two molecules of NADH and ATP. 
Altered expression of proteins involved in glycolysis has been seen in human colorectal, breast, 
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ovarian and prostate cancers.160-163 Hexose kinase (HK) catalyzes the first step in glycolysis. Drugs 
that dissociate HK from the mitochondrial membrane caused apoptosis and interfered with growth 
pathways.164 The activity and expression of pyruvate kinase, which catalyzes the last step of gly-
colysis, was substantially elevated in liver, colon and breast cancer tissues.158,160,161 E2 stimulated and 
TAM inhibited glycolysis in human breast MCF-7 cells.165 During growth of orthotopic MCF-7 
breast cancer xenografts in vivo, the rate of glucose metabolism through glycolysis was increased by 
E2 whereas TAM induced growth arrest and a concomitant decrease in glycolytic rate. In congru-
ence, glucose transporter-1 expression was stimulated by E2 up to 3-fold relative to that found in 
the presence of TAM, suggesting that E2-induced changes in glycolysis appeared to be mediated 
via regulation of glucose transport.166

As a biochemical pathway, the TCA cycle, together with electron transport and oxidative phos-
phorylation, plays a pivotal role in cellular respiration. Altered expression and activity of proteins 
of the TCA cycle have been seen in breast,163 prostate167 and colorectal162 cancers. Citrate synthase, 
the enzyme that initiates the TCA cycle, is enhanced in rat cerebral blood vessels following estrogen 
treatment.62 Aconitase and isocitrate dehydrogenase (ICDH) catalyze the second and third steps 
in the TCA cycle. Inhibition of aconitase activity reduced cell proliferation in human prostate 
carcinoma cells.168,169 Aconitase and ICDH activities were enhanced by estrogens.170

Several lines of evidence indicate that the deregulation of MRC bioenergetics in cancer cells 
may contribute to cancer development: (i) As mentioned above, many types of mutations in 
mtDNA and altered expression of MRC proteins and function have been seen in a number of 
cancer cells including breast and prostate cancer cells.171-176 A recent proteomic study on breast 
cancer brain metastases163 revealed an increased expression of proteins involved in glycolysis, 
TCA cycle, oxidative phosphorylation and pentose phosphate pathways. This protein profile is 
consistent with either a selection of predisposed cells or bioenergetics adaptation of the tumor 
cells to the unique energy metabolism in brain; (ii) As was underlined above, forcing cancer cells 
into mitochondrial respiration efficiently suppressed cancer growth. Impaired mitochondrial 
respiration may have a role in metastatic processes;177 and (iii) Mutations in nuclear-encoded 
MRC genes [e.g., succinate dehydroganse B and D (SDHB) and SDHC], MRC complex II genes) 
involved in MRC bioenergetics have been shown to predispose to two different types of inherited 
neoplasia syndromes.114-116

Concluding Remarks, Evolutionary View and Future Directions
The evidence presented supports: (1) mitochondrial localization of ERs in human breast 

cancer cells and other cell types; (2) a functional role for the mitochondrial ERs in the regula-
tion of MRC energy metabolism; (3) potential implications of the mitochondrial ER-mediated 
pathway in stimulation of cell proliferation, inhibition of apoptosis and oxidative damage to 
mitochondrial DNA and (4) deregulation of mitochondrial bioenergetics in cancer cells and 
involvement of estrogens and ERs in this dysregulation. The regulation of mitochondrial gene 
transcription and energy metabolism pathways by estrogens and ERs opens a new paradigm to 
better understand estrogen action at the cellular levels and a potential role for this new pathway 
in estrogen carcinogenesis.

These data provide a basis for the evolutionary view that persistent stimulation by estrogens and 
ERs of the expression and activities of proteins involved in the bioenergetics pathways including 
glycolysis, TCA cycle and MRC may lead to alterations in mitochondrial function, which in turn 
contributes, at least in part, to initiation and development of hormone-related cancers.

The molecular mechanisms underlying this E2/ER-mediated pathway and its precise role in 
estrogen carcinogenesis are still far from being understood. Several important questions need to 
be addressed: (1) How are ERs imported into mitochondria? (2) Are both or either ER  and ER  
directly involved in E2-induced MRC protein synthesis? (3) Do ERs mediate the E2-induced MRC 
protein synthesis and activity via their interactions with transcription factors within mitochondria? 
and Finally and importantly, (4) What are the physiological and pathological implications of the 
overabundance of E2/ER-mediated mitochondrial effects in cancer cells? New studies should be 
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directed toward answers to these questions. In-depth investigations of these regulatory mechanisms 
are relevant to the development of novel drugs for the treatment of estrogen-dependent disease, 
notably cancers.
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Chapter 2

Adaptation to Estradiol Deprivation 
Causes Up-Regulation of Growth 
Factor Pathways and Hypersensitivity 
to Estradiol in Breast Cancer Cells
Richard J. Santen,* Robert X. Song, Shigeru Masamura, Wei Yue, Ping Fan, 
Tetsuya Sogon, Shin-ichi Hayashi, Kei Nakachi and Hidtek Eguchi

Abstract

Deprivation of estrogen causes breast tumors in women to adapt and develop enhanced 
sensitivity to this steroid. Accordingly, women relapsing after treatment with oophorec-
tomy, which substantially lowers estradiol for a prolonged period, respond secondarily to 

aromatase inhibitors with tumor regression. We have utilized in vitro and in vivo model systems to 
examine the biologic processes whereby Long Term Estradiol Deprivation (LTED) causes cells to 
adapt and develop hypersensitivity to estradiol. Several mechanisms are associated with this 
response including up-regulation of ER  and the MAP kinase, PI-3-kinase and mTOR growth 
factor pathways. ER  is 4-10 fold up-regulated as a result of demethylation of its C promoter, 
This nuclear receptor then co-opts a classical growth factor pathway using SHC, Grb-2 and Sos. 
This induces rapid nongenomic effects which are enhanced in LTED cells.

The molecules involved in the nongenomic signaling process have been identified. Estradiol 
binds to cell membrane-associated ER  which physically associates with the adaptor protein 
SHC and induces its phosphorylation. In turn, SHC binds Grb-2 and Sos which results in the 
rapid activation of MAP kinase. These nongenomic effects of estradiol produce biologic effects as 
evidenced by Elk-1 activation and by morphologic changes in cell membranes. Additional effects 
include activation of the PI-3-kinase and mTOR pathways through estradiol-induced binding of 
ER  to the IGF-1 and EGF receptors.

A major question is how ER  locates in the plasma membrane since it does not contain an 
inherent membrane localization signal. We have provided evidence that the IGF-1 receptor serves 
as an anchor for ER  in the plasma membrane. Estradiol causes phosphorylation of the adaptor 
protein, SHC and the IGF-1 receptor itself. SHC, after binding to ER , serves as the “glue” which 
tethers ER  to SHC binding sites on the activated IFG-1 receptors. Use of siRNA methodology 
to knock down SHC allows the conclusion that SHC is needed for ER  to localize in the plasma 
membrane.

In order to abrogate growth factor induced hypersensitivity, we have utilized a drug, farne-
sylthiosalicylic acid, which blocks the binding of GTP-Ras to its membrane acceptor protein, 
galectin 1 and reduces the activation of MAP kinase. We have shown that this drug is a potent 
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inhibitor of mTOR and this provides the major means for inhibition of cell proliferation. The 
concept of “adaptive hypersensitivity” and the mechanisms responsible for this phenomenon 
have important clinical implications. The efficacy of aromatase inhibitors in patients relapsing on 
tamoxifen could be explained by this mechanism and inhibitors of growth factor pathways should 
reverse the hypersensitivity phenomenon and result in prolongation of the efficacy of hormonal 
therapy for breast cancer.

Introduction
Cancer cells adapt in response to the pressure exerted upon them by various hormonal treat-

ments. Ultimately, this process of adaptation renders them insensitive to hormonal therapy. In 
patients, clinical observations suggest that long term deprivation of estradiol causes breast cancer 
cells to develop enhanced sensitivity to the proliferative effects of estrogen. Premenopausal women 
with advanced hormone dependent breast cancer experience objective tumor regressions in response 
to surgical oophorectomy which lowers estradiol levels from mean levels of approximately 200 
pg/ml to 10 pg/ml.1 After 12-18 months on average, tumors begin to regrow even though estradiol 
levels remain at 10 pg/ml. Notably tumors again regress upon secondary therapy with aromatase 
inhibitors which lower estradiol levels to 1-2 pg/ml. These observations suggest that tumors de-
velop hypersensitivity to estradiol as demonstrated by the fact that untreated tumors require 200 
pg/ml of estradiol to grow whereas tumors regrowing after oophorectomy require only 10 pg/ml. 
We have shown in prior studies that up-regulation of growth factor pathways contributes to the 
phenomenon of hypersensitivity.2-10 Ultimately these tumors adapt further and grow exclusively 
in response to growth factor pathways and do not require estrogens for growth.

In order to provide direct proof that hypersensitivity does develop and to study the mecha-
nisms involved, we have utilized cell culture and xenograft models of breast cancer as experimental 
tools.5,8,9,11-13

Phenomenon of Hypersensitivity: Mechanisms and Pathways
To induce hypersensitivity, wild type MCF-7 cells require culturing over a 6-24 month period in 

estrogen-free media to mimic the effects of ablative endocrine therapy such as induced by surgical 
oophorectomy or aromatase inhibitors.11,12 This process involves Long Term Estradiol Deprivation 
and the adapted cells are called by the acronym, LTED cells. As evidence of hypersensitivity, a 
three log lower concentration of estradiol can stimulate proliferation of LTED cells compared to 
wild type MCF-7 cells (Fig. 1A).7 We reasoned that the development of hypersensitivity could 
involve modulation of the genomic effects of estradiol acting on transcription, nongenomic ac-
tions involving plasma membrane related receptors, cross talk between growth factor and steroid 
hormone stimulated pathways, or interactions among these various effects.5,7-9,11-13

We initially postulated that enhanced receptor mediated transcription of genes related to cell 
proliferation might be involved. Indeed, the levels of ER  increased 4-10 fold during long term 
estradiol deprivation.11 The up-regulation of ER alpha results from demethylation of promoter 
A and C of the estrogen receptor (Fig. 1B and 1C). The transcripts stimulated by this promoter 
increase by 149 fold and the DNA of this segment exhibits a marked increase in demethylation. 
13aWe initially reasoned that the up-regulation of ER  would directly result in hypersensitivity 
to estradiol (E2). Accordingly, to directly examine whether enhanced sensitivity to E2 in LTED 
cells occurred at the level of ER mediated transcription, we quantitated the effects of estradiol on 
transcription in LTED and in wild type MCF-7 cells. As transcriptional readouts, we measured 
the effect of E2 on progesterone receptor (PgR) and pS2 protein concentrations and on ERE-CAT 
reporter activity (Fig. 2A-F).9,13 We observed no shift to the left in estradiol dose response curves 
(the end point utilized to detect hypersensitivity) for any of these responses (i.e., PgR, pS2, CAT 
activity) when comparing LTED with wild type MCF-7 cells. On the other hand, basal levels (i.e., 
no estrogen added) of transcription of three ER/ERE related reporter genes were greater in LTED 
than in wild type MCF-7 cells (Fig. 2D-F).13
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Figure 1A-B. See following page for figure legend.
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To interpret these data, we used the classic definition for hypersensitivity, namely a significant 
shift to the left in the dose causing 50% of maximal stimulation. Accordingly, these data suggest 
that hypersensitivity of LTED cells to the proliferative effects of estradiol does not occur primarily 
at the level of ER-mediated gene transcription (Fig. 2A-C) but may be influenced by the higher 
rates of maximal transcription (Fig. 2D-F).

We next considered that adaptation might involve dynamic interactions between pathways 
utilizing steroid hormones and those involving MAP kinase and PI-3-kinase for growth factor 
signaling (Fig. 3A).5,7-9,11-16 Our initial approach demonstrated that basal levels of MAP kinase 
were elevated in LTED cells in vitro (Fig. 2B, top panel) and in xenografts (data not shown) and 
were inhibited by the pure antiestrogen, fulvestrant.8,11

We further demonstrated that activated MAP kinase is implicated in the enhanced growth of 
LTED cells since inhibitors of MAP kinase such as PD98059 or U-0126 block the incorpora-

Figure 1. A, viewed on previous page) E2-induced cell proliferation. Wild type MCF-7 and LTED 
cells were plated in 6 well plates at a density of 60,000 cells/well. After 2 days the cells were 
refed with phenol-red and serum free IMEM (improved modified Eagles medium) and cultured 
in this medium for another 2 days before treatment with various concentrations of E2 in the 
presence of ICI 182,780 (fulvestrant) at a 1 nmol concentration to abrogate the effects of any 
residual estradiol in the medium. Cell number was counted 5 days after treatment.7,9 From: 
Yue W et al. Endocrinology 2002; 143(9):3221-9;9 with permission of The Endocrine Society. B, 
viewed on previous page) Schematic representation of a part of ER alpha gene organization 
is shown. The transcription start site of Promoter A is defined as +1. Relative expression of 
ER alpha mRNA from promoters A and C in wild type and LTED cells is shown. Expression 
levels of ER alpha mRNA from promoters A and C were quantified by RT-PCR. C) COBRA 
assay for gene promoter C of ER  in wild type and LTED cells: an image of the polyacrilamide 
gel showing the methylated (M) and unmethylated (UM) products. B,C) From: Sogon T et al. 
J Steroid Biochem Mol Biol 2007; 105(1-5):106-14;13a with permission of Elsevier.
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tion of tritiated thymidine into DNA.7 To demonstrate proof of the principle of MAP kinase 
participation, we stimulated activation of MAP kinase in wild type MCF-7 cells by administering 
TGF  (data not shown). Administration of TGF  caused a two log shift to the left in the ability 
of estradiol to stimulate the growth of wild type MCF-7 cells. To demonstrate that this effect was 
related specifically to MAP kinase and not to a nonMAP kinase mediated effect of TGF alpha, 
we co-administered PD 98059. Under these circumstances, the two log left shift in estradiol dose 
response, returned back to the baseline dose response curve.7 As further evidence of the role of 
MAP kinase, we administered U-0126 to LTED cells and examined its effect on level of sensitiv-
ity to estradiol. This agent partially shifted dose response curves to the right by approximately 
one-half log (data not shown).

While an important component, MAP kinase did not appear to be solely responsible for hy-
persensitivity to estradiol. Blockade of this enzyme did not completely abrogate hypersensitivity. 
Accordingly, we examined the PI-3-kinase pathway to determine if it was up-regulated in LTED 
cells as well (Fig. 3B) and examined several signaling molecules downstream from this regulatory 
kinase.16 We determined that LTED cells exhibit an enhanced activation of AKT (Fig. 3B, second 
panel), P70 S6 kinase (Fig. 3B, third panel) and PHAS-1/4E BP-1 (Fig. 3B, fourth panel; see also 
below).16 Dual inhibition of PI-3- kinase with Ly 294002 (specific PI-3-kinase inhibitor) and MAP 
kinase with U-0126 shifted the level of sensitivity to estradiol more dramatically: more than two 
logs to the right (Fig. 3C).7

One possible mechanism to explain the activation of MAP kinase would be through nonge-
nomic effects of estrogen acting via ER  located in or near the cell membrane.17-19 We postulated 
that membrane associated ER  might utilize a classical growth factor pathway to transduce its effects 
in LTED cells. The adaptor protein SHC represents a key modulator of tyrosine kinase activated 
peptide hormone receptors.14-15,20 Upon receptor activation and auto-phosphorylation, SHC binds 
rapidly to specific phosphotyrosine residues of receptors through its PTB or SH2 domain and 
becomes phosphorylated itself on tyrosine residues of the CH domain.14,15 The phosphorylated 
tyrosine residues on the CH domain provide the docking sites for the binding of the SH2 domain 
of Grb2 and hence recruit SOS, a guanine nucleotide exchange protein. Formation of this adapter 
complex allows Ras activation via SOS, leading to the activation of the MAPK pathway.20

We postulated that estrogen deprivation might trigger activation of a nongenomic, estro-
gen-regulated, MAP kinase pathway which utilizes SHC.14-15,20-22 We employed MAP kinase 
activation as an endpoint with which to demonstrate rapid nongenomic effects of estradiol (Fig. 
4A). The addition of E2 stimulated MAP kinase phosphorylation in LTED cells within minutes. 
The increased MAP kinase phosphorylation by E2 was time and dose-dependent, being greatly 
stimulated at 15 min and remaining elevated for at least 30 min. Maximal stimulation of MAP 
kinase phosphorylation was at 10–10 M of E2.

We then examined the role of peptides known to be involved in growth factor signaling path-
ways that activate MAP kinase. SHC proteins are known to couple tyrosine kinase receptors to 
the MAPK pathway and activation of SHC involves the phosphorylation of SHC itself.20-22 To 
investigate if the SHC pathway was involved in the rapid action of estradiol in LTED cells, we 
immunoprecipitated tyrosine phosphorylated proteins and tested for the presence of SHC under 

Figure 2, viewed on previous page. A-C) Wild–type MCF-7 and LTED cells, deprived of E2, were 
treated with different concentrations of E2. Cytosols were measured for PgR (A), pS2 protein 
(B) and ERE-TK-CAT activity (C) 48 h after E2 treatment. A-C) From: Yue W et al. Endocrinology 
2002; 143(9):3221-9;9 with permission of The Endocrine Society. D-F) ER trans-activation function  
in wild-type MCF-7 and LTED cells under basal conditions. Wild type and LTED cells were 
deprived of estrogen and transfected with ERE-TK-CAT (D), pERE-2-TK-CAT E) or pERE-E1b-CAT 
(F) reporter plasmids in conjunction with pCMV-beta Gal plasmid as internal control. Two days 
later, cell cytosols were collected and assayed for CAT activities using the same amount of 
beta-galactosidase units.9,11,13 D-F) From: Jeng MH et al. Endocrinology 1998; 139(10):4164-74;13 
with permission of The Endocrine Society.
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Figure 3. A) Diagrammatic representation of the MAP kinase and PI-3-kinase signaling pathways 
activated when growth factors bind to their trans-membrane receptors. After auto-phosphorylation 
of the receptor, a series of events occurs which results in the activation of Ras. Downstream from 
Ras is the activation of the MAP kinase pathway with its components Raf and Mek and the activa-
tion of the PI-3-kinase pathway with its downstream components Akt, mTOR and p70S6K. At the 
same time, estradiol binds to the estrogen receptor and initiates transcription in the nucleus. B, 
top) Comparison of total and activated MAP kinase, detected with a phosphospecific antibody 
directed against activated MAP kinase and an antibody directed against total MAP kinase, in WT 
(wild-type MCF-7) and LTED cells. The right portion of the panel is a quantitation of the ratio of 
activated to total MAP kinase in WT and LTED cells.16 B, second, third and fourth panels) Use of 
phosphospecific antibodies to quantitate the levels of activated Akt (second panel), p70S6 kinase 
(third panel) and 4E-BP1 (fourth panel) in wild type MCF-7 and LTEDS cells.16 C) Treatment of 
LTED cells with an inhibitor of MAP kinase (U-0126) and PI-3- kinase (LY 292004) to demonstrate 
a shift to the right of LTED cells to a normal level of sensitivity to estradiol.7,9 From: Yue W et al. 
J Steroid Biochem Mol Biol 2003; 86(3-5):265-74;8 ©2003 with permission from Elsevier.
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Figure 4. A) Effect of 0.1 nM estradiol on levels of activated and total MAP kinase measured 
15 min after addition of steroid. Shown on the top segment is activated MAP kinase as as-
sessed by an antibody specific for activated MAP kinase and on the bottom segment, total 
MAP kinase. B) Effect of 0.1 nM estradiol on the activation of ELK-1.

Figure 5. A) Diagrammatic representation of a model in which estradiol binds to ER� which 
then binds to the adaptor protein, SHC. At the same time estradiol causes phosphorylation of 
the IGF-1-R, which provides a binding site for SHC. In this model, estradiol signals through the 
IGF-1-R and activates MAP kinase which then acts through Elk-1 to initiate gene transcription. 
B) Estradiol-induced protein complex formation among ER  , SHC and IGF-1-R. MCF-7 cells 
were treated with vehicle, 1 ng/ml IGF-1, or E2 at 0.1 nM for the times indicated. Lysates were 
immunoprecipitated with IGF-1-R antibody. The nonspecific monoclonal antibody (IgG) served 
as a negative control.28 C) Estradiol increases the phosphorylation of the IGF-1-R.
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E2 treatment. E2 rapidly stimulated SHC tyrosine phosphorylation in a dose and time dependent 
fashion with a peak at 3 minutes.20 The pure estrogen receptor antagonist, fulvestrant, blocked 
E2-induced SHC and MAPK phosphorylation at 3 min and 15 min respectively. To demonstrate 
that the classical ER alpha mediated this response, we transfected a siRNA against ER alpha and 
showed down-regulation of this receptor and also abrogated the effect of estradiol to rapidly 
enhance MAP kinase activation. The time frame suggests that SHC is an upstream component 
in E2-induced MAPK activation.

We reasoned that the adapter protein SHC may directly or indirectly associate with ER  in 
LTED cells and thereby mediate E2-induced activation of MAP kinase. We considered this likely 
in light of recent evidence regarding ER  membrane localization.23-25 To test this hypothesis, we 
immunoprecipitated SHC from nonstimulated and E2-stimulated LTED cells and then probed 
immunoblots with anti-ER  antibodies. Our data showed that the ER /SHC complex pre-existed 
before E2 treatment and E2 time-dependently increased this association.20 In parallel with SHC 
phosphorylation, we observed a maximally induced association between ER  and SHC at 3 min 
(data not shown). MAP kinase pathway activation by SHC requires SHC association with the 
adapter protein Grb2 and then further association with SOS. By immunoprecipitation of Grb2 
and detection of both SHC and SOS, we demonstrated that the SHC-Grb2-SOS complex con-
stitutively existed at relatively low levels in LTED cells, but was greatly increased by treatment of 
cells with 10–10 M E2 for 3 min.20

After the demonstration of protein-protein interactions, we wished to provide evidence that 
these biochemical steps resulted in biologic effects. Accordingly, we evaluated the role of estrogen 
activated MAP kinase on the function of the transcription factor, Elk-1. When activated, Elk-1 
serves as a down stream mediator of cell proliferation. The phosphorylation of Elk1 by MAPK 
can up-regulate its transcriptional activity through phosphorylation. By cotransfection of LTED 
cells with both GAL4-Elk and its reporter gene GAL4-luc,26,27 we were able to show that E2 
dose-dependently increased Elk-1 activation at 6 hours as shown by luciferase assay (Fig. 4B).20

We also wished to demonstrate biologic effects on cell morphology. To examine E2 effects on 
reorganization of the actin cytoskeleton, we visualized the distribution of F-actin by phalloidin 
staining and also redistribution of the ER  localization in LTED and MCF-7 cells (data not 
shown).20 Untreated MCF-7 cells expressed low actin polymerization and a few focal adhesion 
points. After E2 stimulation, in contrast, the cytoskeleton underwent remodeling associated with 
formation of cellular ruffles, lamellipodia and leading edges, alterations of cell shape and loss of 
mature focal adhesion points. A sub-cellular redistribution of ER  to these dynamic membranes 
upon E2 stimulation represented another important feature. The ER antagonist ICI 182 780 at 
10-9 M blocked E2-induced ruffle formation as well as redistribution of ER  to the membrane 
with little effect by itself. Therefore, these studies further demonstrated the rapid action of E2 
with respect to dynamic membrane alterations in LTED cells.

A key unanswered question was how the ER could localize in the plasma membrane when it 
does not contain membrane localization motifs. We postulated that the IGF-1-receptor and SHC 
might be involved in this process (Fig. 5A).28 A series of studies by other investigators suggested 
that ER  and the IGF-1 receptor might interact.28 We tested the model that estradiol caused 
binding of SHC to ER  but also caused phosphorylation of the IGF-1 receptor. In this way, SHC 
would serve as the “glue” which would tether ER alpha to the plasma membrane where it would 
bind to the SHC acceptor site. To assess this possibility, we immunoprecipitated IGF-1 receptors 
before and after addition of estradiol. This caused SHC to bind to the IFG-1 receptor (Fig. 5C) 
and caused the IGF-1 receptor to become phosphorylated (Fig. 5B,C). In order to prove a causal 
effect for this role of SHC, we utilized an siRNA methodology to knock down SHC and showed 
that this prevented ER  from binding to the IGF-1 receptor.28 As further evidence, we conducted 
confocal microscopy experiments to show that knockdown of SHC prevented ER  from localizing 
in the plasma membrane (data not shown).29

Ellis Levin and colleagues recently showed that ER alpha must be palmitylated before it can 
localize in the plasma membrane.29A Although speculative, we postulate that ER alpha requires 
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palmitylation to travel to the plasma membrane but activated SHC serves to tether it to the mem-
brane via IGF-1-R. In contrast to our previous concept that SHC serves as the “bus” to carry ER 
alpha to the membrane, we now postulate that SHC is the “glue” that tethers ER alpha there after 
binding to the IGF-1-R. Further studies will be necessary to dissect out each component of these 
interactions and their biologic relevance.

From the data reviewed, we conclude that membrane related ER  plays a role in cell prolif-
eration and in activation of MAP kinase. It appeared likely then that LTED cells might exhibit 
enhanced functionality of the membrane ER  system. As evidence of this, we examined the ability 
of estradiol to cause the phosphorylation of SHC in wild type and MCF-7 cells and also to cause 
association of SHC with the membrane ER . We demonstrated a marked enhancement of both 
of these processes in LTED as opposed to wild type cells. Considering all of these data together, 
it is still not clear at the present time what is responsible for enhancement of the nongenomic 
ER  mediated process.

If adaptive hypersensitivity results from the up-regulation of growth factor pathways, an in-
hibitor of MAP kinase and downstream PI-3-kinase pathways could be important in abolishing 
hypersensitivity and in inhibiting cell proliferation. We had been studying the effects of a MAP 
kinase inhibitor, farnesylthiosalicylic acid (FTS), which has been shown to block proliferation of 
LTED cells. This agent interferes with the binding of GTP-Ras to its acceptor site in the plasma 
membrane, a protein called galectin 1.30 While examining its downstream effects, we have shown 
that this agent is also a potent inhibitor of phosphoinositol-3-kinase ( PI-3-kinase). We postulated 
that an agent which blocks not only the MAP kinase pathway but also downstream actions of the 
PI-3-kinase pathway might be ideal to inhibit hypersensitivity. Accordingly, we have intensively 
studied the effects of FTS on mTOR.

The mammalian target of rapamycin, mTOR, is a Ser/Thr protein kinase involved in the 
control of cell growth and proliferation.31 One of the best characterized substrates of mTOR is 
PHAS-1 (also called 4E-BP1).32,33 PHAS-I/4E-BP1 binds to eIF4E and represses cap-dependent 
translation by preventing eIF4E from binding to eIF4G.32,33 When phosphorylated by mTOR, 
PHAS-I/4E-BP1 dissociates from eIF4E, allowing eIF4E to engage eIF4G, thus increasing the 
formation of the eIF4F complex needed for the proper positioning of the 40S ribosomal subunit 
and for efficient scanning of the 5̌ -UTR.31 In cells, mTOR is found in mTORC1, a complex also 
containing raptor, a newly discovered protein of 150kDa. It has been proposed that raptor func-
tions in TORC1 as a substrate-binding subunit which presents PHAS-I/4E-BP1 to mTOR for 
phosphorylation.31,32 Our results suggest that FTS inhibits phosphorylation of the mTOR effectors, 
PHAS-I/4E-BP1 and S6K1, in response to estrogen stimulation of breast cancer cells.2

To investigate the effects of FTS on mTOR function, we utilized 293T cells and monitored 
changes in the phosphorylation of PHAS-I/4E-BP1.2 Incubating cells with increasing concentra-
tions of FTS decreased the phosphorylation of PHAS-I/4E-BP1, as evidenced by a decrease in the 
electrophoretic mobility. To determine whether FTS also promoted dephosphorylation of Thr36 
and Thr45, the preferred sites for phosphorylation by mTOR31, an immunoblot was prepared with 
PThr36/45 antibodies. Increasing FTS markedly decreased the reactivity of PHAS-I/4E-BP1 with 
the phosphospecific antibodies (Fig. 6A,B).

To investigate further the inhibitory effects of FTS on mTOR signaling, we determined the 
effect of the drug on the association of mTOR, raptor and mLST8 (Fig. 6A,B). AU1-mTOR and 
HA-tagged forms of raptor and mLST8 were overexpressed in 293T-cells, which were then incu-
bated with increasing concentrations of FTS before AU1-mTOR was immunoprecipitated with 
anti-AU1 antibodies. Immunoblots were prepared with anti-HA antibodies to assess the relative 
amounts of HA-raptor and HA-mLST8 that co-immunoprecipitated with AU1-mTOR. Both 
HA-tagged proteins were readily detectable in immune complexes from cells incubated in the 
absence of FTS, indicating that mTOR, raptor and mLST8 form a complex in 293T cells. FTS did 
not change the amount AU1-mTOR that immunoprecipitated; however, increasing concentrations 
of FTS produced a progressive decrease in the amount of HA-raptor that co-immunoprecipitated. 
The half maximal effect on raptor dissociation from mTOR was observed at approximately 30 M 
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FTS (Fig. 6A,B). Results obtained with over-expressed proteins are not necessarily representative of 
responses of endogenous proteins. Therefore, experiments were conducted to investigate the effect 

Figure 6. Left) FTS promotes raptor dissociation and inhibits mTOR activity in cell extracts. 
A) 293T cells were transfected with pcDNA3 alone (vector) or with a combination of 
pcDNA3-AU-1-mTOR, pcDNA3-3-HA-raptor and pcDNA3-3HA-mLST8. Extracts of cells 
were incubated with increasing concentration of FTS for 30 min before AU-1-mTOR was im-
munoprecipitated. Samples of the immune complexes were incubated with ( 32P)-ATP and 
recombinant (HIS 6) PHAS-1 and then subjected to SDS-PAGE. A phosphor image of a dried 
gel was obtained to detect 32P-PHAS1 and an immunoblot was prepared with PThr36/45 
antibodies. Other samples of the immune complexes were subjected to SDS-PAGE and 
immunoblots were prepared with antibodies to the HA epitope or to mTOR.2 B) Extracts of 
nontransfected 293T cells were incubated with increasing concentrations of FTS before mTOR 
was immunoprecipitated with mTab 1. A control immuno-precipitation was conducted using 
nonimmune IgG(Nl). Immune complexes were subjected to SDS-PAGE and immunoblots were 
prepared with antibodies to mLST8, mTOR and raptor.2 Right) Relative effects of increasing 
concentrations of FTS and GTS on mTOR activity and the association of mTOR and raptor. 
Samples of extracts from 293T cells overexpressing AU1-mTOR, HA-raptor and HA-mLST8 
were incubated for 1 hr with increasing concentrations of , n) or GTS ( ,Δ, Æ) 
before immunopreciptations were conducted with anti-AU 1 antibodies.2 A) mTOR kinase 

) was determined by measuring32 P incorporation into (HIS6) PHAS-1 in immune 
complex kinase assays performed with ( 32P)-ATP. B) The relative amounts of HA-raptor (t, 
Δ) and HA-mLST8 (n, Æ) that co-immunoprecipitated with AU-1-mTOR were determined 
after immunoblotting with anti-HA antibodies. The results (mean values ± SE for five experi-
ments) are expressed as percentages of the mTOR activity (C) or co-immununoprecipitating 
proteins (D) from samples incubated without FTS or GTS and have been corrected for the 
amounts of AU-1–mTOR immunopecipitated.2 From: McMahon LP et al. J Mol Endocrinol 
2005; 19(1):175-183;2 with permission of The Endocrine Society.
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FTS on the endogenous TORC1 in nontransfected cells. Similar results were found indicating 
the FTS blocks the association of raptor from mTOR.2

Incubating cells with FTS produced a stable decrease in mTOR activity that persisted even 
when mTOR was immunoprecipitated. The dose response curves for FTS-mediated inhibition 
of AU1-mTOR activity (Fig. 6C,D) and dissociation of AU1-mTOR and HA-raptor were very 
similar, with half maximal effects occurring between 20-30 M. These results indicate that FTS 
inhibits mTOR in cells by promoting dissociation of raptor from mTORC1.

These studies provide direct evidence that FTS inhibits mTOR activity. The finding that the 
inhibition of mTOR activity by increasing concentrations of FTS correlated closely with the dis-
sociation of the mTOR-raptor complex, both in cells and in vitro (Fig. 6), supports the conclusion 
that FTS acts by promoting dissociation of raptor from mTORC1.

Since FTS blocks both MAP kinase and mTOR, it was reasonable to conclude that it could 
block cell proliferation. For that reason, we conducted extensive studies to demonstrate that FTS 
blocks the growth of LTED cells. As shown in Figure 7A, B, FTS blocks the growth on LTED 
cells both in vitro and in vivo.

Our studies to date have predominantly concentrated on long term estradiol deprivation as a 
mode of development of resistance to aromatase inhbitors. More recently, we have examined the 
effect of long term tamoxifen treatment (LTTT) on MCF-7 cells. Interestingly, this maneuver 
also causes enhanced sensitivity to estradiol, both in vitro and in vivo.34,35 While the up-regulation 
of MAP kinase is only transitory for a period of 2-3 months, these cells become hypersensitive to 
EGF-R mediated pathways. At the same time, we have demonstrated increased complex formation 
between ER alpha and the EGF-R and between ER alpha and cSRC. These studies also demonstrate 
that the tamoxifen resistant cells become hypersensitive to the inhibitory properties of the EGF-R 
tyrosine kinase inhibitor, AG 1478.

Figure 7. A) In vitro effects of FTS on cell growth. Effects of FTS complexed with cyclodextrin 
(CD) for solubility were compared with buffer or cyclodextrin (CD) alone on the number of 
LTED cells expressed as a percent of maximum number. The ordinate shows the concentration 
of FTS used. B) In vivo effects of FTS on cell growth. LTED cells were implanted into castrate 
nude mice to form xenografts. Silastic implants delivering estradiol at amounts sufficient to 
provide plasma levels of estradiol of 5 pg/ml were implanted. One group received buffer 
alone, the second cyclodextrin alone and the third FTS 40 mg/kg complexed to cyclodextrin. 
The effects of FTS-CD compared to CD control were statistically significant at p = 0.0061.
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Significance of Our Findings to Development of Further Therapies
Our data suggest that cells adapt to hormonal therapy by up-regulation of growth factor path-

ways and ultimately become resistant to that therapy. Blockade of the pathways involved might 
then allow enhancement of the duration of responsiveness to various hormonal agents. Studies 
by Osborne and Schiff et al36,37 and by Nicholson and his group38,39 have demonstrated this phe-
nomenon both in vitro and in vivo. For example, Schiff and Osborne have treated HER-2/neu 
transfected MCF-7 cells with a cocktail of three kinase inhibitors: pertuzmab, gefitamab and 
traztuzmab as well as tamoxifen.40 Each sequential growth factor inhibitor caused a further delay in 
development of resistance. Only 2/20 tumors began to regrow as a reflection of resistance when the 
four agents were used in combination (i.e., tamoxifen, pertuzmab, gefitimab and traztuzmab).

There are multiple agents currently in development to block growth factor pathways. Agents 
are available to block HER-1, 2, 3 and 4; EGF-R, IGF-R, mTOR, MAP kinase, Raf and MEK. 
Each of these agents might potentially be used in combination with an endocrine therapy. At the 
present time, this strategy is being used in several studies. A recent presentation demonstrated 
proof of the principle of this concept. Women with metastatic breast cancer selected to be ER  
and HER-2 positive were treated either with an aromatase inhibitor alone or in combination 
with Herceptin. The percent of patients achieving clinical benefit (i.e., complete objective tumor 
regression, partial regression or stable disease for >6 months) was 27.9% percent in the aromatase 
inhibitor alone group and 42.9% in the combined group, a statistically significant (p = 0.026) 
finding.41 Further studies will be necessary to determine the optimal combinations of growth factor 
and aromatase inhibitors in the future. However, based upon the Tandem study (examining the 
efficacy of aromatase inhibitor plus Herceptin), this approach appears to be promising.

Synthesis of Our Current Thinking
Our current working model to explain adaptive hypersensitivity can be summarized as follows. 

Long term estradiol deprivation causes a four to ten fold up-regulation of the amount of ER  
present in cell extracts and an increase in basal level of transcription of several estradiol stimulated 
genes. The up-regulation of the ER results from demethylation of promoter C of the ER. The lack 
of shift to the left in the dose response curves of these transcriptional endpoints suggested that 
hypersensitivity is not mediated primarily at the transcriptional level (Fig. 1 and 2). On the other 
hand, rapid, nongenomic effects of estradiol such as the phosphorylation of SHC and binding 
of SHC to ER  are easily demonstrable and appear enhanced in the LTED cells. Taken together, 
these observations suggest that adaptive hypersensitivity is associated with an increased utiliza-
tion of nongenomic, plasma membrane mediated pathways. This results in an increased level of 
activation of the MAP kinase as well as the PI-3-kinase and mTOR pathways. All of these signals 
converge on downstream effectors which are directly involved in cell cycle functionality and which 
probably exert synergistic effects at that level. As a reflection of this synergy, E2F1, an integrator 
of cell cycle stimulatory and inhibitory events, is hypersensitive to the effects of estradiol in LTED 
cells.7 Thus, our working hypothesis at present is that hypersensitivity reflects upstream nonge-
nomic ER  events as well as downstream synergistic interactions of several pathways converging 
at the level of the cell cycle.

It is clear that primary endocrine therapies can exert pressure on breast cancer cells that causes 
them to adapt as a reflection of their inherent plasticity. Based upon this concept, we postulate 
that certain patients may become resistant to tamoxifen as a result of developing hypersensitivity 
to the estrogenic properties of tamoxifen. Up-regulation of growth factor pathways involving 
erb-B-2, IGF-1 receptor and the EGF receptor are associated with this process.2 The estrogen 
agonistic properties of tamoxifen under these circumstances might explain the superiority of clini-
cal responses in patients receiving aromatase inhibitors as opposed to tamoxifen. It is possible to 
counteract the effects of the adaptive processes leading to growth factor up-regulation. If breast 
cancer cells are exceedingly sensitive to small amounts of estradiol or to the estrogenic properties 
of tamoxifen, one therefore needs highly potent aromatase inhibitors to block estrogen synthesis 
or pure antiestrogens such as fulvestrant. Blockade of the downstream effects of the IGF-1-R, 
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EGF-R and erb-B-2 pathways would also be beneficial and allow continuing responsiveness to 
aromatase inhibitors or tamoxifen.

Disruption of each of several key steps could reduce the level of sensitivity to estradiol and 
block cell growth. Figure 8 illustrates the potential sites for disruption of adaptive hypersensitiv-
ity. An agent that blocks the nodal points through which several growth factor pathways must 
pass might be a more suitable therapy than combination of several growth factor blocking agents. 
Our preliminary data suggest that FTS blocks two nodal points, the functionality of Ras and 
the activity of mTOR. FTS also effectively inhibits the proliferation of MCF-7 breast cancer 
cells in culture. Since this agent blocks MAP kinase as well as mTOR, it may be ideal for the 
prevention of adaptive hypersensitivity and prolongation of the effects of hormonal therapy in 
breast cancer. We are currently conducting further studies in xenograft models to demonstrate its 
efficacy. We envision the possibility that women with breast cancer will receive a combination of 
aromatase inhibitors plus FTS. In this way, the beneficial effects of the aromatase inhibitor may 
be prolonged and relapses due to growth factor over-expression might be prevented or retarded. 
 
Acknowledgments

These studies have been supported by NIH RO-1 grants Ca 65622 and Ca 84456 and 
Department of Defense Centers of Excellence Grant DAMD17-03-1-0229.

References
 1. Santen RJ, Manni A, Harvey H et al. Endocrine treatment of breast cancer in women. Endocr Rev 

1990; 11(2):221-265.
 2. McMahon LP, Yue W, Santen RJ et al. Farnesylthiosalicylic acid inhibits mammalian target of rapamycin 

(mTOR) activity both in cells and in vitro by promoting dissociation of the mTOR-raptor complex.  
J Mol Endocrinol 2005; 19(1):175-183.

 3. Santen RJ, Song RX, Zhang Z et al. Long-term estradiol deprivation in breast cancer cells up-regulates 
growth factor signaling and enhances estrogen sensitivity. Endocr Relat Cancer 2005; 12(Suppl.1): 
S61-73.

Figure 8. Practical implications of the effects of up-regulation of growth factor pathways 
and development of hypersensitivity to estradiol. Potent aromatase inhibitors are useful to 
counteract the enhanced sensitivity to estradiol resulting from adaptation to prolonged es-
tradiol deprivation. A pure antiestrogen such as fulvestrant can counteract the up-regulation 
of the ER that occurs. Growth factor inhibitors such as FTS, farnesyl-transferase inhibitors 
and growth factor inhibitors such as Iressa and others can be used to block up-regulation of 
growth factor pathways.



33Adaptation to Estradiol Deprivation Causes Up-Regulation of Growth Factor Pathways

 4. Shim WS, DiRenzo J, DeCaprio JA et al. Segregation of steroid receptor coactivator-1 from steroid 
receptors in mammary epithelium. Proc Natl Acad Sci USA 1999; 96(1):208-13.

 5. Shim WS, Conaway M, Masamura S et al. Estradiol hypersensitivity and mitogen-activated protein 
kinase expression in long-term estrogen deprived human breast cancer cells in vivo. Endocrinology 2000; 
141(1):396-405.

 6. Yue W, Wang J, Li Y et al. Farnesylthiosalicylic acid blocks mammalian target of rapamycin signaling 
in breast cancer cells. Int J Cancer 2005; 117(5):746-754.

 7.  Yue W, Wang JP, Conaway M et al. Activation of the MAPK pathway enhances sensitivity of MCF-7 
breast cancer cells to the mitogenic effect of estradiol. Endocrinology 2002; 143(9):3221-3229.

 8.  Yue W, Wang JP, Conaway MR et al. Adaptive hypersensitivity following long-term estrogen 
deprivation: involvement of multiple signal pathways. Journal of Steroid Biochemistry & Molecular 
Biology 2003; 86(3-5):265-74. 

 9. Song RX. Membrane-initiated steroid signaling action of estrogen and breast cancer. Seminars in Re-
productive Medicine 2007; 25(3):187-197.

  10. Song RX, Fan P, Yue W, Chen Y, Santen RJ. Role of receptor complexes in the extranuclear actions of 
estrogen receptor alpha in breast cancer. Endocrine-Related Cancer 2006; 13 (Suppl 1):S3-S13.

 11. Jeng MH, Yue W, Eischeid A et al. Role of MAP kinase in the enhanced cell proliferation of long term 
estrogen deprived human breast cancer cells. Breast Cancer Res Treat 2000; 62(3):167-175.

 12. Masamura S, Santner SJ, Heitjan DF et al. Estrogen deprivation causes estradiol hypersensitivity in 
human breast cancer cells. J Clin Endocrinol Metab 1995; 80(10):2918-2925.

 13. Jeng MH, Shupnik MA, Bender TP et al. Estrogen receptor expression and function in long-term 
estrogen-deprived human breast cancer cells. Endocrinology 1998; 139(10):4164-74.

 13a. Sogon T, Masamura S, Hayashi S-I et al. J Steroid Biochem Mol Biol 2007; 105(1-3):106-14.
 14. Pelicci G, Lanfrancone L, Salcini AE et al. Constitutive phosphorylation of SHC proteins in human 

tumors. Oncogene 1995; 11(5):899-907.
 15. Pelicci G, Dente L, De Giuseppe A et al. A family of SHC related proteins with conserved PTB, CH1 

and SH2 regions. Oncogene 1996; 13(3):633-641.
 16. Yue W, Wang JP, Li Y et al. Farnesylthiosalicylic acid blocks mammalian target of rapamycin signaling 

in breast cancer cells. Int J Cancer 2005; 117(5):746-54.
 17. Migliaccio A, Di Domenico M, Castoria G et al. Tyrosine kinase/p21ras/MAP-kinase pathway activation 

by estradiol-receptor complex in MCF-7 cells. EMBO J 1996; 15(6):1292-1300.
 18. Kelly MJ, Lagrange AH, Wagner EJ et al. Rapid effects of estrogen to modulate G protein-coupled recep-

tors via activation of protein kinase A and protein kinase C pathways. Steroids 1999; 64(1-2):64-75.
 19. Valverde MA, Rojas P, Amigo J et al. Acute activation of Maxi-K channels (hSlo) by estradiol binding 

to the beta subunit [see comments]. Science 1999; 285(5435):1929-1931.
 20. Song RX, McPherson RA, Adam L et al. Linkage of rapid estrogen action to MAPK activation by 

ERalpha-SHC association and SHC pathway activation. J Mol Endocrinol 2002; 16(1):116-127.
 21. Dikic I, Batzer AG, Blaikie P et al. SHC binding to nerve growth factor receptor is mediated by the 

phosphotyrosine interaction domain. J Biol Chem 1995; 270(25):15125-15129.
 22. Boney CM, Gruppuso PA, Faris RA et al. The critical role of SHC in insulin-like growth factor-I-mediated 

mitogenesis and differentiation in 3T3-L1 preadipocytes. J Mol Endocrinol 2000; 14(6):805-813.
 23. Collins P, Webb C. Estrogen hits the surface. [see comments]. Nature Medicine 1999; 5(10):1130-1131.
 24. Watson CS, Campbell CH, Gametchu B. Membrane oestrogen receptors on rat pituitary tumour cells: 

immuno-identification and responses to oestradiol and xenoestrogens. [Review] [45 refs]. Exp Physiol 
1999; 84(6):1013-1022.

 25. Watson CS, Norfleet AM, Pappas TC et al. Rapid actions of estrogens in GH3/B6 pituitary tumor cells 
via a plasma membrane version of estrogen receptor-alpha. Steroids 1999; 64(1-2):5-13.

 26. Duan R, Xie W, Burghardt RC et al. Estrogen receptor-mediated activation of the serum response 
element in MCF-7 cells through MAPK-dependent phosphorylation of Elk-1. J Biol Chem 2001; 
276(15):11590-11598.

 27. Roberson MS, Misra-Press A, Laurance ME et al. A role for mitogen-activated protein kinase in mediat-
ing activation of the glycoprotein hormone alpha-subunit promoter by gonadotropin-releasing hormone. 
Mol Cell Biol 1995; 15(7):3531-3539.

 28. Song RX, Barnes CJ, Zhang Z et al. The role of SHC and insulin-like growth factor 1 receptor in 
mediating the translocation of estrogen receptor alpha to the plasma membrane. Proc Natl Acad Sci 
USA 2004; 101(7):2076-81.

 29. Song RX, Santen RJ. Role of IFG-1R in mediating nongenomic effects of estrogen receptor alpha. Paper 
presented at: The Endocrine Society’s 85th Annual Meeting (USA). Philadelphia, 2003.

29a.Pedram A, Razandi M, Sainson RC et al. A conserved mechanism for steroid receptor translocation to 
the plasma membrane. J Biol Chem. 2007; 282(31):22278-88.



34 Innovative Endocrinology of Cancer

 30. Haklai R, Weisz MG, Elad G et al. Dislodgment and accelerated degradation of Ras. Biochemistry 1998; 
37(5):1306-14.

 31. Harris TE, Lawrence JC Jr. TOR signaling. [Review] [221 refs]. Science’s Stke [Electronic Resource]: 
Sci STKE 2003; (212):ref 15.

 32. Lawrence JC Jr, Brunn GJ. Insulin signaling and the control of PHAS-I phosphorylation. [Review] [102 
refs]. Prog Mol Subcell Biol 2001; 26:1-31.

 33. Brunn GJ, Hudson CC, Sekulic A et al. Phosphorylation of the translational repressor PHAS-I by the 
mammalian target of rapamycin. Science 1997; 277(5322):99-101.

 34. Berstein L, Zheng H, Yue W et al. New approaches to the understanding of tamoxifen action and 
resistance. Endocr Relat Cancer. 2003; 10(2):267-77.

 35. Fan P, Wang J, Santen RJ et al. Long-term treatment with tamoxifen facilitates translocation of estrogen 
receptor alpha out of the nucleus and enhances its interaction with EGFR in MCF-7 breast cancer cells. 
Cancer Res 2007; 67(3):1352-1360.

 36. Osborne CK, Hamilton B, Titus G et al. Epidermal growth factor stimulation of human breast cancer 
cells in culture. Cancer Res 1980; 40(7):2361-2366.

 37. Osborne CK, Fuqua SA. Mechanisms of Tamoxifen Resistance. Breast Cancer Res Treat 1994; 
32:49-55.

 38. Hiscox S, Morgan L, Green TP et al. Elevated Src activity promotes cellular invasion and motility in 
tamoxifen resistant breast cancer cells. Breast Cancer Res Treat 2006; 97(3):263-274.

 39. Hiscox S, Morgan L, Barrow D et al. Tamoxifen resistance in breast cancer cells is accompanied by an 
enhanced motile and invasive phenotype: inhibition by gefitinib (’Iressa’, ZD1839). Clin Exp Metastasis 
2004; 21(3):201-212.

 40. Schiff R, Massarweh SA, Shou J et al. Advanced concepts in estrogen receptor biology and breast can-
cer endocrine resistance: implicated role of growth factor signaling and estrogen receptor coregulators. 
[Review] [97 refs]. Cancer Chemother Pharmacol 2005; 56(Suppl 1):10-20.

 41. Mackey JR, Kaufman B, Clemens M et al. Trastuzumab prolongs progression-free survival in hormone 
dependent and HER2-positive metastatic breast cancer. Breast Cancer Res Treat 2006: 100:(Suppl 1):
S5, Ab 3.



Chapter 3

*Lev M. Berstein—Laboratory of Oncoendocrinology, Prof. N.N. Petrov Research Institute 
of Oncology, St. Petersburg, Russia. Email: levmb@endocrin.spb.ru

Innovative Endocrinology of Cancer, edited by Lev M. Berstein and Richard J. Santen.  
©2008 Landes Bioscience and Springer Science+Business Media.

Role of Endocrine-Genotoxic 
Switchings in Cancer 
and Other Human Diseases: 
Basic Triad
Lev M. Berstein*

Abstract

Cancer is one of the leading causes of human death and belongs to the group of main 
chronic noncommunicable diseases (NCD). Certain specific features of NCD have raised 
the concept of ‘normal’ and ‘successful’ aging. The apparent paradox of simultaneous 

increase with aging of the diseases connected with estrogen deficiency as well as with estrogenic 
excess can be explained by the existence of the phenomenon of the switching of estrogen effects. 
An isolated or combined with the weakening of hormonal effect increase in genotoxic action of 
estrogens can modify the course of age-associated pathology. In particular, such changes in estrogen 
effect may alter the biology of tumors to make them less favorable/more aggressive. Two other 
endocrine-genotoxic switchings (EGS) involving phenomena of Janus (dual) function of glucose 
and adipogenotoxicosis may produce similar influences on tumor and other NCD biology. These 
three phenomena form a ‘basic triad’ and can act independently of each other or in concert. EGS 
and their inductors may serve as targets for prevention and, probably, treatment of main noncom-
municable diseases. The measures to correct components of the ‘triad’ can be divided into several 
groups aimed to optimally orchestrate the balance between endocrine and DNA-damaging effects 
of estrogens, glucose and adipose tissue-related factors.

Introduction
Cancer (including tumors of hormone dependent tissues) is one of the leading causes of human 

death and belongs to the group of main chronic noncommunicable diseases (NCD).1,2 In addition 
to cancer, several NCD such as atherosclerosis, arterial hypertension, diabetes, neurodegenerative 
pathology, chronic pulmonary disease and osteoporosis increase with advancing age.2 The burden 
of these diseases, as is well known, becomes particularly prevalent in the second half of life, after age 
50-60. Notwithstanding the quite demonstrative increase in the average age when these diseases 
are diagnosed, the characteristics of them including clinical course and individual time of onset 
are highly variable. Under the surface of the same nosological form can be hidden distinctive 
pathological processes, which result in differences in aggressiveness, alterations in the frequency 
of their appearance in the population, changes in the rate/velocity of progression and reaction to 
treatment. In aggregate, these distinctions may lead to different levels of mortality and—as reflec-
tion of that—to individually different life span.
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In the attempt to explain such widespread and not rarely discussed differences in morbidity 
and mortality at the later stages of ontogenesis, the concept was proposed that aging could either 
be normal or successful.3,4 According to this concept4 successful aging was characterized by three 
components: (1) (relatively) high mental and physical function, (2) active engagement with life, 
including close relationships with others and most importantly (3) (relatively) low risk of disease 
and disease-related disability. With complete understanding that the term successful aging may 
itself have the unintended effect of defining a significant part of population as unsuccessful and 
therefore as failing, the authors hoped that their classification will invite researchers to investi-
gate the heterogeneity among middle-age and older people and to discover its causes—genetic, 
psychosocial and environmental.5

The possible causes of these distinctions are not, of course, limited to those presented above. 
The key applicable word is “heterogeneity” and this applies to the mechanisms of hormonal 
carcinogenesis (see in detail the chapters by Chen and Yager and Santen et al in this volume) as 
well as to the factors predisposing to the two principal types of the latter—promotional or sto-
chastic/mitogenic and genotoxic.6-9

During several recent years we have attempted to understand what conditions may advance or 
be associated with a shift from promotional to less favorable genotoxic type of hormone-induced 
carcinogenesis and from less to more aggressive variants of several other noncommunicable diseases. 
Subsequently, we have focused upon three events: phenomenon of switching of estrogen effects 
(PSEE), Janus, or dual, function of glucose ( JFG) and adipogenotoxicosis (AdG).10-12 This treatise 
will first provide an introductory background and then, present an analysis of these phenomena 
(forming so called ‘basic triad’) as well as the practical implications following from them.

General Principle: Types of Effects
The world rather often is binary. Although transitions from the one state to another sometimes 

are not possible, in fact, in biology and medicine almost nothing goes according to one scenario. 
Even in seemingly very strict situations, like cell fate determination involving Notch signaling, all 
cells in a given population can adopt an alternative fate, but some maintain this new destiny stably, 
whereas others revert to the default state.13 In case of the whole organism choices are understandably 
manifold and variable. Nevertheless, with reference to hormones and some hormone-associated 
substances their different activities (taking into account possible associations with cancer and 
other NCD) may be reduced to the two primary: hormonal or endocrine and DNA-damaging 
or genotoxic.9,10 Factors inducing or supporting an increase in the ratio of genotoxic/hormonal 
effects can be considered correspondingly as direct or indirect genotoxicants. Endocrine-genotoxic 
switchings (transitions which alter function in the direction of DNA-damaging effects) may be 
not only induced but also spontaneous/constitutive, e.g., in genetically or otherwise predisposed 
persons. These switchings can be manifested by a) an isolated increase of genotoxic effects without 
a decrease in hormonal effect (relative predominance) as well as with b) combined trend toward 
an increase in genotoxic effects and decrease in hormonal effects (absolute predominance), Figure 1. 
Understandably, it is not enough to admit that the coin has two sides; depending of situation it 
is essential also to clarify which side and when is more important.14

Phenomenon of Switching of Estrogen Effects (PSEE)
Although an idea that estrogen-induced carcinogenesis per se and the modulating action of 

estrogens on carcinogenesis are different notions was emphasized a rather long time ago,15 draw-
ing a line between these two events is not very easy. One explanation for such difficulty lies in the 
absence of complete understanding of whether the modifying effect of hormones involves only 
epigenetic pathways.16

Those who believe in the exclusive role of estrogens as mitogenic and promoting factors proposed 
that increased hormonal stimulation is an important link in the process of hormone dependent 
tumor development. The attention of these investigators was attracted first by the observation 
of enhanced proliferation in target tissues under conditions of excessive estrogenic influence. 
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Thus, in other words, it was concluded that “no increased proliferation—no hormone-induced 
carcinogenesis”.

Later studies stated that though “… proliferation is necessary, it may not be sufficient for 
neoplastic transformation”6,17 and suggested several additions to the proffered scheme. This, after 
passing through critique, discussions and several intermediate concepts,16 led finally to contempo-
rary point of view which indicates that mitogenic as well as mutagenic effects of estrogens act in 
concert to initiate and promote the development of cancer.6,8,18 Initially, rather extensive research has 
concentrated upon possible procarcinogenic properties of 16 -hydroxylated estrogens, including 
their genotoxic effects.19 More recently, 4-hydroxylated metabolites of estradiol and estrone and 
their further metabolic conversions, in preference to the 2-hydrohylated derivatives, have been the 
focus of studies in the context of estrogen-induced cancer.7,20,21 Additionally, recent observations 
demonstrated the ability of estradiol to activate human CYP1B1 (estrogen-4-hydroxylase) gene 
via ER-alpha, thereby providing insights into the homeostasis of estrogen metabolism as well the 
interaction of potential pathways of estrogen-induced carcinogenesis.22

The dual role of estrogen in tumor development as both a hormone stimulating cell prolifera-
tion and as a procarcinogen that induces genetic damage, indicates that the search of conditions 
or factors modulating the genotoxic component in total estrogenic (genomic and nongenomic) 
effect can be essential. Such factors may influence both the hormonal carcinogenesis process and 
biological properties of the developing hormone-dependent tumors.9,23

As we demonstrated previously, in oophorectomized rats, tobacco smoke induces phased 
changes in uterotrophic action of estrogens, which finally result in attenuation of the hormonal 
(H) component of their effect (dynamics of uterine weight and proliferation index, etc) and in 
increase of the rate of genotoxic (G) damage (COMET assay). The phenomenon was referred as 
switching of estrogen effects (PSEE).10,24 Interestingly, although it is known that smoking increases 
2-hydroxylation of estrogens25 the same factor may stimulate CYP1B1 in the aerodigestive tract,26 
thus denoting one of the pathways through which estrogenic DNA-damaging activity can be 
increased.

In a recently performed investigation, the hormonal and genotoxic effects of estradiol (E2) and 
their possible modification by diluted tobacco smoke condensate (TSC) were studied in breast can-
cer MCF-7 cell line.27 TSC decreased effect of E2 on the cell counts and opposed the anti-apoptotic 
influence of this hormone (Fig. 2A,B). The combination of TSC with E2 promoted progesterone 
receptor B induction after 5 days of cocultivation (Fig. 2C). However, in long-term (3 mo) studies 
in vivo the same combination of agents led to a diminution of this hormonal estrogenic effect.24 In 
addition, in MCF-7 cells treated with TSC and E2 (in the lesser of two studied concentrations, 
10–11 M) the immunocytochemical staining of oxidative DNA damage marker, 8-OHdG, revealed 
higher values than in cells processed with these agents separately (Fig. 2D).27 

Figure 1. The principle of endocrine-genotoxic switchings applied to hormones, hormone-related 
substances and changes in target tissues. H—hormonal effect (not changed or decreased); 
G—genotoxic effect (increased); EGS—spontaneous or induced endocrine-genotoxic 
switchings.
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The latter data are in line with observations demonstrating higher levels of DNA adducts in 
cervical tissue of young smoking women taking oral estrogen-containing contraceptives in compari-
son with nonsmokers or contraceptive nonusers.28 They also correspond with data reporting higher 
excretion of carcinogenic and genotoxic cathecholestrogens (in particular, 4-hydroxyestrogens) in 
smoking postmenopausal women treated with estradiol valerate, Proginova (Table 1).29 It is note-
worthy that before the start of estrogen replacement therapy, the excretion of 4-hydroxyestrone and 
4-hydroxyestradiol in smokers was not higher than in nonsmokers. This observation suggests that 

Figure 2. Modification of estradiol (E2) effects by tobacco smoke condensate (TSC) in MCF-7 
cells. Diluted TSC was used in final concentration equivalent to 2.5 mcg of cigarette tar/ml 
medium and E2 as 10–11 M and 10–9 M. The duration of experiments varied between 2 and 
5 days. A) Cell counts. Cell growth was monitored by cell number counting. Briefly, cells 
growing in 6-well plates were treated with E2 and/or TSC as indicated in figure legend. Cells 
were rinsed with 0.9% saline, lysed in ZAP buffer and counted with a model Z1 Coulter 
counter. B) Apoptosis. This parameter was evaluated by the cleavage of poly-ADP ribose 
polymerase (PARP) and immunoblotting. Cells were washed with ice phosphate-buffered 
saline and extracted with binding buffer. Equal amounts of protein from cell extracts were 
analyzed on SDS-polyacrilamide gels and transferred to PVDF membranes. The membranes 
were probed with rabbit polyclonal antiPARP antibody, 1:1000 (Cell Signaling). The immu-
noblots were incubated with antirabbit secondary antibodies and further developed using the 
chemiluminescence detection system (Pierce). Data are presented as 116 kD/89 kD ratios. C) 
Progesterone receptor (B isoform). In this case PVDF membranes were probed with mouse 
monoclonal antiprogesterone receptor antibodies, 1:1000 (Cell Signaling). The immunoblots 
were incubated with antimouse secondary antibodies and developed using the chemilumi-
nescence detection system. Data are presented as PR B ratio in relation to control values. D) 
8-hydroxy-2’-deoxyguanosine (8-OH-dG). Cells were fixed with ethanol and acetone and 
evaluated by immunocytochemical method with mouse monoclonal anti-8-OH-dG antibody 
4E9, 1:200 (Trevigen). Data are presented as relative scores.
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only the combination of external estrogen and smoking promotes the switch into the direction of 
increased formation of genotoxic estrogen metabolites.10,29

For the subject under consideration and in addition to the named estrogen metabolism features, 
the sensitivity of target tissues to estrogens is without doubt of importance too. About 30-40% 
of breast cancers lack steroid receptors (ER and/or PR) at diagnosis, a finding which predicts an 
unfavorable prognosis and a limited response to usage of hormone therapy.

Opinions differ as to whether receptor negative cancers arise from R(–) compartment within 
the mammary epithelium or represent evolution from R(+) to R(–) state. Evidence in support of 
the idea on distinct etiologic pathways rather than different stages in the natural history of breast 
cancer has been recently growing.30,31 Receptor-positive and receptor-negative breast cancer subtypes 
may have associations with distinctive risk factors and heterogeneity by hormone-receptor status 
related to initial existence of the two separate types of cancer (R+ and R–) is rather possible.30,32

The mechanisms leading to the development of receptor-negative breast cancer (BC) war-
rant further studies. Existing interpretations are not definitive and can be reduced to the role of 
several genetic (including BRCA1 and BRCA2) and epigenetic factors, interrelations with the 
presence of EGF and erbB2/HER-2/neu receptors in tumor tissue and certain features of endo-
crine (reproductive) system which consider the level of estrogen in the blood and intratumoral 
aromatase/estrogen synthetase activity.31,33-35

Taking into account the principal characteristics of the phenomenon of switching of estrogen 
effects (PSEE) described above, the assumption has been made that weakening of hormonal and 
strengthening of genotoxic activity of estrogens may be of importance in predisposing to distur-
bances in estrogen signal transduction and preferential formation of receptor-negative BC.24 In fact, 
statistically significant distinction between smoking and nonsmoking BC patients was revealed 
only in reproductive period and only in regard of ER+ PR– tumors, which were overrepresented 
in smokers (t = 2.18, p < 0.05; 2 = 5.01, p = 0.025).36 Predominant formation of the tumors 
with a phenotype presumably reflecting failure of estrogenic signal transduction and insufficient 
induction of estrogen-dependent proteins including PR37,38 in smoking females with conserved 

Table 1. Urinary excretion of estrogen metabolites as means and standard deviations, 
nmol/24 h in nonsmoking and smoking postmenopausal women receiving 
estrogen replacement therapy, ERT

  Nonsmokers Smokers

Urinary Estrogen 
Fraction Before ERT After ERT Before ERT After ERT

E1 9.70 ± 8.60 1232.6 ± 295.2 14.46 ± 13.24 951.5 ± 181.2
E2  2.87 ± 2.14 212.6 ± 42.2 3.65 ± 2.60 235.7 ± 40.5
E3 4.38 ± 2.37 178.3 ± 75.2 3.31 ± 2.49 131.2 ± 83.2
4-OHE1  2.29 ± 1.28a 28.8 ± 10.6 1.09 ± 0.51a 43.7 ± 18.2
4-OHE2 0.07 ± 0.08 23.5 ± 15.6a 0.10 ± 0.13 60.8 ± 25.3a

2-OHE1 8.88 ± 8.42 226.9 ± 68.3a 6.52 ± 3.78 330.9 ± 80.0a

2-OHE2 2.19 ± 2.09 36.4 ± 11.7 2.05 ± 0.56 45.8 ± 9.2
2-MOE1 2.49 ± 1.57 53.4 ± 15.1 2.36 ± 0.79 51.3 ± 21.9
2-MOE2 0.37 ± 0.26 3.10 ± 0.80 0.41 ± 0.25 3.20 ± 1.10
16 -OHE1 3.79 ± 3.40 104.8 ± 78.1 2.46 ± 1.40 105.8 ± 66.8

aDifference between smokers and nonsmokers is significant (p at least <0.05). E1, estrone; E2, estra-
diol; E3, estriol; 4-OHE1, 4-hydroxyestrone; 4-OHE2, 4-hydroxyestradiol; 2-OHE1, 2-hydroxyestrone; 
2-OHE2, 2-hydroxyestradiol; 2-MOE1, 2-methoxyestrone; 2-MOE2, 2-methoxyestradiol; 16 -OHE1, 
16 -hydroxyestrone. Reprinted from Berstein LM, Tsyrlina EV, Kolesnik OS et al. J Steroid Biochem 
Mol Biol 2000; 72:143-7. With permission from Elsevier.
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menstrual cycle, suggests that tobacco smoke promotes PSEE mainly in the case of excessive or at 
least nondeficient estrogenic stimulation.

A contemporary view links the origin of receptor-positive and receptor-negative breast tumors 
correspondingly with luminal and basal type of mammary epithelium.39 Interestingly, the dimin-
ished survival observed in BC patients who smoke40 can be associated with receptor-negative 
phenotype36,41 and with switch to a basal/myoepithelial lineage. The same switch was discovered 
under influence of progestins which partly explains the higher BC risks and poorer prognosis on 
postmenopausal estrogen-progestin replacement therapy (HRT).42 Effects of HRT differ depend-
ing on women age and are more favorable during a rather short (first 5-7 yrs after menopause) 
“critical window”.43 Thus it is possible that endocrine predominance in estrogen effect leads to less 
aggressive luminal subtype of BC, while genotoxic predominance in the action of these hormones, 
associated in particular with smoking, promotes more clinically tough and mostly receptor-negative 
mammary carcinoma type. Of note, in receptor-negative endometrial cancer type II, mutations of 
p53 are found44 which arrest cellular check-points activation and promote proliferation of cells 
with signs of DNA damage.45 Consequently, inefficient DNA repair may tentatively be included 
into the orbit of events directly or indirectly supporting a PSEE-associated genotoxic switch. 
Other genetic and epigenetic abnormalities related to DNA-damaging estrogen action may also 
be involved into this process.

We made an attempt to find additional factors inducing the phenomenon of switching of 
estrogen effects. The accumulated experimental data suggests that PSEE can be divided into com-
plete switching with a simultaneous increase of genotoxic component and decrease of hormonal 
component in estrogenic effect and incomplete, with an isolated increase in DNA-damaging 
capacity only. The inductors of PSEE may be classified in a corresponding manner as complete 
and incomplete. Summing up results received in oophorectomized rats injected with estradiol, 
complete PSEE inductors include long-term treatment with tobacco smoke and drinking of 15% 
ethanol (i.e., in levels equal to chronic alcoholism). The group of incomplete inductors included 
consumption of alcohol in more moderate, 5%, concentration, single whole-body -irradiation in 
the lesser (0.2 Grays) of two investigated doses and aging.10,24 Certain xenoestrogens may work in 
a similar fashion. Fortunately they are distributed in nature in low concentrations. Although their 
action may be mediated primarily through aryl hydrocarbonic receptors, or AhR,46 this action may 
be estrogen-dependent as well. Indeed, dioxins induce DNA adducts formation in liver of intact 
but not oophorectomized rats47 and in MCF-10A cells TCDD and estradiol do not provoke 
oxidative stress separately while induce it in combination.48

Thus, it is possible that low-concentrated but widespread progenotoxic “natural agents” 
combined with estrogenic stimulation might be a dangerous risk factor for cancer and some 
other chronic noncommunicable diseases. PSEE is manifested in such conditions as an increased 
genotoxic effect of estrogens, which may be or may be not coupled with retained hormonal, e.g., 
mitogenic, influence of these hormones.9 The same rationale should be taken into consideration 
when analysis goes beyond estrogens.

Janus (Dual) Function of Glucose 
Major investigative attention has focused during several recent decades upon the metabolic syn-

drome. The abnormalities associated with this syndrome, first of all hyperinsulinemia and insulin 
resistance, may increase the risk of hormone dependent cancer and predispose to simultaneous 
development of other frequent and, in the end, lethal chronic human illnesses (like cardiovascular 
disease, stroke, type 2 diabetes, etc.). Typical characteristics of the metabolic syndrome may include 
also visceral obesity, hypertension, chronic low-level inflammatory state, dyslipidemia and—rather 
often—impaired carbohydrate tolerance.49-51

Together with aging-related events, one of the greatest contribution to the current expansion 
of noncommunicable pathology is the combined influence of disordered nutrition and impaired 
physical activity.1,2 In most parts of the world (understandably, with some exceptions), as food 
became more available, new insights into the relationship between carbohydrates and chronic 
diseases became apparent. A high glycemic load is associated with increased risk of these diseases 
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including cancer and a pathogenic role in the process can be played by postprandial hypergly-
cemia.52,53 In concert with hyperinsulinemia and activation of IGF-I and mammalian target of 
rapamycin (mTOR) systems, glucose along with some other nutrients, creates a metabolic/mito-
genic platform for the amplification of cellular proliferation.54,55 Importantly, according to some 
observations, intrinsic or nutritionally induced glucose intolerance may increase risk of hormone 
dependent cancer to a higher degree than does overt diabetes.56

In mammalian cells the glucose fate begins with glucose transport and metabolism and ends, 
among innumerable other functions, with two actions, which can be considered as principal.10,11,57 
The first, which may be designated as an endocrine effect, is realized due to the ability of glucose 
to be a stimulus for hormonal secretion, particularly, for insulin production in pancreatic -cells. 
The gradual -cell failure, occurring as normal glucose tolerant individuals progress to type 2 
diabetes, includes the whole group of different processes and reactions among which sensitivity 
of these cells to glucose, glucotoxicity and output of insulin are of primary importance.58,59 The 
second principal function of glucose may be designated as a genotoxic, or progenotoxic. Oxidative 
damage to DNA is characteristic of overt diabetes mellitus60 and hyperglycemia may contribute 
(under participation of mitochondrial electron transport chain) to the generation of oxidative 
stress resulting in damage to lipids, proteins and DNA in a variety of cells.61,62

Specifically, it has been shown recently that oral glucose challenge stimulates reactive oxygen 
species, or ROS, generation by blood mononuclear cells.63 As has been hypothesized by us, the 
individual (that is on the person-to-person basis) shift in the ratio between hormonal (blood 
insulin) and genotoxic (ROS generation in mononuclears by luminol-dependent/latex-induced 
chemiluminescence) effects of glycemic load may reflect a Janus, or dual, role of glucose and prob-
ably can be associated with predisposition to the certain type of human pathology.9,10,57 It was as-
sumed that even among healthy people different reaction to glucose can be apparent. Preferential 
inclination of the probands to endocrine or genotoxic predominance may occur and this working 
hypothesis was confirmed by subsequent research.10,11 Thirty eight healthy subjects (37 females, 
1 male, age 19-58 years) without signs of glucose tolerance impairment were included into the 
study. All participants were given glucose (40 g/1 m2 of body surface) after a 12- to 14-hrs over-
night fast. Venous blood samples were taken at 0 and 120 min and processed for the preparation 
of mononuclear cells and for hormonal-biochemical measurements.

The average stimulation of ROS generation in mononuclears (parameter A) by oral glucose 
was equal at 120 min 1,77 (or + 77%) in the entire studied group. When ROS stimulation (120/0 
min) with factor 2 had been evaluated it was observed in 9 of 38 subjects (i.e., in 23,7%). This 
group of people was designated as “GIGT+”, or the group with glucose-induced genotoxicity. 
Correspondingly, the second group of 29 people (in which this stimulation was less than 2 or 
was not discovered at all) was designated as “GIGT–”.11 When several additional parameters 
have been compared in these groups, it was revealed that along with relative predominance of 
glucose-stimulated ROS generation over the level of reactive insulinemia (see parameter A/B), the 
only other noticeable distinction seen in people who belonged to the group “GIGT+” was lower 
glucose-induced C-peptide secretion (Table 2). This shows that “GIGT+ individuals” are really 
characterized by combination of increased glucose-induced ROS production and lower -cells 
reaction to glucose (notably, the absence of distinctions in absolute values of insulinemia may 
reflect not only process of insulin production but also the rate of its biological clearance).58 No dif-
ference between two compared groups was discovered in relation to the age of subjects, their BMI 
value, or levels of reactive glycemia, basal lipidemia and concentrations of thiobarbiturate-reactive 
products and carbonylated proteins (Table 2). Yet, a rather clear tendency to higher plasma levels 
of the TNF-  and lower concentrations of blood leptin (especially at 120 min) was observed 
in “GIGT+” group of subjects (Fig. 3). Although it is well known that increased TNF serum 
content may be associated with insulin resistance,50,51 glucotoxins of different origin including 
alpha-dicarbonyl methylglyoxal are considered as an inductors of TNF.64 Therefore, the combina-
tion of TNF excess with glucose-induced genotoxicity seems rather possible, perhaps reflecting 
a link in the chain of further pathological reactions. Additionally, the observed increase in the 
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Figure 3. Plasma TNF-  and leptin concentrations after fasting and on 120 min of oral glucose 
load in subjects without (GIGT–) and with (GIGT+) signs of glucose-induced genotoxicity.

Table 2. Comparison of the data in groups with and without glucose-induced 
genotoxicity, GIGT

 Group

Parameter GIGT– GIGT+ p

Age 38,1 ± 2,3 34,9 ± 3,4 0,50
BMI 26,1 ± 0,8 25,6 ± 2,1 0,81
Glucose, 120/0 min 1,012 ± 0,037 0,922 ± 0,059 0,23
CML, 120/0 min (A) 1,05 ± 0,09 4,09 ± 0,73 0,0002
Insulin, 120/0 min (B) 11,96 ± 5,63 16,51 ± 13,2 0,71
A/B 0,43 ± 0,11 2,78 ± 0,93 0,0004
C-peptide, 120/0 min 3,84 ± 0,72 2,01 ± 0,59 0,19
CHOL, mmol/l 5,78 ± 0,21 5,71 ± 0,43 0,86
TG, mmol/l 1,01 ± 0,07 0,91 ± 0,07 0,48
LPS, cond.units 335,4 ± 20,0 323,2 ± 27,8 0,75
TBRPs, nmol/l 3,37 ± 0,29  3,90 ± 0,70  0,41
CP, cond.units 313,9 ± 24,9  294,3 ± 39,8  0,68

BMI—body mass index; CML, 120/0 (chemiluminescence data in mononuclears, cond. un., on 120 
min. after peroral glucose load, to chemiluminescence data in blood mononuclears isolated after 
fasting); Insulin, 120/0 (ratio of blood insulin level on 120 min. after peroral glucose load, to fast-
ing insulinemia); CHOL—blood cholesterol; TG—triglycerides; LPS—total (  + pre ) lipoproteins; 
TBRPs—thiobarbiturate-reactive products; CP–carbonylated proteins. Reprinted from Berstein LM, 
Vasilyev DA, Poroshina TE et al. Hormone Metabol Research 2006; 38:650-5 with permission from 
Georg Thieme Verlag KG.
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ratio of TNF-  to leptin seems rather characteristic and will be discussed below in the section 
entitled “Adipogenotoxicosis”.

According to the data of S.W. Choi et al65 the higher was the basal glycemia level in diabetic 
patients, the higher was rate of DNA damage in their lymphocytes (COMET assay). In our studies, 
notwithstanding the absence of difference between compared groups in glycemia level (Table 2) 
and in the comets’ tail length in the basal state, a tendency to higher stimulation of comet process- in the basal state, a tendency to higher stimulation of comet process-
ing with H2O2 was discovered in “GIGT+ subjects”. Thus in aggregate, if dual function of glucose 
is realized in the “genotoxic mode”, the phenotype (and probably genotype) of probands may be 
rather distinctive to that discovered in glucose-induced “endocrine prevalence”. As a result, a specific 
pro-endocrine or promutagenic basis for different chronic diseases or for different features of the 
same disease can be created.9-11 Such an assumption, in addition to other evidence, is supported 
by the data indicating signs of DNA damage only in subgroups of patients with atherosclerosis as 
well diabetes.60,66 When searching for the factors which may promote a switch into the direction 
of glucose-induced genotoxic effect it should be underlined that though aging and obesity are 
sometimes considered as an inductors of excessive ROS production due to the insulin-related 
reactions, there are also data which (depending of cellular context) contradict with such notion.67 
Of note, our preliminary data show that tumor presence appears to be more important than the 
age of subjects in securing of the mentioned switch.68 Of course, other possible modifiers of dual 
( Janus) function of glucose should be taken into account too. For instance, smoking can influence 
glucose tolerance starting from young adulthood69 and according to our observations the incidence 
of smokers in “GIGT+” group was higher than in “GIGT–” subjects. Altogether, mechanistic 
and clinical associations related to presented findings as well as their significance for preventive 
measures deserve attention and further exploration.

Adipogenotoxicosis
Under conditions of glucose intolerance, free fatty acids acquire functionality as the principal 

energetic substrates, in accordance with the Randle cycle. Their excessive oxidation together with 
an age-dependent decrease in mitochondrial function, dysfunction of receptors of peroxisome 
proliferator-activated receptors (in particular PPAR ), etc., assist in furthering the progression of 
insulin resistance and the formation of a cluster of other metabolic propathogenic factors.49,50,70 
These observations together with data on the association of obesity with insulin resistance and 
increased cancer risk50,71,72 (see also chapter of A. Hjartaker et al. in this volume) quite naturally 
rekindle interest in the role of adipose tissue. The latter, viewed previously as primarily an energy 
depository, is actually a functionally active endocrine organ producing steroid hormones (includ-
ing estrogens) as well as hormone-like peptide molecules known as adipokines or adipocytokines 
(leptin, resistin, adiponectin, PAI-1, TNF , visfatin, etc.).73,74 Peptide hormones of adipose tis-
sue may influence tumor growth directly as well as through the reproductive system and other 
mechanisms75 and their problastomogenic effects may differ considerably. For example, leptin 
(probably via activation of MAP-kinase) increases aromatase activity and the proliferation index 
in mammary cancer cell lines, while a decrease of blood adiponectin concentration is described 
as a prospective risk factor for breast and endometrial cancer.76,77 Accordingly, special attention is 
directed to mammary fat, since it is essential for the development of mammary epithelium. This 
occurs by providing signals that mediate ductal morphogenesis, by playing a vital role in defining the 
level of stromal-epithelial interactions and by contributing significantly to tumor growth starting 
from its early stages until further distinct clinical progression.79,80 It is appropriate to re-emphasize 
here again that mechanisms of hormonal carcinogenesis, besides stimulation of cell proliferation, 
include formation of DNA adducts and mutagenesis in the target tissue.6-8

Importantly, adipose tissue consists not only of adipocytes but also of several other cell types, 
including macrophages.73,74 Macrophages as a part on the nonfat compartment of adipose tissue, 
are increased in obesity and as a result of certain hormonal and nonhormonal signals.81,82 They are 
responsible for almost all adipose tissue TNF  expression and for significant amounts of nitric 
oxide (NO) and IL-6 production.73,81 These products are often considered as pro-inflammatory 
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mediators and effectors resulting in oxidative stress83 and, finally, in the genotoxic cellular damage. 
Since features of oxidative stress were indeed reported recently in human adipose tissue and its cell 
lines,84-86 we decided to study properties of mammary fat in breast cancer patients. Our aim was to 
find factors possibly contributing to the shift of these properties from hormonal to pro-inflamma-
tory/genotoxic. We have coined the term, adipogenotoxicosis to characterize this process.12

Samples of mammary fat located 1.5-2.0 cm from the tumor have been taken within 10-15 
min after surgery in 95 patients with breast cancer. The tumors were mainly intraductal breast 
carcinomas, stages T1-2N0-1M0. Twenty five patients (mean age 42.6 ± 1.3) that had menses 
comprised the premenopausal group. The others 70 patients (mean age 63.2 ± 1.0) were 
postmenopausal for not less than 1 year. Among the latter, 23 patients showed signs of modest 
fasting hyperglycemia (6.1-7.5 mmol/l, n = 15) or overt compensated diabetes mellitus (n = 8). 
With respect to body mass most patients (>70%) were normal (BMI 18.5-24.9) or overweight 
(BMI 25.0-29.9) but not obese (BMI >30.0). Correspondingly, taking all this into account we 
compared the ability of mammary fat explants from premenopausal or postmenopausal breast 
cancer patients to release substances associated with adipocytes (leptin, adiponectin) or non-adipose 
cells, mainly macrophages (TNF , IL-6, NO), into culture medium. In addition we studied the 
release of thiobarbiturate-reactive products (TBRPs), a marker of lipid peroxidation, as well as 
aromatase activity and estrogen 4-hydroxylase (CYP1B1) expression in mammary fat.12

The most demonstrative results are presented in Table 3. Immunohistochemical staining for 
macrophage marker CD68 did not differ between the two groups. However, the release of NO 
and, especially, TNF  from adipose tissue showed a tendency to increase in the postmenopausal 
period (oppositely to the trend demonstrated by leptin and adiponectin). This was manifested 
also as a quite notable tendency to increase in the TNF /adiponectin ratio from 4.56 ± 1.32 in 
the premenopausal group to 8.60 ± 2.06 in the postmenopausal group.

The menopausal status (pre or post) of cancer patients did not affect aromatase activity in their 
mammary fat samples, contrary to CYP1B1 expression and TBRP release into culture medium, 
which were higher in the premenopausal group (Table 3). In the latter group, in case of higher 
CYP1B1 expression and NO and IL-6 release, an increased aromatase activity in adipose tissue 
was found. In postmenopausal patients with fasting hyperglycemia, IL-6 level and IL-6/adipo-
nectin ratio in incubation medium were notably higher than in the patients with normal blood 
glucose (Fig. 4). Thus, trends in the ratio TNF /leptin in “GIGT+” group (see previous section), 
in mentioned several lines above ratio TNF /adiponectin in mammary fat of postmenopausal 
patients and in the ratio IL-6/adiponectin under influence of hyperglycemia (Fig. 4) allow to 
conclude that just these parameters demonstrate in certain situations the domination of inflamma-
tory/progenotoxic signs with rather high constancy. Notably, no differences were found between 
breast cancer patients with body mass index above or below the average as concerns the secretion 
of TNF, IL-6 and NO, as well as adiponectin and leptin by adipose tissue. This demonstrates, that 
unlike the role of menstrual status and glucose intolerance, obesity was not a factor promoting the 
shift from hormonal to genotoxic properties of adipose tissue in our studies.12

Thus, attributing to the features of progenotoxic switch in mammary fat not only an upsurge 
of TNF , IL-6 and NO (related mainly to nonfat cells73,81) but increased expression of CYP1B1 
as well and taking into account discovered aromatase-related ‘associations’, it may be concluded 
that this switch, or adipogenotoxicosis, is present not only in the postmenopausal (elderly) breast 
cancer patients. Besides, estrogens and their catechol derivatives are likely to be implicated in it 
to a not lesser extent than the well-known aforementioned pro-inflammatory molecules are. A 
tendency for the simultaneous decrease in the local release of peptide hormones (primarily, adi-
ponectin) derived from adipocytes suggests that adipogenotoxicosis combines the loss of certain 
endocrine functions and the gain of progenotoxic effects. The mediating role of free fatty acids as 
ROS inductors87 and recent data on TNF  ability to cause DNA damage through the generation 
of ROS88 deserve mentioning too.

Future studies of adipogenotoxicosis should be focused on correlations between the hormonal 
and progenotoxic properties of adipose tissue and the clinical and morphological characteristics of 
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breast cancer in order to check whether genotoxic shift is associated with a less favorable course of 
the disease. These studies should take into account the comparison of fat located in close proximity 
to a tumor and distantly from it (with the aim to address “the cause and effect” problem). If the 
adipogenotoxicosis hypothesis is confirmed, this may lead to development of specific fat-targeted 
interventions with the intent of preventing and treating cancer and probably some other main 
chronic diseases.

Basic Triad: Interactions and Implications
Figure 5 provides a brief overview of the issues addressed in this treatise. The triple endocrine-geno-

toxic switchings in estrogen, glucose and adipose tissue ‘systems’ composing the so called ‘basic triad’ 
can occur independently as well as interact with each other. Examples of such interactions include 
a trend toward adipogenotoxicosis in subjects with glucose intolerance (Fig. 4) and an association 
of PPAR-  and -  and their target gene UDP-glucuronosyltransferase 1A9 simultaneously with 
glucose utilization, sensitization to insulin, free fatty acids mobilization and inactivation of geno-
toxic catecholestrogens.89 Tobacco smoking appears to be a rather universal inducer of the three 
phenomena (PSEE, Janus/dual function of glucose and adipogenotoxicosis). Of note, prolonged 
smoking is able to increase the rate of many noncommunicable diseases (NCD). Furthermore, 
when the incidence does not increase, as in the case of breast and especially endometrial cancer,90 
the course of such diseases in smokers is characterized with poorer clinical outcomes.40

Even though human aging does not have a specifically ordered, biologically based program,55,91 
its type is no doubt of importance for the most people. The idea that hormone-related genotoxic 
shifts are associated with higher NCD aggressiveness and “less successful aging” is supported by 
several sets of observational data including: the apparently decreased survival in breast cancer 
patients with higher concentration of certain catecholestrogen fractions in tumor tissue;92 the 
more frequent and severe diabetes complications in patients with the signs of oxidative stress and 
DNA damage;60,61,93 and the correlation of DNA adducts in cells of thoracic aortas with stage of 
atherosclerosis.66,94 Since fetal programming is considered nowadays rather frequently as a starting 
point for the rise of human pathology characteristic for the second half of life and even as a cause 
of reduced longevity,95 attempts were made to find deviations in DNA adducts in young healthy 
adults born with low birthweight in comparison with age matched normal birthweight controls.96 
Of note, so called ‘edge effects’ of hormones on the very early and late stages of ontogenesis may 
involve a DNA-destroying mechanism appearing as a characteristic feature of their procarcinogenic 

Figure 4. Release of adiponectin and IL-6 by mammary fat explants of patients with normo- and 
hyperglycemia.
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influence.9 Thus, all three mentioned allied or independent events (adipogenotoxicosis, Janus 
role of glucose and PSEE) should be viewed when discussing mechanisms of the development 
of major noncommunicable human diseases. The potential existence of two types of aberration 
with endocrine or genotoxic predominance should be considered and related to measures for their 
prevention. The aims of prevention should include well-known targets but also try to go beyond 
them. In this regard an advisable approach might include: correctors of steroid and peptidergic 
signaling (SERMs, SARMs, modifiers of aromatase, IGF-1, Ras-MAPK-PI3-kinase-system and 
so on—see chapters of R. Santen et al.; S. Bulun and E. Simpson; S. Sengupta and V.C. Jordan; T. 
Powles); alleviators of glucose intolerance and insulin resistance (e.g., diet and dietary restriction, 
biguanides, statins, glitazones, cannabinoid receptor blockers),49,55,97-100 various antioxidants and 
antigenotoxicants,21,101,102 more or less selective mTOR inhibitors,55,103,104 but also an effort to reach 
the optimal balance in the ratio of the hormonal and genotoxic effects discussed above.
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Abstract

Breast cancer originates in undifferentiated terminal structures of the mammary gland. The 
terminal ducts of the Lob 1 of the human female breast, which are the sites of origin of 
ductal carcinomas, are at their peak of cell replication during early adulthood, a period dur-

ing which the breast is more susceptible to carcinogenesis. The susceptibility of Lob 1 to undergo 
neoplastic transformation has been confirmed by in vitro studies, which have shown that this 
structure has the highest proliferative activity, estrogen receptor content and rate of carcinogen 
binding to the DNA. The higher incidence of breast cancer observed in nulliparous women sup-
ports this concept, whereas the protection afforded by early full-term pregnancy in women could 
be explained by the higher degree of differentiation of the mammary gland at the time in which 
an etiologic agent or agents act.

Introduction
The Lobule type 1 of the human breast or terminal ductal lobular unit (TDLU) had been 

identified as the site of origin of the most common breast malignancy, the ductal carcinoma and 
corresponds to a specific stage of development of the mammary parenchyma.1-5 The finding that the 
lobules type 1 that are undifferentiated structures originate the most undifferentiated and aggres-
sive neoplasm acquires relevance to 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. The Lobule 
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.4

Defining the Cell of Origin of Breast Cancer
 The relationship of lobular differentiation, cell proliferation and hormone responsiveness of 

the mammary epithelium is just beginning to be unraveled. Of interest is the fact that the content 
of estrogen receptor (ER ) and progesterone receptor (PgR) in the lobular structures of the breast 
is directly proportional to the rate of cell proliferation. These three parameters are maximal in the 
undifferentiated Lob 1, decreasing progressively in Lob 2, Lob 3 and Lob 4 (Fig. 1). The determina-
tion of the rate of cell proliferation, expressed as the percentage of cells that stain positively with 
Ki-67 antibody, has revealed that proliferating cells are predominantly found in the epithelium 
lining ducts and lobules and less frequently in the myoepithelium and in the intralobular and 
interlobular stroma. Ki-67 positive cells are most frequently found in Lob 1. The percentage of 
positive cells is reduced by three-fold in Lob 2 and by more than ten-fold in Lob 3.6,7 ER  and 
PgR positive cells are found exclusively in the epithelium; the myoepithelium and the stroma are 
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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 (Fig. 1).7

 The content of ER  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 immunocytochemical technique for staining in the same 
tissue section those cells containing steroid hormone receptors and those that are proliferating, 
i.e., Ki-67 positive, allowed us to determine that the expression of the receptors occurs in cells 
other than the proliferating cells, confirming results reported by other authors.8 Our studies have 
shown that the proliferative activity and the percentage of ER  and PgR positive cells are highest 
in Lob l 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,9,10 supporting as well the observations that Lob l 
are the site of origin of ductal carcinomas.1

 The relationship between ER positive and ER negative breast cancers is not clear. It has been 
suggested that ER negative breast cancers result from either the loss of the ability of the cells to 
synthesize ER during clinical evolution of ER positive cancers, or that ER positive and ER negative 
cancers are different entities. Our data allowed us to postulate that Lob l contains at least three cell 
types, ER  positive cells that do not proliferate, ER  negative cells that are capable of proliferating 
and a small proportion of ER  positive cells that can also proliferate.7 Therefore, estrogen might 
stimulate ER  positive cells to produce a growth factor that in turn stimulates neighboring ER  
negative cells capable of proliferating. In the same fashion, the small proportion of cells that are 
ER  positive and can proliferate could be the source of ER  positive tumors. 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.11-14 Of interest are the observations that while the ER  
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,11,15 ER  negative cells, such as MDA-MB-468 and others, when transfected with ER , 
exhibit inhibition of cell growth under the same type of treatment.14,15 Although the negative effect 
of estrogen on those ER  negative cells transfected with the receptor has been interpreted as an 
interference with the transcription factor used to maintain estrogen independent growth,16 there is 
no definitive explanation for their lack of survival. These data can be explained in light of the pres-
ent work, in which proliferating and ER  positive cells are two separate populations. Furthermore, 

Figure 1. Percentage of positives for estrogen receptor (E2R), progesterone receptor (PgR), 
proliferative index (Ki-67) in the lobules 1, 2 and 3 of the human breast.
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we have observed that when Lob 1 of normal breast tissue are placed in culture they lose the ER  
positive cells, indicating that only proliferating cells, that are also ER  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 ER  negative.17 Recently we have shown that 17 -estradiol (E2), the predominant cir-
culating ovarian steroid, is carcinogenic in human breast epithelial cells and that this process is a 
nonreceptor mechanism.18-20 The induction of complete transformation of the estrogen receptor 
negative human breast epithelial cell (MCF-10F) in vitro confirms the carcinogenicity of E2, sup-
porting the concept that this hormone could act as an initiator of breast cancer in women. This 
model provides a unique system for understanding the genomic changes that intervene for leading 
normal cells to tumorigenesis and for testing the functional role of specific genomic events taking 
place during neoplastic transformation.20

Breast Architecture and Cancer
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 
has 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 the Lob 1 of nulliparous as compared to parous women (Fig. 2). The cells of both Lob 1 and 
Lob 3 in the parous breast are predominantly in the G0 phase or resting phase, while in Lob 1 of 
the nulliparous breast, proliferating cells predominate and the fraction of cells in G0 is quite low. 
Thus, parity, in addition to exerting an important influence on the lobular composition of the 
breast, profoundly influences its proliferative activity.6,21

These biologic differences that are influenced by the pattern of breast development may 
provide some explanation 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.4 Although the lobules of parous women regress at menopause 
to Lob 1, they are permanently genetically imprinted by the differentiation process in some way 
that protects them from neoplastic transformation, even though these changes are no longer 
morphologically observable.21-26 In other words, 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 pregnancy.1,6,22,27 
Developmental differences might not only provide an explanation for the protective effect in-
duced by pregnancy, 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 postulated23 that unresponsive 
lobules that fail to undergo differentiation under the stimulus of pregnancy and lactation are re-
sponsible 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 postulated and early observations by us4,5,23 has 
been confirmed in a recent report28 focused on breast biopsy specimens from 8736 women with 
benign breast disease. In this publication, the authors have evaluated not only the Lob 1 or terminal 
ductal lobular unit but also the atrophic or involuted structures resulting by 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 percent of the lobules involuted), partial (1 to 74 percent 
involuted) or none (0 percent involuted). The relative risk of breast cancer was estimated based 
upon standardized incidence ratios by dividing the observed numbers of incident breast cancers 
by expected values of population based on incident breast cancers from the Iowa Surveillance, 
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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, 
compared to those with partial or complete involution (relative risks [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 al23 indicating that the Lob 1 is 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 interaction 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 five-fold lower than the risk of those with a strong family history and no involution (RR 
0.59 versus 2.77, respectively). This data also confirm the previous observations of Russo et al.23 
5- Among nulliparous women and those whose age at first birth was over the age of 30, the absence 
of involution significantly increased the risk of breast cancer. In contrast, for both groups, there 
was no excess risk if involution was complete.

Altogether the study of Milanese et al28 provides a powerful confirmation of the risk of Lob 
1 or terminal ductal lobular unit in the breast4,5,23 and denotes an additional morphological pa-
rameter like atrophic or involution of the Lob1 or terminal ductal lobular unit as an indication of 
protection. However, this conclusion must be taken with reservation because in a recent finding 
of Harvey et al29 postmenopausal women that have received hormonal replacement therapy have 
shown an increase in breast density associated with a significant increase in the number of Lob 
1 or TDLU. This indicates that reactivation of the so called involuted Lob1 or terminal ductal 
lobular unit can increase the risk of a woman to develop breast cancer.
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Abstract

In this chapter we review the epidemiology of hormone-associated cancers (prostate, breast, 
endometrial, ovarian, pancreatic and thyroid) paying special attention to the variability in the 
age patterns of cancer incidence rate over populations and time periods. We emphasize the 

comparative analysis of the age specific incidence rate curves as a valuable source of hypotheses 
about factors influencing cancer risks in populations in addition to the analysis of the age-adjusted 
rates.

Introduction
Incidence rates of cancer dramatically increased during the 20th century in the US and glob-

ally for all sites combined. According to SEER (The Surveillance, Epidemiology and End Results) 
program data for 2002-2004, cancer is currently the most common (together with heart disease) 
adult disorder in the US with the life-time risk approaching 45% in men and 38% in women.1 
Over 22 million people in the world were cancer patients in 2003.2 The global cancer burden is 
higher in more developed countries and has increased over time.2-4 This increase in affluent societies 
refers to three major causes: population aging, an increase in age-specific cancer incidence rates, 
particularly at old ages, and an improvement in survival of cancer patients. Among these reasons, 
the increase in incidence rates is the only factor that could potentially be controlled through the 
cancer prevention. Understanding factors that are responsible for epidemiological trends in cancer 
incidence rates is, therefore, of great importance for fostering development of successful cancer 
prophylactics and decreasing the global cancer burden.

In this chapter we overview typical age patterns, place differences and time trends in the inci-
dence and survival rates for selected hormone-associated cancers, including male prostate, female 
breast, endometrial and ovarian cancers, pancreatic and thyroid cancers for both sexes. Among 
those, cancers of the breast and prostate are currently among four most common cancer sites (two 
others are tumors of the lung and colon) in developed regions of the world, mainly responsible for 
the higher cancer rates in these regions (Fig. 1).

Specifically, we will concentrate on the age patterns of cancer incidence rate and their vari-
ability over populations and time periods. This is because comparing the age specific incidence 
rate curves often provides more information than it can be extracted from the analyses of the 
age-adjusted rates alone and is a valuable source of additional hypotheses about causative factors 
of the observed cancer trends. For instance, a simple look on the age patterns of incidence rates 
for endometrial and ovarian cancers at different periods of time let us suggest that recent declines 
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Figure 1. A, B) Age-standardized incidence rates for separate cancer sites in more and less 
developed regions, by sex. C) Most common adult cancers in more and less developed re-
gions, by sex (GLOBOCAN 1998).41
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in the age-adjusted rates of these cancers (that seemed consistent) have been driven by fairly dif-
ferent factors (will be discussed below).

Data Sources and Basic Definitions
In this review, we used the data extracted from cancer registries and published by the 

International Agency for Research on Cancer (IARC), part of the WHO, in the book series 
Cancer Incidence in Five Continents,5-7 covering over 200 populations worldwide for the years 
1957-2000 and in the monograph series IARC Monographs on the Evaluation of Carcinogenic 
Risks to Humans.8,9 We also used statistics on cancer incidence and survival from the National 
Cancer Institute (NCI) SEER (The Surveillance, Epidemiology and End Results) program1,10 
collecting data from population-based cancer registries covering approximately 26 percent of the 
US population, as well as from other recognized sources.

The following basic definitions are used in this review. The age-specific cancer incidence rate 
is defined as the number of new cancer cases (registered for the first time) per 100,000 people 
in a population of a given age in a particular year or time interval. Age-specific cancer mortality 
rate stands for the number of cancer deaths per 100,000 people in a population of a given age in 
a particular year or time interval. The 5-year relative survival from cancer refers to the ratio of 
the observed survival rate for the patient group to the expected survival rate for persons in the 
general population similar to the patient group with respect to age, sex, race and calendar year of 
observation. The 5-year relative survival rate is used to estimate the proportion of cancer patients 
potentially curable. Because over one-half of all cancers occur in persons 65 years of age and over,5 
many of these individuals die of other causes with no evidence of recurrence of their cancer. The 
relative survival rate is obtained by adjusting observed survival for the normal life expectancy of 
the general population of the same age and thus it is an estimate of the chance of surviving the 
effects of cancer. Cancer burden is broadly characterized by a total number or the proportion of 
individuals with diagnosed cancer (cancer prevalence) living in general population, no matter 
when the diagnosis has been made.

Typical Age Patterns of Cancer Incidence and Mortality Rates
There is a prevalent opinion that the shape of the incidence rate curve is a characteristic of a 

cancer site that is relatively independent on environmental carcinogenicity and best attributed to 
some intrinsic aspects of a cancer development.11,12 However, a comparison of incidence rate curves 
for separate cancer sites over different places and time periods reveals that their shapes substantially 
vary depending not only on cancer site per se, but also on population and year of study.5,13 The 
rates may increase accelerating until very old age (85 and above), or increase almost linearly with 
age, or manifest decelerated increase with a leveling off at the old ages, or have a wave-like pattern 
with a peak in middle or late life (see figures in the text as examples). Despite all this variability, 
the age patterns of overall cancer risk (for all sites combined) do have common features, which 
include: (i) a peak in early childhood; (ii) the lowest rate in youth; (iii) an increase in the rate, 
starting at the reproductive period and (iv) the deceleration or decline in cancer rates at the old 
ages (75 and over) (Fig. 2). These features are recurrent over time and place5 and can be drawn not 
only from period data but also from cohort data.13 The overall cancer mortality rate exhibits a peak 
at the oldest old ages (90 and over) and then declines, which most probably reflects a decline in 
the cancer incidence rate observed in earlier years. The mortality peak is lower than the respective 
peak in the incidence rate and shifts towards older ages (Fig. 2).

Studies of random autopsies from older individuals confirmed diminishing overall cancer 
risk in advanced years of life.14,15 Animal experiments revealed remarkable similarity of cancer 
incidence rate patterns in humans and rodent species—in particular, an intriguing deceleration 
or decline in overall cancer incidence rate at old ages.16-18 This is significant finding because it 
suggests that such deceleration/decline is not simply an artifact of the data and it is unlikely to be 
due to a diagnostic bias. Two explanations of this phenomenon that are in agreement with both 
human and animal data have been suggested. First, the differential selection in heterogeneous 
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population may favor the survival of individuals without cancer and increase their share among 
the elderly that would create the observed decline in the rates.19 Second, some inherent effects of 
individual aging may paradoxically oppose cancer development in body and thus contribute to the 
late deceleration/decline in cancer risk.17,20,21 For example, the universal decline in rates of basic 
biological processes in an ageing organism, such as the rates of metabolism and cell proliferation, 
may contribute to a deceleration of the tumor growth and rates of cancer clinical manifestation 
at old ages. Metabolic and hormonal changes accompanying ontogenetic transitions in organism 
(e.g., switching off reproductive function in women) may also play role. Such transitions change 
the spectrum of internal cancer risk factors, so that it may result in decreasing vulnerability to some 
cancers (particularly those of female reproductive system, such as ovarian, endometrial and breast 
cancers) afterwards. For goals of this paper, it is important that the old age decline in cancer risk 
is a real phenomenon and in case of female hormone associated cancers it could in part be related 
to the effects of individual aging.20,21

Patterns and Trends of Incidence Rates 
for Hormone Associated Cancers
Prostate Cancer

The age patterns of incidence rate for prostate cancer are typically nonmonotonic with the 
rate first rapidly increasing during adult life and then declining at the old ages (above 70) (Fig.  3). 
The low serum testosterone levels as well as elevated estradiol might partially be responsible for 
the lower risks of prostate cancer in aged men, although results and opinions are not entirely 
consistent.22,23

Both the age-adjusted and age-specific rates of prostate cancer are substantially higher in more 
developed regions compared to less developed ones (Figs. 1, 3). The rates increased rapidly during 

Table 1. Trends in incidence and patients’ survival rates for selected 
hormone-associated cancers in the US1,10,40,46

A. Change in incidence rates between 1950 and 1998 and between 1995 and 2004 
 Change in Incidence Rate  Change in Incidence Rate  
Cancer 1995-2004 (%) 1950-1998 (%)

Prostate –3 194
Thyroid 53 155
Breast  –8 63
Corpus Uteri –7 4
Ovary –13 1
Pancreas 1 14
All cancer sites –6 60

B. 5-year relative survival rates in 1950 and in 1996-2003 
  5-Year Survival (%) 5-Year Survival (%) 
Cancer 1996-2003 1950

Prostate  99 43
Thyroid 97 80
Breast  90 60
Corpus Uteri 85 72
Ovary 45 30
Pancreas 5 1
All sites 66 35
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second half of 20th century in an association with economic progress and western life style.1,5 The in-
crease, until recently, was particularly pronounced in the US (Table 1). Exact factors of so dramatic 
increase in prostate cancer risk remain largely unclear. It could partially be attributed to an increase 
in early and better detection including that of nonlethal tumors that might be missed from cancer 
records in the past. Few other factors (both related and not to economic development) have shown 
a statistically significant association with overall incidence of prostate cancer: African-American 
race, positive family history, higher tomato products intake (inversely) and alpha-linolenic acid 
(ALA, the (n-3) fatty acid) in vegetable oils intake.24,25 Interestingly, high consumption of the 
ALA is also associated with reduced risk of fatal heart disease.25 Less statistically supported factors 
that are associated with the risk of prostate cancer and can also be attributed to western life style 

Figure 4. A) Time and place differences in breast cancer age-standardized incidence rates (ASR) 
(data source: Health for all 2000).35 The rates are higher in more developed countries (the UK, 
Sweden, Denmark). B) Time trends and place differences in breast cancer age-standardized 
death rates (SDR) (Health for all 2000).35
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include taller height, higher BMI and high total caloric intake. Some studies suggest that tendency 
to delayed parenthood might be one more potentially important factor contributing to higher 
prostate cancer risks in male offspring in developed countries. A higher age of father was associated 
with an elevated risk of prostate cancer in offspring in the Framingham Study.26

Relative 5-year survival of prostate cancer patients has dramatically increased for last 50 years 
(in the US it now practically approached 100 per cent)40 in an association with improved diagnostic 
involving both earlier detection and better detection of nonlethal tumors (Table 1).

Breast Cancer
The age patterns of incidence rate for breast cancer are typically decelerating in middle life and 

declining at the old ages (Fig. 3). The deceleration/decline may in part be related to slowing down 
metabolism during aging as well as to ontogenetic hormonal changes in body (e.g., ceasing exposure 
to internal estrogens at menopause) which may reduce breast cancer rates in late life.21

Similar to prostate cancer, the breast cancer rates display clear association with economic prog-
ress. The incidence rates are generally higher in more developed countries (Figs. 1, 3, 4).

This excess in risk is most probably related to the factors associated with western life style, such 
as delayed childbirth or use of hormone replacement therapy (HRT) in menopause. As recent 

Figure 5. Time and place differences in the age-patterns of incidence rate (average annual) for 
ovarian and endometrial cancers. The UK, 1988-1992, the US, 1993-1997 and 2000-2004 and 
different countries, 1993-1997 (data source: IARC 1997,6 IARC 20027; Ries et al 20071).
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studies show, the breast cancer risks rise substantially with age at childbirth for both mothers and 
female offspring. Women who gave first birth after the age of 35 had a risk increase by 40 percent 
compared to mothers who experienced their first birth before the age of 20.27,28 The rate ratios 
for breast cancer in daughters whose mothers were aged 26 or more years at their birth, relative 
to women whose mothers were aged 25 years or younger, was 1.3-1.5 in the Framingham Study.29 
Older paternal age may also increase breast cancer risk in female offspring. Women whose fathers 
were aged 40 or older years at their birth had 1.6-fold increased risk of breast cancer compared 
with fathers aged less than 30 years.30

Another factor, postmenopausal HRT, could contribute to the risk of breast cancer observed 
primarily at ages over 60. This is particularly true for the US, where postmenopausal HRT was 
prescribed (until recently) rather often. In a recent study based on SEER data, the notable decline 
in the rates of new estrogen-receptor-positive breast cancer cases in 2003 was associated with a 
national-wide reduction in the use of postmenopausal HRT. Age-adjusted incidence rates of breast 
cancer in women who were 50 years of age or older fell 6.7 percent in the United States in 2003. 
During this same period, prescriptions for HRT declined rapidly from 61 million prescriptions 
written in 2001 to 21 million in 2004. This trend followed a highly-discussed 2002 report from 
the Women’s Health Initiative (WHI) study. The latter showed an increased risk of breast cancer 
and some other disease, such as stroke and pulmonary embolism (but not increased total mortal-
ity) among postmenopausal women aged 50-79 (majority were older than 60), who were using 
HRT including both estrogen and progestin.31-33 Long-term (but not short-term) exposure to 
hormonal contraception with estrogens, which is common in developed countries, may also play 
role in increased risks of breast cancer in premenopausal women. It was shown that premenopausal 
women who used estrogens during fifteen or more years of life have an increased risk of breast 
cancer by about 30 percent.34

Five-year survival of breast cancer patients varies substantially over populations being generally 
higher in more developed countries. The best survival rates are currently in the US, where 5-year 
relative survival approaches 90 per cent (Table 1). The variability in patients’ survival can explain 
diverging trends in cancer mortality among the countries shown on Figure 4. One can see from 
this figure that while the breast cancer incidence rates increased over time in all the countries 
compared, mortality from this cancer rose in Russia, Kazakhstan and in less extent, Denmark and 
declined in Sweden (since 1975) and in the UK (since 1990s). The declining mortality at time of 
increasing incidence can be explained by a significant improvement in survival of breast cancer 
patients in the latter countries. It is particularly true for Sweden, where the decline in breast caner 
mortality is most pronounced, while the incidence rates are among the highest. Respectively, the 
rise in breast cancer mortality in Russia, Kazakhstan and (less rapidly so) in Denmark most prob-
ably reflects an increasing incidence rate on the grounds of relatively poor survival from breast 
cancer in these countries.35-37

Endometrial Cancer
For majority of countries represented in IARC publications6,7 and also in SEER data,1 the age 

pattern of the incidence rate for endometrial (corpus uteri) cancer appears wave-like, with the rate 
clearly declining at the old ages (above 60) (Fig. 5). Relative stability of this pattern over popula-
tions suggests that it may be influenced by ontogenetic factors such as the age-related hormonal 
changes in a body at menopause, when internal exposure to estrogens ceases. Postmenopausal 
estrogens are shown to be a risk factor for endometrial cancer. The risk increases with increasing 
duration of use and decreases with time since last use.9 One could speculate that ceasing internal 
exposure to estrogens at menopause would contribute to a decrease in the incidence rates of this 
cancer later in life in similar way.

The age-adjusted incidence rates of endometrial cancer are in average higher in more developed 
regions. One reason could again be postmenopausal estrogen therapy that is common in devel-
oped countries, while still rare in developing ones. More than 30 case-control studies consistently 
demonstrated an association between use of postmenopausal estrogens (alone, without progestin) 
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and an increased risk for endometrial cancer.9 The age-adjusted rates of endometrial cancer were 
relatively stable in the USA during second half of past century (Table 1); this rate, however, recently 
declined by about 7 per cent and this decline was almost exclusively attributed to ages above 60. 
Almost three-fold decline in prescription of postmenopausal HRT (see section on breast cancer 
for detail) since 2002 might contribute to this trend, similar to that for breast cancer.

For last 50 years the relative 5-year survival of endometrial cancer patients increased from 72 
to 85 per cent in the US1,10 and currently it is one of least deadly cancers contributing to both 
increasing cancer burden and decreasing cancer mortality.

Ovarian Cancer
The age patterns of ovarian cancer are also wave-like and looking similar in different popula-

tions (Fig. 5). This indicates a possible role of internal (e.g., ontogenetic) factors in this cancer 
development. In the US, the age-adjusted rates of ovarian cancer have recently decreased by about 
13 per cent (Table 1). Long-term (more than 10 years) postmenopausal HRT with estrogen alone 
has been associated with an increase in ovarian cancer risk in separate studies,38 although this 
problem is controversial and under discussion. Nevertheless, significant reduction in exposure 
to postmenopausal HRT since 2002 might, in principle, contribute to a decline in the incidence 
rates of ovarian cancer, similarly to that for breast and endometrial cancers. Note, however, that 
a simple look on the age specific incidence rate curves from Figure 5 let us suggest that factor 
responsible for the decrease in ovarian cancer rates is common for all ages at risk, not only for 
postmenopausal ones. This decrease looks proportional for the different ages and the incidence 
rate curve for 2000-2004 appears to be parallel shifted in relation to the 1993-1997 curve. Such 
trend is completely different from that observed for endometrial cancer and, therefore, requires 
another explanation. It could be for example some formal changes in diagnostic coding or case 
registration procedure that lead to the proportional decline in ovarian cancer rates. Increased use 
of combined oral contraceptives during reproductive period is unlikely to be an explanation since 
the combined contraceptives are protective against both ovarian and endometrial cancers and were 
shown to affect their rates in similar way.9

Ovarian cancer shows intermediate 5-year survival, compared to other hormone associated sites 
(Table 1). For 50 years, there was only moderate improvement in the survival rates and ovarian 
cancer continues to be a deadliest one of female reproductive system. Recently, some advances in 
this cancer treatment were suggested, which may increase the survival rates in forthcoming years 
(up to 70 per cent, in average); however, early detection of ovarian cancer remains a major problem. 
While treatment of the first stage is highly successful, with 5-year survival approaching 90 per cent, 
most cases of ovarian cancer are detected on late stages, which are poorly curable. Major reason is 
that this cancer produces very few early stage symptoms (almost none are specific) and attempts 
to establish the efficient screening program have been not successful so far (more details can be 
found on NCI web site, www.cancer.gov). Finding solid early diagnostic criteria for ovarian cancer 
is therefore urgent scientific and clinical oncology task.

Thyroid Cancer
Unlike ovarian cancer, the age patterns of the incidence rate for thyroid cancer vary greatly 

over populations, particularly in females, being sometimes nearly linear, sometimes decelerating 
with age, or sometimes declining at the old ages (Fig. 6).

One can see from the Figure 6 that the rates of thyroid cancer can be higher or lower in more 
compared to less developed countries. In other words, there is no definite correlation between this 
cancer rates and the level of economic development of a country as it is observed for cancers of 
breast and prostate. In Belarus, a country that has been significantly exposed to radioactive con-
tamination after Chernobyl disaster in 1986 (the vast majority of the radioactive fallout landed 
in Belarus), one can see ten years later (1993-1997) a clear peak of childhood morbidity at ages 
around 10, which probably reflects a particularly negative impact of the radioactive exposure in 
utero. Such peak is absent on incidence rate curves of other countries (Fig. 6). A large incidence 
peak, however, can be observed in Japanese women at ages between 50 and 60, who were in uterus 
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or young children at time of atomic bombings of Hiroshima and Nagasaki. All this indicates that the 
age-specific risks of thyroid cancer are greatly influenced by local exposure factors (such as radioactive 
contamination) and less related to a level of economic development of a country.

Thyroid cancer manifests substantial increase in the incidence rate over time in the US, particularly 
in females (Table 1, Fig. 6), which probably reflects increasing exposure to factors affecting thyroid 
vulnerability (for instance, it might be a rise in rates of sporadic goiter linked to spread of lithium 
treatment for depression, or other factors). Relative 5-year survival of thyroid cancer patients has 
been one of the best among all cancers since long time: Even in the 1950s this survival approached 
80 per cent; nowadays it is nearly a hundred per cent (Table 1).

Pancreatic Cancer
The age patterns of the incidence rate for this cancer are similar for males and females. The incidence 

rate increases with age until old ages (70+) with the rate that is similar in very different populations 
(such as the US and Russia) (Fig. 7). These notable similarities suggest that development of pancreatic 
cancer could be considerably influenced by universal aging-associated changes in a body (which are 
common for different populations and sexes). Exposures to oxidative stress that accumulate their 
effects in organism with age or aging-associated insulin resistance might be among these factors.

The age-adjusted incidence rates for pancreatic cancer are generally higher in more developed 
regions (Fig. 1); contemporary epidemic of diabetes in affluent societies might contribute to this 
excess. The rates, however, not so dramatically increased in 20th century as it was for some other sites, 
including prostate, thyroid and breast (IARC 1965-20025; Table 1). The rates of pancreatic cancer 
have recently stabilized in the US (Table 1, Fig. 7).

5-year relative survival for pancreatic cancer is poorest among the all mentioned cancers (Table 
1). It is practically not cured, implying that current diagnostic and treatment strategies for this cancer 
are not adequate and need fundamental revision. Pancreatic cancer is often missed during routine 
examination and diagnosed too late due to lack of early symptoms. Even more important is that 
tumors are very resistant to standard chemotherapy or radiation. One forthcoming option might 
be novel therapies that target the pancreatic cancer stem cells which have recently been suggested to 
be mainly responsible for the tumor resistance to conventional treatment.39

Conclusions
In this chapter we reviewed typical features of the epidemiology of hormone-associated cancers 

emphasizing comparison of the age specific incidence rate curves as a valuable source of hypotheses 
about factors influencing cancer risks. Here the findings are briefly summarized.

Typical Features of the Age Patterns of Cancer Incidence Rate
Typical age patterns of the incidence rate for cancers of the breast, prostate, ovary and endome-

trium are wave-like, that is, nonmonotonic. Such patterns can be observed over different populations 
and time periods and also seen in laboratory animals.5,16-18,21 Differential selection in heterogeneous 
populations as well as factors of individual aging (such as slow down of metabolism or hormonal 
changes in an aging body) may play a role in these patterns.19-21 Thyroid cancer manifests substantial 
variability of the incidence rate patterns over populations suggesting a predominant contribution of 
local exposure factors to this cancer risk. Comparing the incidence rate curves for pancreatic cancer 
allows for assumption that this cancer risk can be influenced by some universal age associated changes 
in a body that are common for both sexes.

An Association between Cancer Risk and Economic Progress
Age-standardized cancer incidence rates for all sites combined show a clear association with 

economic progress. The rates are higher in more developed countries and until recently increased 
over time.1,5 This is also true for some (but not all) hormone-associated cancers. These cancers 
substantially vary in their susceptibility to factors associated with economic prosperity and western 
life style: cancers of the breast, endometrium and prostate display the highest vulnerability to such 
factors, while cancers of the thyroid and pancreas appear to be least dependent on those.



70 Innovative Endocrinology of Cancer

The incidence rates of female hormone-associated cancers recently declined in the US1,40 (Table 1). 
In case of breast and endometrial cancers, this decline can be attributed to reducing exposure to HRT 
in postmenopausal women; in case of ovarian cancer it is probably related to different factor(s).

Continuing increase of thyroid cancer rates in the US may reflect increasing population exposure 
to factors affecting thyroid vulnerability, particularly in females.

Variability in Survival of Cancer Patients
The relative 5-years survival of cancer patients greatly improved over last 50 years for most 

hormone-associated cancers, including thyroid, prostate, breast and endometrial, so that these can-
cers are nowadays among the least deadly ones (Table 1). Pancreatic cancer does not fit this positive 
trend and continues to be among the deadliest human malignancies (in both sexes) suggesting that 
current diagnostic and treatment strategies are not adequately addressing the nature of this cancer. 
Ovarian cancer shows intermediate survival, with only slight progress happened for past 50 years. 
It continues to be a most fatal female cancer urgently requiring development of more effective diag-
nostic and treatment tools.
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Abstract

The prevalence of overweight (body mass index, BMI, between 25 and 30 kg/m2) and 
obesity (BMI of 30 kg/m2 or higher) is increasing rapidly worldwide, especially in develop-
ing countries and countries undergoing economic transition to a market economy. One 

consequence of obesity is an increased risk of developing type II diabetes.
Overall, there is considerable evidence that overweight and obesity are associated with risk 

for some of the most common cancers. There is convincing evidence of a positive association 
between overweight/obesity and risk for adenocarcinoma of the oesophagus and the gastric cardia, 
colorectal cancer, postmenopausal breast cancer, endometrial cancer and kidney cancer (renal-cell). 
Premenopausal breast cancer seems to be inversely related to obesity. For all other cancer sites the 
evidence of an association between overweight/obesity and cancer is inadequate, although there 
are studies suggesting an increased risk of cancers of the liver, gallbladder, pancreas, thyroid gland 
and in lymphoid and haematopoietic tissue.

Far less is known about the association between diabetes mellitus type I (also called insulin 
dependent diabetes mellitus or juvenile diabetes), type II diabetes (called non-insulin dependent 
diabetes mellitus or adult onset diabetes mellitus) and cancer risk. The most common type of 
diabetes mellitus, type II, seems to be associated with liver and pancreas cancer and probably 
with colorectal cancer. Some studies suggest an association with endometrial and postmenopausal 
breast cancer. Studies reporting on the association between type I diabetes mellitus, which is 
relatively rare in most populations and cancer risk are scanty, but suggest a possible association 
with endometrial cancer.

Overweight and obesity, as well as type II diabetes mellitus are largely preventable through 
changes in lifestyle. The fundamental causes of the obesity epidemic—and consequently the 
diabetes type II epidemic—are societal, resulting from an environment that promotes sedentary 
lifestyles and over-consumption of energy. The health consequences and economic costs of the 
overweight, obesity and type II diabetes epidemics are enormous. Avoiding overweight and obesity, 
as well as preventing type II diabetes mellitus, is an important purpose to prevent cancer and other 
diseases. Prevention of obesity and type II diabetes should begin early in life and be based on the 
life-long health eating and physical activity patterns. Substantial public investments in preventing 
overweight, obesity and type II diabetes mellitus are both appropriate and necessary in order to 
have a major impact on their adverse health effects including cancer.
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Introduction
The prevalence of overweight and obesity is increasing rapidly worldwide. The increase in 

prevalence is especially rapid in developing countries undergoing economic transition. As more 
people are getting overweight and obese the morbidity patterns change. The first changes are usu-
ally an increase in hypertension, hyperlipidemia, glucose intolerance and type II diabetes mellitus. 
Next emerge increasing rates of cardiovascular diseases and long-term complications of diabetes 
(e.g., renal failure), followed by increasing rates of various types of cancer.1

Diabetes is one of the most common endocrine disorders today. It is caused by both environ-
mental and genetic factors. The environmental factors that may lead to development of diabetes 
includes obesity, physical inactivity, use of drugs and exposure to toxic agents.2 There are two 
main types of diabetes. Type I diabetes—or insulin-dependent diabetes mellitus (IDDM)—is 
mainly diagnosed during childhood or adolescence and is characterized by a diminished ability 
of the pancreas to produce insulin. Type II diabetes—or non-insulin dependent diabetes mellitus 
(NIDDM)—constitutes over 90% of all diabetes cases and has mostly been diagnosed after age 
forty, although recently much younger cases are being reported. In this type of the disease insulin is 
usually produced, but cannot be properly utilized due to insulin-resistance in target cells. Advanced 
cases of NIDDM may need treatment with insulin, which makes the use of the terminology IDDM 
and NIDDM quite confusing. We will therefore use the terms type I and type II diabetes mellitus 
in the following text. Both type I and type II diabetes mellitus show strong familial aggregation 
in all populations. Type II diabetes mellitus is clearly, as was mentioned above, the result of an 
interaction between genetic susceptibility and environmental factors.3

Prevalence of Obesity and Measurement of Body Fat
According to the World Health Organization (WHO) approximately 1.6 billion adults 

worldwide were overweight in 2005 and at least 400 million adults were obese.4 The numbers will 
continue to rise and WHO’s projections estimate that by 2015, approximately 2.3 billion adults 
will be overweight and more than 700 million will be obese.

Obesity refers to excess storage of body fat. In adult men with weight in the acceptable range, 
the percentage of body fat is around 15-20%, whereas in women it is around 25-30%. Several 
methods may be used for measuring percentage body fat (e.g., densitometry and dual energy 
X-ray absorptiometry (DEXA)), but most of them are impractical for use in larger epidemiologi-
cal studies. As for measures of relative body composition, the body mass index, BMI, is the most 
common and accepted measure.

BMI is a simple index of weight-for-height used to classify underweight, overweight and 
obesity in adults. It is calculated as the weight in kilograms divided by the square of the height 
in meters (kg/m2). BMI values are age-independent and the same for both sexes. Also, although 
BMI values may not correspond to the same degree of fatness in different populations (partly 

Table 1. Cut-points of body mass index for the classification of weight

BMI WHO Classification  Description

<18.5 kg/m2 Underweight Thin
18.5-24.9 kg/m2  - Healthy, normal or  
  acceptable weight
25.0-29.9 kg/m2 Grade 1 overweight Overweight
30.0-39.9 kg/m2 Grade 2 overweight Obesity
≥40.0 kg/m2 Grade 3 overweight Morbid obesity

Reproduced with permission from: IARC Handbooks of Cancer Prevention, Vol. 6: Weight  
Control and Physical Activity.1 
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because of different body proportions) and ethnic-specific BMI definitions have been suggested, 
a WHO expert consultation has recently recommended the same cut-off values be used world-
wide.5 The cut-points proposed by WHO are given in Table 1. The five different categories are 
often termed “thin” (BMI < 18.5), “healthy”, “normal” or “acceptable” weight (BMI 18.5-24.9 
kg/m2), “overweight” (BMI 25.0-29.9 kg/m2), “obesity” (BMI 30.0-39.9 kg/m2) and “morbid 
obesity” (≥40.0 kg/m2).

Worldwide prevalence estimates for obesity (BMI >30 kg/m2) for 2005 and 2015 are given in 
Figure 1. The figures are based on data from WHO Global InfoBase 2007.6 Adult mean BMI levels 
of 22-23 kg/m2 are found in Africa and Asia, while levels of 25-27 kg/m2 are prevalent across North 
America, Europe and in some Latin American, North African and Pacific Island countries.

The average BMI for adult Europeans is nearly 26.5 kg/m2.6 A large proportion of the popu-A large proportion of the popu-
lation is overweight and almost a third of the population, some 130 million people, has a BMI 
over 30.0 kg/m2. There is a clear upward trend in body weight, not only among adults but also 
among children.

Data from the 2003-2004 National Health and Nutrition Examination Survey (NHANES) 
indicate an increase in the proportion of obese in the US population as well.7 The age-adjusted 
prevalence among US adults has more than doubled during the last 25 years and is now well 
above 30%. About two thirds of the adult population have a BMI of 25 or above. The lowest 
estimates of obesity on the American continent are found in Brazil and Haiti, some 14 and 8% of 
the population, respectively.6

In South-East Asia the prevalence of obesity is around 5%. Particularly low prevalence of obesity 
is estimated for India (1.3%), Bangladesh (1.5%) and Sri Lanka (0.1%).

Figure 1. Prevalence of obesity and diabetes worldwide, given as percentages in six different 
world regions.
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The larges variation in obesity within a region is seen in the Western Pacific. The overall preva-
lence of obesity is estimated to 25%. While very low prevalence is estimated for e.g., Vietnam (0.2%) 
and Japan (1.6%), remarkably high figures are estimated for Nauru (81%) and Micronesia (70%). 
In China, the overall prevalence is below 5%, although rates are almost 20% in some cities.

Large variation in obesity prevalence estimates is seen in the Eastern Mediterranean Region 
as well. Overall, about 17% of the population is estimated to be obese, but the figures range from 
less than 1% in Afghanistan to more than 40% in Kuwait.

Also, within Africa there is a large variation in obesity prevalence estimates. Very low prevalence 
(below 0.5%) is estimated for e.g., Zaire, Ethiopia and Eritrea, whereas the obesity prevalence in 
South Africa is estimated to be 21% and at the Seychelles 28%. In total, the prevalence of obesity 
in Africa is estimated to 5%. It is expected to rise to about 8% within year 2015.

Prevalence of Diabetes Mellitus
Diabetes mellitus, mostly type II, now affects approximately 6% of the world’s adult population 

with almost 80% of the total residing in developing countries. The number of diabetic patients will 
reach 300 millions in 2025. More than 97% of those patients will have type II diabetes. Worldwide 
prevalence estimates for diabetes mellitus in year 2000 and 2030 are given in Figure 1 based on 
country and regional data from WHO.8 The region with the highest rates is the Western Pacific 
where 4.2% of the adult population is affected, followed by European countries with a prevalence 
of 4%. India leads the global ten in terms of the highest number of people with diabetes with a 
current figure of 40.9 millions, followed by China with 39.8 millions. Behind them come USA, 
Russia, Japan, Germany, Pakistan, Brazil, Mexico and Egypt. Developing countries account for 
seven of the world’s top ten.

With the force of globalization and industrialization proceeding at an increasing rate, the 
prevalence of diabetes is predicted to increase dramatically over the next few decades. The resulting 
burden of complications and premature mortality will continue to present itself as a major and 
growing public health problem for most countries.9

Association between Obesity and Diabetes Type II
One consequence of obesity is an increased risk of developing type II diabetes. In short, central 

mechanisms linking increased risk of type II diabetes to obesity include the following: excess body 
fat and particularly visceral fat release increased amounts of free fatty acids to the blood. Elevation 
of free fatty acid levels directly affects insulin signaling and causes the liver and skeletal muscles 
to shift towards greater oxidation of fatty acids for energy production and a relative inhibition 
of enzymes in the glycolytic cascade. As a result, the capacity of liver and skeletal muscles cells to 
absorb and metabolize glucose decreases. Also, the tissues capacity to store glucose as glycogen 
decreases and the cells accumulate more triglycerids instead of glycogen. This state, of reduced 
responsiveness of muscle, liver and adipose tissue to insulin, is named insulin resistance. To ensure 
normal glucose and lipid homeostasis the lower response to insulin is compensated by higher than 
normal secretion of insulin from the beta-cells in the pancreas giving an increased insulin plasma 
concentration, i.e., hyperinsulinemia. At the extreme, the beta-cells fails to secrete the excess amount 
of insulin needed and type II diabetes will develop.10

Association between Obesity, Diabetes Type II and Risk of Cancer
The global increase in overweight and obesity has a profound impact not only on the preva-

lence of type II diabetes but also on a wide range of other health aspects such as respiratory and 
musculoskeletal difficulties, gallbladder disease, cardiovascular diseases and certain types of cancer. 
The most convincing results regarding an increased BMI and cancer risk are found for oesopha-
geal and gastric cardia adenocarcinomas, colorectal cancer, postmenopausal breast cancer, kidney 
cancer (renal-cell) and endometrial cancer.11 Several other types of cancer may also be associated 
with increased BMI.

Far less is known about type II diabetes’ impact on cancer risk. However, it is significant that the 
greatest risk of cancer in diabetic patients is to the organs in which concentrations of endogenous 
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insulin reach particularly high levels (i.e., liver and pancreas).12 Some studies have found decreased 
cancer risk with long lasting type II diabetes which may reflect the inverse relationship between 
the duration of this type of diabetes and insulin secretion.13-15 Meta-analyses have indicated that 
diabetes type II is associated with a 1.2-fold increased risk of bladder cancer, 1.3-fold increased 
risk of colorectal cancer, 1.7-fold increased risk of pancreatic cancer and 2.5-fold increased risk 
of hepatocellular carcinoma.16

In the next sections we give a broad presentation on what is currently known about obesity, 
diabetes type I and II and their impact on cancer repercussions. Type II diabetes accounts for the 
vast majority of all diagnosed cases of diabetes and most of the literature refers to studies on type II 
diabetes. However, some studies do not distinguished between type I and type II diabetes mellitus. 
In the following text we will refer to type I and type II diabetes mellitus whenever type is specified 
in the literature, otherwise the unspecified term diabetes mellitus will be used.

Current Research on the Associations between Obesity 
and Diabetes and the Risk of Cancer
Obesity

In 2002 The International Agency for Research on Cancer (IARC) published a thorough 
review on the association between excess body weight and risk of cancer.1 The report concluded 
that there was sufficient evidence for a cancer-preventive effect of avoidance of weight gain for 
cancer of the colon, breast (postmenopausal), endometrium, kidney (renal-cell) and oesophagus 
(adenocarcinoma). A joint WHO/FAO expert consultation group reached similar conclusions 
the following year.11 It has further been suggested that obesity may increase the risk of cancers of 
the liver, gallbladder and pancreas.17 Based on prevalence estimates of obesity and overweight in 
Europe it has been estimated that 3% of all incident cancers in men in the European Union and 
6% of all cancers in women may be attributed to excess body weight.18 In 2001 this corresponded 
to 27,000 new cancers among men and 45,000 new cancers among women. In the US, overweight 
and obesity have been estimated to account for as much as 14% of all deaths from cancer in men 
and 20% in women.19

The mechanisms linking obesity to increased cancer risk may vary according to cancer site. 
Important aspects include hyperlipidemia, impaired glucose tolerance, insulin resistance and 
subsequent hyperinsulinemia (see below), altered levels of circulating hormones such as growth 
hormone and sex hormones and increased level of insulin-like growth factor (IGF-1).17

An illustration of the central mechanisms and effects of obesity on diabetes 2 and cancer 
development is given in Figure 2.

Diabetes
Increasing evidence indicates that individuals with type II diabetes are at elevated risk for several 

common human malignancies, including cancer of the colon, breast, endometrium, pancreas and 
liver. Laboratory studies have suggested biologically plausible mechanisms. Insulin, for example, 
is typically at high levels during the development and early stages of diabetes. Activation of the 
insulin receptor by its ligand, or cross-activation of the insulin-like growth factor 1 receptor, has 
been shown to be mitogenic and promote tumorigenesis in various model systems.20 The risk varies 
according to tumor site: it is the greatest for primary liver cancer, moderately elevated for pancreatic 
cancer and relatively low for colorectal, endometrial, breast and renal cancers.12

Cancer of the Digestive Organs
Oesophageal Cancer

Oesophageal cancer affects nearly half a million people worldwide each year, making it the 6th 
most common cancer among men and the 9th most common among women.21 The mortality is 
high; some 385,000 people die of the cancer every year. The disease affects about twice as many 
men as women and the rates are several times higher in the less developed regions of the world 
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compared to the more developed parts.21 The two main histological sub-types of oesophageal 
cancer are adenocarcinomas and squamous-cell carcinomas.

Obesity
Squamous cell carcinoma of the oesophagus is not found to be related to excess body weight. 

However, an expert panel stated in 2001 that there is sufficient evidence to conclude that obesity 
increases the risk of adenocarcinoma of the lower oesophagus.1 This finding has been confirmed 
in a recent review.22 A 2-3 folds increase in risk has been suggested for subjects with a BMI of 25 
kg/m2 or above.1,22 It has been estimated that more than half of all adenomcarcinomas of the oe-
sophagus in the Unites States of America and more than 40% of the cases in the European Union 
is attributable to overweight and obesity.17

It has been proposed that obesity increases the risk of adenocarcinomas of the oesophagus via 
increased risk of gastro-oesophageal reflux. However, this pathway is not established.17

Diabetes
The relationship between diabetes mellitus and adenocarcinoma of the oesophagus cancer was 

investigated in a case-control study of US veterans with gastro-oesophageal reflux disease.23 No 
association was found. In a Danish study a 30% increase in risk of oesophagus cancer was found 
in male diabetes patients (95% confidence interval (CI) 1.0-1.6).24 No increased risk was seen in 

Figure 2. Central mechanisms and effects of obesity on diabetes II and cancer development; 
*Except for prostate cancer where an inverse association is observed in diabetes patients;  
result in;  increased level of IGF1 - insulin-like growth factor.
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women. Except from these studies, reporting contradictory results, little is known about diabetes 
influence on oesophagus cancer.

Stomach Cancer
Nearly 1 million people are diagnosed with stomach cancer each year.21 The age-adjusted 

incidence rate is about twice as high in men as in women (22 and 10 per 100,000, respectively). 
Generally, there are no overall incidence differences between the more developed parts of the 
world and the less developed parts. Particularly high age-adjusted incidence rates are seen for 
men in Korea (69.7 per 100,000) and Japan (62.0 per 100,000). Stomach cancer is the 2nd most 
common cause of cancer death among men and the 4th most common among women.21 Cancer 
of the stomach can be divided in cardia cancer, referring to the upper limit and noncardia cancer. 
Etiologically cardia cancer seems to be quite similar to cancer of the lower oesophagus.

Obesity
There is scarcity of prospective studies on obesity and stomach cancer. Case-control studies 

reviewed by an IARC expert panel in 2001 indicate that obesity may double the risk of gastric 
cardia adenocarcinoma.1 A recent meta-analysis estimated obese subject to have a 50% (95% CI 
20%-80%) increase risk of cardia adenocarcinoma compared to “normal” weight subjects, but the 
results were heterogeneous between country of origin.22 No association has been found between 
obesity and the distal, noncardia type of gastric cancer.25,26

Diabetes
Few studies have aimed to investigate a possible association between stomach cancer and 

diabetes mellitus and the results published show different trends. A reduced risk of stomach cancer 
overall was observed in diabetes patients in Japan, for both genders,27 while other studies have found 
a significant increased risk.24,28 Results from a cancer incidence study among patients with type I 
diabetes in Sweden showed a significantly increased risk of stomach cancer overall (standardized 
incidence rate (SIR) 2.3, 95% CI 1.1-4.1).29 In a case-control study no evidence of an association 
was seen between diabetes and cancer of the gastric cardia specifically.23

Colorectal Cancer
More than 1 million people worldwide are diagnosed with colorectal cancer every year.21 

Colorectal cancer is the third most common cancer among women and the fourth most common 
cancer among men. The age-adjusted incidence rate is several times higher in more developed 
regions of the world (26.6 and 40.0 per 100,000 for women and men, respectively) compared to 
less developed regions (7.7 and 10.2 per 100,000 for women and men, respectively). More than 
half a million people worldwide die from colorectal cancer each year.21

Obesity
Colorectal cancer is regarded as one of the cancers with greatest prevention potential.30 Much 

of the preventive potential ascribes to eating a healthy diet and avoiding physical inactivity. A 
large number of studies have shown that the risk of colon cancer increases with increasing BMI.31 
Generally, there also seems to be a somewhat increased risk of rectal cancer with increasing BMI, 
but fewer studies have examined this relationship. An expert panel set down by IARC regarded in 
2001 that there is “sufficient evidence” for a colon cancer preventive effect of avoidance of weight 
gain.1 More recent studies have confirmed this statement.32 There is no indication of a threshold 
effect of obesity; an increased risk of colon cancer has been observed for a wide range of BMI. 
Overall, cohort studies have shown a 25-100% higher risk of colorectal cancer for overweight 
and obese subjects compared to leaner ones. For example, in an US study the relative risk (RR) of 
colorectal cancer for obese men was 1.52 (95% CI 0.9-2.7) compared to “normal” weighted men, 
whereas obese women had a relative risk of colorectal cancer of 1.26 (95% CI 0.6-2.6) compared 
to lean peers.33 In a review paper examining the results from 7 cohort studies and 6 case-control 
studies the summary relative risk estimate for subjects with a BMI above 28.5 kg/m2 compared to 
subjects with BMI below 22.0 kg/m2 was 1.6 for men and 1.3 for women.34
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It has been estimated that 35% of the colorectal cancer cases among US men and 28% of the 
colorectal cancer cases among men in the European Union can be attributed to overweight and 
obesity.17 For women the corresponding figures are 21% for US women and 14% for women in 
the European Union.

In order to elucidate the time in colorectal carcinogenesis when obesity might be most im-
portant several studies have examined the association between colorectal adenomas, potential 
precursors of colorectal cancer and obesity. Overall, there seems to be a stronger association between 
obesity and large adenomas than for obesity and smaller adenomas. Based on this finding it has 
been suggested that obesity-related factors may act at a later stage in the development of colorectal 
cancer, i.e., obesity contributes to promotion and progression towards cancer, rather than initiating. 
An alternative suggestion is that other factors may lead to small adenomas but not to progression 
and thereby diluting the association between obesity and smaller adenomas.1

The association between obesity and colorectal cancer is found for both sexes but is generally 
stronger among men than among women.1 The reason for this gender difference is not known, but 
the findings imply that the effect of obesity is not simply an indicator of energy imbalance. If the 
positive association between obesity and colorectal cancer were due to energy imbalance one would 
expect equal results for men and women. One suggestion is that obesity among postmenopausal 
women may have an offsetting beneficial effect due to high levels of estrogen that may diminish 
the detrimental effects of obesity.1

Diabetes
An increased incidence of colon cancer in diabetes patients has been observed in a number 

of studies carried out in different parts of the world. A meta-analysis based on results from 6 
case-control studies and 9 cohort studies including both type I and type II diabetes showed an 
increased risk of colorectal cancer in diabetes mellitus patients.35 Population-based cohort studies 
in Denmark, Sweden and the US, including a large numbers of diabetes patients, all reported sig-
nificantly increased incidence of colorectal cancer.24,36,37 The Danish study reported 30% increased 
incidence in male patients and 10% increased incidence in female patients.24 Results from the 
Swedish study showed an overall standardized mortality ratio (SMR) of 1.6 in men and 1.5 in 
women. The increased risks were not related to the duration of diabetes prior to the diagnosis of 
colon cancer.36 In diabetic patients in the US study the increased risk of developing colorectal cancer 
accounted for 30% in men and 16% in women.37 Colorectal cancer was increased by 39% among 
type II diabetes patients in a population-based retrospective cohort study (95% CI 1.03-1.82) and 
the risk was particularly high among men.38

Primary Liver Cancer
Some 630,000 persons worldwide are diagnosed with liver cancer every year and about 600,000 

die from the disease annually.21 More than 80% of the liver cancer cases occur in the less developed 
regions of the world.

Obesity
Only a limited number of papers have reported on risk of liver cancer in relation to BMI. A 

higher risk of liver cancer and higher liver cancer mortality has been reported for obese than for 
leaner subjects, but the body of evidence is yet too weak to draw any firm conclusions.17,39

Diabetes
A possible association between liver cancer (hepatocellular carcinoma—HCC) and diabetes 

mellitus has been found in several studies. A meta-analysis showed pooled odds ratios (OR) 
from 13 cohort studies of 2.5 (95% CI 1.9-3.2) and from 13 case-controls studies of 2.5 (95% CI 
1.9-3.2).40 A 4-fold increase in risk of primary liver cancer was observed in male diabetes type II 
patients in Sweden.41 The risk for women was increased more than 3-fold compared to the figures 
for the general population. Patients with diseases predisposing to liver cancer (hepatitis, hepatic 
cirrhosis, hemochromatosis and alcoholism) were excluded from the analyses, however the risk 



80 Innovative Endocrinology of Cancer

still remained three times higher.41 Two case-control studies 42,43 and one cohort study27 also found 
a significant increased risk of liver cancer in diabetes patients. In an area with high prevalence of 
hepatitis virus infection, it was found that type II diabetes increased the risk of developing HCC 
in those who were hepatitis C virus negative or had a high level of total cholesterol.44

Gallbladder Cancer
With some exceptions (e.g., in India, Pakistan, Ecuador), gallbladder cancer occurs quite 

seldom.45 The etiology of the disease is sparingly known.

Obesity
The number of studies on gallbladder cancer and obesity is restricted, but the findings seem to 

be rather consistent in that obesity is associated with an increased risk.17 In a recent meta-analysis 
of three case-control studies and eight cohort studies the summary relative risk for gallbladder 
cancer for obese women was 1.88 (95% CI 1.66-2.13) compared to “normal” weight women.46 
In parallel, obese men had a relative risk of 1.66 (95% CI 1.47-1.88). Overweight women had a 
28% (95% CI 4%-57%) increased risk of gallbladder cancer compared to leaner women, whereas 
only a small and nonsignificant increase in risk was found for overweight men (RR 1.05, 95% CI 
0.92-1.19).

In a paper from 2001 it was estimated that 24% of the gallbladder cancer cases in the European 
Union could be attributed to excess body weight.18 In 2004 corresponding figures of 36% for the 
US and 27% for the European Union was published.17 Further, in 2007, based on prevalence data 
on obesity and overweight in the US population, it was estimated that 12% of the gallbladder 
cancer cases among men and 30% of the cases among women could be attributed to a BMI of 25 
kg/m2 or above.46

It has been suggested that excess weight increases the risk of gallbladder cancer through increased 
risk of gallstones that subsequently may cause a chronic inflammation.45

Diabetes
Diabetes as a risk factor for gallbladder cancer has been investigated in a few studies. A Swedish 

study reported a 40% significant increased risk of gallbladder cancer in female diabetes patients 
(95% CI 1.1-1.6) whereas in male patients a 20% increased risk was found (95% CI 0.9-1.7).41 
Risk of gallbladder cancer was not raised in a cancer incidence and mortality study among type 
I diabetes patients.47

Pancreatic Cancer
More than 230,000 people get pancreas cancer every year.21 The fatality is high and in developed 

countries pancreatic cancer contributes significantly to cancer mortality with age-adjusted mortal-
ity rate of 8.0 and 5.4 per 100,000 for men and women, respectively. In less developed countries 
the age-adjusted mortality rate is about 2.0-2.6 per 100,000.21

Obesity
It has been suggested that obesity is positively related to pancreatic cancer, but the relation is 

thought to be modest.48 While earlier studies have not found any association, more recent studies 
have indicated a relative risk of 1.7 for obese subjects compared to “normal” weight subject.17 In 
a meta-analysis including six case-control studies and eight cohort studies the summary relative 
risk per unit increase in BMI was 1.02 (95% CI 1.01-1.03), corresponding to a relative risk of 1.19 
(95% CI 1.10-1.29) for subjects with a BMI of 30 kg/m2 or above compared to subject with a BMI 
of 22 kg/m2.49 It has been estimated that about one fourth and one fifth of all pancreatic cancer in 
the US and in the European Union, respectively, is attributed to excess weight.17

Diabetes
Type II diabetes is considered to be an important risk factor for pancreatic cancer, while the 

relation between type I diabetes and pancreatic cancer is unclear.29 A large number of studies have 
been published on the association between type II diabetes and pancreatic cancer. However, it is 
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important to recognize that previous epidemiological studies of the association between diabetes 
and pancreatic cancer are generally lacking information about the clinical utility of newly identified 
diabetes as marker for pancreatic cancer. In almost all case-control studies, duration of diabetes is 
unclear as it has been assessed by self- or proxy report.50 A meta-analysis of 36 studies on type II 
diabetes supports a modest causal association.51 The pooled odds ratio for 17 case-control studies 
was 1.94 (95% CI 1.53-2.46) and summary estimate for 19 cohort and nested case-control studies 
was 1.73 (95% CI 1.59-1.88). In 14 of the case-control studies the risk of pancreatic cancer was 
higher in diabetes patients than in the controls and reached significant level in ten. The combined 
estimate from all studies was 1.82 (95% CI 1.66-1.99). Results from the cohort studies and the 
nested case-control studies were remarkably consistent with 15 studies reporting relative risks 
that were significantly elevated.51 Similar results were also reported some years ago in another 
meta-analysis of 11 case-control and 9 cohort studies.52 The analysis included cases of diabetes 
diagnosed at least one year prior to the diagnosis or death from pancreatic cancer. The pooled 
relative risk of pancreatic cancer for the diabetic patients was 2.1 (95% CI 1.6-2.8). The risk was 
somewhat higher in the cohort studies (RR 2.6, 95% CI 1.6-4.1) than in the case-control studies 
(OR 1.8, 95% CI 1.1-2.7).52

Respiratory Organs
Lung Cancer

Overall, lung cancer is the most frequent type of cancer.21 Nearly 1.5 million people worldwide 
get lung cancer every year and about 1.2 millions die of the disease annually. The age-adjusted in-
cidence and mortality rate are about 3 times higher among men than among women (among men 
35.5 and 31.2 per 100,000, respectively, among women 12.1 and 10.3 per 100,000, respectively). 
The age-adjusted incidence and mortality rate are about twice as high in the more developed parts 
of the world as in the less developed parts.21

Obesity
Whether there is an association between BMI and risk of lung cancer is controversial. Several 

studies have found an inverse association.1,53 However, as smoking is the primary cause of lung 
cancer and there is an inverse association between BMI and smoking, an association between BMI 
and lung cancer may be confounded by smoking habits. Indeed, in nonsmoking populations no 
association between BMI and lung cancer risk is observed.17 Also, an increased risk of lung cancer 
among subjects with a low BMI may be explained by weight loss due to preclinical lung cancer.

Diabetes
Some studies have investigated the hypothesis that the rate of lung cancer is different in diabetic 

compared with nondiabetic patients but the results are not conclusive. A weak nonsignificant in-
creased risk of lung cancer was seen in female diabetic patients, after adjusting for smoking.54 Other 
studies have not found an association between diabetes and risk of lung cancer.24,27,55,56 However, 
these studies did not adjust for smoking, the major risk factor for lung cancer and are therefore 
difficult to interpret. No increased risk of lung cancer in diabetic patients was found in a large UK 
retrospective study, after adjusting for smoking.57 In diabetes type I patients a significant increased 
risk of lung cancer has been observed.29 A recent study investigated the possible protective effect 
of diabetes against metastasis in patients with nonsmall cell lung cancer.58 In fact, they found that 
stage and diabetes were significant predictors of metastasis.

Skin Melanoma
Nearly 80,000 subjects get malignant melanoma every year.21 The age-adjusted incidence rate 

is far higher in the more developed parts of the world than in the less developed parts (8.3 and 
0.7 per 100,000, respectively). Particularly, high age-adjusted rates are found in Australia (38.5 
per 100,000) and in New Zealand (33.8 per 100,000).21
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Obesity
Negative, positive and null findings have been reported regarding the association between BMI 

and malignant melanoma.1,53,59 It has been suggested that BMI may influence sunbathing habits 
and hormonal factors, both potentially important for development of malignant melanoma.1 
Overall, no firm conclusion on the association can be drawn.

Diabetes
Little is known about an association between cancer of the skin and diabetes mellitus. Results 

from one cohort study reported that patients who used insulin therapy to treat type II diabetes had 
a significantly lower risk of developing nonmelanoma tumor of the skin than patients who used 
non-insulin anti-diabetics medicines.60 The protective effect of insulin use became more distinct 
with increasing age. A study among diabetic patients observed an SIR of 1.0 for melanoma of the 
skin in both gender and 1.0 and 0.9 for nonmelanoma neoplasms of the skin in men and women, 
respectively.24

Breast Cancer
Breast cancer is by far the most common cancer among women.21 More than 1.1 million women 

worldwide are diagnosed with breast cancer every year and more than 400,000 women die from the 
disease annually. The age-adjusted incidence rate for breast cancer is 67.8 per 100,000 in developed 
regions of the world and 23.8 per 100,000 in less developed regions.21

Obesity
More than 100 epidemiological studies have been conducted to examine the relationship be-

tween breast cancer and various measures of obesity. There is convincing evidence that the effect of 
excess body weight on breast cancer risk varies with menopausal status; the association is negative 
among premenopausal women and positive among postmenopausal women.

Breast Cancer Risk in Premenopausal Women
The inverse association between BMI and breast cancer risk among premenopausal is modest. 

Overall, it has been suggested that the risk reduction may be of magnitude 0.6 to 0.7 for women 
having a BMI of 28 kg/m2.1 Two recent prospective studies have shown less impact of excess body 
weight: in a large study of US nurses obese premenopausal women had a relative risk of breast 
cancer of 0.81 (95% CI 0.68-0.96) compared to lean women.61 The risk estimate was more or less 
the same irrespective of various adjustments for reproductive and lifestyle factors. In a French study 
overweight premenopausal women had a relative risk of breast cancer of 0.84 (95% CI 0.56-1.27) 
compared to leaner women.62

The mechanism linking BMI to premenopausal breast cancer is not fully known. It has been 
suggested that excess body weight may be associated with longer or irregular menstrual cycles and 
polycystic ovary syndrome, increasing the likelihood of anovulation and subsequent decreased 
levels of estradiol and progesterone. However, this mechanism is still debated.61

In contrast to premenopausal breast cancer incidence premenopausal breast cancer mortality 
does not tend to be higher in lean women than in obese women.1 That is, obesity worsens the 
prognosis once breast cancer is established.63

Breast Cancer Risk in Postmenopausal Women
After going through the menopause obesity increases both the risk of experiencing breast 

cancer and the risk of dying from the disease.1,63 It has been estimated that obese postmenopausal 
women have a 50% higher risk of breast cancer than lean postmenopausal women.17,64 When 
analyzing individual data from eight prospective studies of postmenopausal women performed 
in developed countries the researchers found a clear significant trend for increasing risk of breast 
cancer with increasing BMI; compared to women with a BMI of less than 22.5 kg/m2 the relative 
risk of breast cancer was 1.10 (95% CI 0.83-1.46) for women with a BMI of 22.5-24.9 kg/m2, 
1.45 (95% CI 1.08-1.95) for women with a BMI of 25.0-27.4 kg/m2, 1.62 (95% CI 1.17-2.24) 
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for women with a BMI of 27.5-29.9 kg/m2 and 1.36 (95% CI 1.00-1.85) for women with a BMI 
of 30.0 or above (p trend = 0.004).65 It has been estimated that more than one in five postmeno-
pausal breast cancer cases in the US and one in six cases in the European Union can be attributed 
to overweight and obesity.17

The effect of overweight and obesity on postmenopausal breast cancer risk is often found to be 
strongest among women who have not taken hormone replacement therapy.65,66 For instance, in an 
US prospective study no anthropometrical measures were associated with postmenopausal breast 
cancer among women who had ever used hormone replacement therapy, whereas among non-users 
both weight, BMI at baseline, changes in BMI since age 18, and maximum BMI were positively 
associated to breast cancer risk (relative risk for women who were obese at baseline compared to 
women who were lean at baseline was 2.52, 95% CI 1.62-3.93).67 The effect of excess body weight 
on postmenopausal breast cancer risk may also be modified by age.67,68

The biological mechanism behind the association between BMI and postmenopausal breast 
cancer risk is not clearly understood. One suggestion is that overweight and obese women to a 
greater extent than leaner women convert androgens to estrogens resulting in higher levels of 
circulating estrogens which in turn may increase the risk of developing breast cancer.64

Diabetes
Diabetes mellitus’ relationship with breast cancer remains unclear. However, because insulin 

is a growth factor, it is hypothesized that the chronic hyperinsulinemia seen in individuals with 
insulin resistance may have cancer-inducing effects on insulin-sensitive tissues such as the breast. 
High levels of insulin have been shown to be mitogenic for breast tissue,69 and insulin receptors are 
frequently over-expressed in breast cancer cells.70,71 Associations between breast cancer and serum 
insulin,72 as well as its metabolic product, C-peptide,73 have been documented. Insulin resistance 
may also promote breast cancer via other mechanisms, such as greater estrogen availability due to 
decreased levels of sex-hormone-binding globulin,74 or increased circulating levels of insulin-like 
growth factor 1.75

A recent meta-analysis based on results from 5 case-control studies and 15 cohort studies 
indicated that diabetes mellitus (largely type II) is associated with increased risk of breast can-
cer.76 Analysis of all 20 studies showed that women with diabetes had a statistically significant 
20% increased risk of breast cancer compared to women without a diabetes diagnosis (RR 1.20, 
95% CI 1.12-1.28). The summary estimates for the case-control studies were RR 1.18 (95% CI 
1.05-1.32) and cohort studies RR 1.20 (95% CI 1.11-1.30).76 Wolf and coworkers combined the 
results of 4 case-control studies and 6 cohort studies and found that diabetes was associated with 
a 13% and 25% increased risk of breast cancer in case-control and cohort studies, respectively.77 
Results from a recent case-control study support the hypothesis that diabetes may have a role in 
the development of breast cancer, influencing risk via both sex hormone and insulin pathways.78 
A history of diabetes was associated with breast cancer risk (OR 1.68, 95% CI 1.15-2.47) after 
adjusting for reproductive and other confounding factors. The researchers found a stronger 
diabetes-breast cancer association in women with lower BMI ( 22.7 kg/m2) than in those with 
higher BMI (>22.7 kg/m2).78

Female Genital Organs
Endometrial Cancer

Nearly 200,000 new cases of endometrial cancer are registered every year, making it the 7th most 
common cancer site among women worldwide.21 The age-adjusted incidence rate is more than 4 
times higher in the more developed regions of the world than in the less developed regions (13.6 
and 3.0 per 100,000, respectively) and is particularly high in the US (22.5 per 100,000).21

Obesity
An expert panel concluded in 2001 that there is convincing evidence that obesity increases 

the risk of endometrial cancer both among pre and postmenopausal women and that the increase 



84 Innovative Endocrinology of Cancer

in risk is of magnitude 2-3 folds.1 Others have presented an increased risk of 3- to 10-folds for 
obese women compared to leaner ones.79 Further, it has been estimated that 39-45% of all endo-
metrial cancer in the European Union (corresponding to at least 14,000 new cases per year) can 
be attributed to overweight.17,18 In the US more than half of all endometrial cancer cases may be 
attributed to overweight and obesity.17

The strong association can be exemplified by a recent prospective US study: obese women had 
a relative risk of breast cancer of 3.03 (95% CI 2.50-3.68) compared to “normal” weight women.80 
Adult weight gain also increased the risk. Similarly as for breast cancer, hormone replacement 
therapy may modify the relation between body weight and endometrial cancer risk: that is, a 
stronger association was revealed for never-users than for former and current users.80

The association between obesity and increased risk of endometrial cancer is thought to go 
through changes in the hormonal milieu that in sum result in an increased effect of unopposed 
estrogen and thereby increase the risk of cancer in hormonally responsive tissues.79

Diabetes
The association between diabetes and endometrial cancer and the possible underlying 

mechanisms has been widely discussed in the literature. Endometrial cancer is a hormone-related 
malignancy and diabetes mellitus may cause hormonal alterations that promote the develop-
ment of the disease. A statistically significant 80% excess incidence of endometrial cancer among 
patients hospitalized with diabetes mellitus was observed in a large Swedish cohort study (SIR 
1.8, 95% CI 1.6-2.0).36 Similar results were reported in another study from Sweden (RR 1.5, 95% 
CI 1.2-1.8).55 Obesity has been reported as increasing the risk of both diabetes and endometrial 
cancer. In the study by Weiderpass and coworkers36 the risk estimates for endometrial cancer did 
not change substantially when excluding patients with a discharge diagnosis of obesity from the 
analysis, pointing on diabetes as the strongest risk factor. Furthermore, it has been suggested that 
history of obesity and diabetes may increase the mortality after having an endometrial cancer 
diagnosis.81 Results from a population-based case-control study in Sweden showed that recent 
overweight/obesity and diabetes mellitus (type I and II) are associated with increased endometrial 
cancer risk.82 Significant increased risk of endometrial cancer has also been seen in type I diabetes 
patients specifically.29 Diabetes has further been found to be one of several risk factors related to 
endometrial cancer in women younger than 50 years of age.83

Ovarian Cancer
Some 205,000 women get ovarian cancer every year and about 125,000 die from the disease 

annually. The age-adjusted incidence and mortality rate is about twice as high in the more devel-
oped parts of the world as in the less developed parts (age-adjusted incidence rate 10.2 and 5.0 
per 100,000, respectively).21

Obesity
The association between BMI and risk of ovarian cancer has been examined in a relatively 

limited number of studies and the studies have shown conflicting results.1,79 In a recent review and 
meta-analysis it is concluded that obesity is a risk factor for ovarian cancer and it is estimated that 
obese women have a 30% higher risk (95% CI 10%-50%) of epithelial ovarian cancer than women 
with a BMI within the “normal” range.84 It is hypothesized that any association between obesity and 
ovarian cancer risk may be mediated through adipose tissue’s influence on the synthesis and bio-
availability of endogenous estrogens, androgens and progesterone.84 As for other hormone-related 
cancers menopausal status may modify the impact of obesity on ovarian cancer risk.

Diabetes
Few studies have been performed to investigate a possible association between ovarian cancer 

and diabetes mellitus. A review of cohort studies on the association between history of diabetes 
mellitus and occurrence of cancer reported that no cohort studies showed any significantly positive 
or negative association between diabetes and ovarian cancer.85 Further, two more recent cohort 
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studies found no association.28,86 However, one study has found a significant increased risk of 
ovarian cancer in patients with diabetes type I diagnosed before 30 years old, with greatest risk 
for those with diabetes diagnosed at ages 10-19 years.47

Cervical Cancer
About half a million women worldwide get cervical cancer annually and some 275,000 die of 

it. More than 400,000 of the new cases and 85% of all deaths occur in the less developed parts of 
the world.21

Obesity
Studies examining risk of cervical cancer in relation to BMI have been inconclusive; both posi-

tive association and no associations have been reported.17,79 It has been suggested that squamous 
cell carcinoma of the cervix is not associated with BMI, whereas there may be a modest increase 
of cervical adenocarcinoma with increasing BMI.79 However, obese women may attend cervical 
screening more seldom than leaner women and this may confound the findings.17

Diabetes
Only a limited number of papers have reported on risk of cervical cancer in relation to diabetes 

mellitus. Significant increased risk of cervical cancer has been observed in type I diabetes patients 
specifically.29 In a population-based cohort study of patients hospitalized with diabetes mellitus 
the SIR for cervical cancer was 0.9.24 The incidence rate ratio of cervical cancer was 0.99 in a study 
among Japanese diabetes patients.27

Male Genital Organs
Prostate Cancer

Prostate cancer is the second most common cancer among men; about 680,000 new cases are 
reported every year. The age-adjusted incidence rate in the more developed parts of the world is 
55.6 per 100,000 compared to 9.4 per 100,000 in the less developed parts.21

Obesity
The association between BMI and risk of prostate cancer has been examined in a number of 

studies. In general, body weight does not seem to be strongly associated with prostate cancer. A 
meta-analysis based on 4 cohort studies and 2 population-based case-control studies gave an 6% 
increased risk of prostate cancer for overweight men compared to men within the “normal” weight 
range and a 12% increased risk for obese men.18 Based on this finding it was further estimated that 
4% of the prostate cancer cases in the European Union could be attributed to excess body weight 
(i.e., about 5000 new cases per year).

It has recently been hypothesized that the nonconclusive findings may, at least in part, be 
explained by a differential effect of obesity on aggressive and non-aggressive prostate cancer. That 
is, a negative association between non-aggressive prostate cancer and obesity and a positive as-
sociation between aggressive prostate cancer and obesity are described.87 Findings from a recent 
prospective study support this hypothesis: obese men had a relative risk of non-aggressive prostate 
cancer of 0.69 (95% CI 0.52-0.93) compared to “normal” weight men, whereas the relative risk of 
aggressive disease was 1.10 (95% CI 0.83-1.60).88

The mechanisms linking obesity to prostate cancer risk are not settled.89 Androgens have long 
been thought to increase the risk of prostate, but final confirmation is lacking.88

Diabetes
An inverse relationship between diabetes mellitus and prostate cancer has been reported in two 

large meta-analyses90,91 and several cohort studies.92-94 The inverse association is hypothesized to be 
a result of alterations in sex hormone levels in diabetic patients. In the meta-analysis of Kasper,91 
including 14 studies, diabetic patients showed a statistically significant decrease in the risk of de-
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veloping carcinoma of the prostate, RR = 0.84 (95 % CI 0.76-0.93). The results were consistent 
in both cohort and case-control studies.

Testicular Cancer
Worldwide some 49,000 men are diagnosed with testicular cancer every year. The age-adjusted 

incidence rate is several folds higher in the more developed parts of the world than in the less 
developed parts (4.5 and 0.8 per 100,000, respectively) and is particularly high in Norway (10.6 
per 100,000) and Denmark (10.3 per 100,000).21

Obesity
Some studies have reported on an inverse association between BMI and risk of testicular cancer, 

whereas others have found no relation.1 The low number of studies and the inconsistent findings 
makes it impossible to draw any firm conclusions.

Diabetes
Diabetes as a risk factor for testis cancer is investigated in a limited number of studies. Some 

results indicate no association between diabetes diagnosis overall and testis cancer24 or between 
diabetes type I and testis cancer.47

Urinary Organs
Kidney Cancer

Some 180,000 new cases of kidney cancer among men and some 80,000 new cases among 
women arise worldwide every year.21 Annual mortality numbers are about 100,000. The age-ad-
justed incidence and mortality is 5 times higher in the more developed regions of the world than 
in the less developed parts.

Obesity
A high BMI is an established risk factor for kidney cancer.95 Whereas no association has been 

seen between BMI and cancer of renal pelvis, there seems to be a does-response relationship between 
BMI and risk of renal-cell cancer, the main type of adult kidney neoplasms.1 The association is 
seen for both sexes. Overall, obese subjects have a more than 2-fold increase in renal-cell cancer 
risk compared to subjects with a BMI below 25 kg/m2. In a meta-analysis based on 7 studies from 
affluent populations it was estimated that the risk of kidney cancer increased by 6% (95% CI 
5%-8%) per unit increase in BMI.18 Compared to a having a “normal” weight this corresponds 
to a relative risk of 1.36 for overweight subjects and to a relative risk of 1.84 for obese subjects. 
Further it is estimated that 25-30% of all kidney cancer in the European Union and more than 
40% of all kidney cancer in the US can be attributed to excess body weight.17,18

The estimates from the meta-analysis referred to above have been confirmed in a large 
Norwegian prospective study.96 More than 6450 renal-cell carcinomas were registered among 2 
million subjects for whom height and weight had been measured in a standardized manner. In 
this study, the relative risk of kidney cancer increased by 5% (95% CI 4%-6%) per unit increase 
in BMI.

Hypertension is an established risk factor for renal-cell cancer. Obesity increases the risk of 
hypertension, but the increased risk of renal-cell cancer associated with obesity seems to be medi-
ated through a different mechanism.17 Hormonal changes like increased levels of peptides, steroid 
hormones and insulin-like growth factor 1 may be involved.17,97

Diabetes
A limited number of studies have focused on diabetes mellitus as a risk factor for kidney cancer. 

However, one considerably large cohort study reported a significantly increased risk of kidney 
cancer in both male and female diabetes patients.98 The SIRs were 1.7 (95% CI 1.4-2.0) and 1.3 
(95% CI 1.1-1.6) for women and men, respectively.98 Diabetes mellitus increased the risk of kidney 
cancer deaths in the Japanese population.99 Other studies have not confirmed an association.43
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Bladder Cancer
Worldwide, more than 350,000 subjects are diagnosed with bladder cancer each year. The 

age-adjusted incidence rate is about 5 times higher for men than for women (10.1 and 2.5 per 
100,000, respectively) and is 3-4 times higher in the more developed parts of the world than in 
the less developed parts.21

Obesity
Data from studies on overweight and obesity and subsequent risk of bladder cancer are incon-

sistent. Generally, there do not seem to be a strong relation. The findings from a recent study among 
US adults may serve as a typical example: compared to subjects with a BMI of 18.0-22.9 kg/m2 
subjects with a BMI of 30.0 or above had a incidence rate ratio of 1.16 (95% CI 0.89-1.52).100

Diabetes
Diabetes mellitus is suspected as a risk factor for urinary bladder cancer. A meta-analysis based 

on 16 studies concluded that there is a modestly increased risk in diabetes type II patients.101 In a 
case-control study among 252 patients with urinary bladder cancer a significant positive associa-
tion was seen.102

Thyroid Cancer
Thyroid cancer is a rather rare disease. It affects strikingly more women than men, 104,000 and 

38,000 new cases emerges per year, respectively.21

Obesity
A modest increase in thyroid cancer risk with increasing BMI has been suggested based on 

findings from case-control studies.1 In a pooled analysis of 12 case-control studies an odds ratio 
of 1.2 (95% CI 1.0-1.4) was found for women with the high BMI compared to women with low 
BMI.103 No association was seen for men. No association was seen in an US cohort study consist-
ing of both sexes.104

Diabetes
A possible association between diabetes and thyroid cancer is unclear. A nonsignificant 

increased risk for thyroid cancer of 30% in men and 20% in women has been reported.24 A 
population-based cohort study showed a 20% increased risk of thyroid cancer in diabetes I patients 
(95% CI 0.6-2.2).29

Lymphoid and Haematopoietic Cancers
Worldwide about 690,000 new cases of nonHodgkin’s lymphoma, multiple myeloma and 

leukemia occur every year.21 Generally, the age-adjusted incidence rates are higher among men 
than among women and higher in the more developed parts of the world than in the less devel-
oped parts.

Obesity
A modest increase in risk of these cancers with increasing BMI has been seen, with relative risk 

estimates in the range 1.2-2.0.17,105 A recent review on nonHodgkin’s lymphoma concludes that 
excess body weight probably has a role in the development of the disease.105 Further, a meta-analysis 
including 13 cohort studies and nine case-control studies estimated an average relative risk of 
nonHodgkin’s lymphoma of 1.07 (95% CI 1.01-1.14) for overweight subjects and 1.20 (95% CI 
1.07-1.34) for obese subjects compared to subjects with a “normal” weight.106 It is suggested that 
a high BMI may affect various histological subtypes differently and that it particularly increases 
the risk of diffuse large B-cell lymphoma.

Diabetes
A limited number of studies have reported on the association between diabetes mellitus and 

risk of lymphoid and haematopoietic cancers. A cohort study from Japan reported a significant 
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increased risk of nonHodgkins lymphoma among men and nonsignificant increase in women.27 
No association was found for nonHodgkins lymphoma and leukaemia in another study.47 A bor-
derline significant increased risk of all lymphatic and haematopoietic cancer was found in Danish 
male and female diabetes patients.24 The same study reported a nonsignificant 10% increased risk 
of lymphoma and leukemia specifically, in both genders.

Summary of Findings
The findings on obesity, diabetes and risk of cancer presented in this section are summarized 

in Table 2.

Concluding Remarks and Recommendations for Further Research
Even though there is a substantial body of literature on the association between obesity and 

cancer for some cancer sites in humans, such as colon, postmenopausal breast cancer, endometrial 
cancer, kidney cancer (renal-cell) and oesophagus cancer (adenocarcinoma), further studies on 

Table 2. Summary of findings relating obesity and diabetes to risk of various cancers

  Diabetes Mellitus 
Cancer Site Obesity Type I      Type II

Oesophagus
- adenocarcinoma  .. ..
- squamous cell carcinoma - .. ..
Stomach
- cardia  .. ..
- noncardia  .. .. ..
Colorectum  ( )  ( )
Liver  .. ( )  ( )
Gallbladder  ( ) .. ..
Pancreas ( ) ( ) 
Lung .. .. ..
Melanoma of the skin .. .. ..
Breast
- premenopausal  .. ..
- postmenopausal  .. ..
Endometrium  ( )  ( )
Ovary .. ..  ..
Cervix .. .. 
Prostate - ( ) ( )
Testis .. .. ..
Kidney (renal-cell)  .. ..
Bladder .. ( ) ( )
Thyroid gland .. .. ..
Lymphoid and haematopoietic tissue ( ) .. ..

: sufficient data to state an increased risk
-: sufficient data to state no impact on risk
( ): some data to state an increased risk
( ): some data to state a decreased risk
..: inconclusive or lack of data
: sufficient evidence for a cancer-preventive effect of avoidance of weight gain as regarded by 

the IARC expert panel in 2001.1
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virtually all other cancer sites in humans are needed. Studies on the association between type I 
diabetes mellitus and cancer are scarce for all cancer sites and further studies are warranted. Type 
II diabetes mellitus has been more studied than type I diabetes mellitus in regard to cancer risk, 
but still our comprehension of its impact is very limited. There is some evidence that persons 
with type II diabetes mellitus are at an increased risk of liver and pancreas cancer and probably 
also for bladder, colorectal, endometrial and postmenopausal breast cancer. Further studies are 
needed for confirming these associations, as well as to clarify possible underlying mechanisms of 
carcinogenicity.

Overweight, obesity and diabetes mellitus type II are now pandemic in many areas of the world 
and global trends indicate no evidence of decline in their prevalence. A substantial proportion 
of cancer cases can be attributable to overweight and obesity. As also stated by the IARC expert 
panel in 20011 other specific topics of research to be further developed include:

the need for ethnic, gender and age-specific body mass index and waist cut points.

in various populations.

socio-cultural) that determine behavioral patterns that lead to obesity and diabetes mel-
litus type II in populations undergoing various stages of economic development.

-
tion and fat distribution and cancer risk.

of age, sex and ethnicity to alter behavior patterns which may influence weight gain and 
type II diabetes mellitus.

weight gain and type II diabetes mellitus.

diabetes mellitus (type I and type II) are/may be related to cancer development.
Overweight, obesity and type II diabetes mellitus cannot be prevented or managed solely at 

the level of the individual. Governments, the food industry, the media, communities and individu-
als all need to work together to modify the environment so that it is less conductive to weight 
gain/obesity and consequently diabetes mellitus type II development. Most current guidelines 
indicate a desirable BMI range of 18.5 to 25 kg/m2, based primarily on the relationships of body 
weight to the risk of cardiovascular diseases, diabetes and total mortality. The benefits of maintain-
ing weight in this range clearly extend to reduced risks of important cancers. Most individuals will 
experience lower risks of cardiovascular diseases, diabetes and cancer if they maintain their body 
weight in the lower part of this range.
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Abstract

Progesterone receptors (PR) are useful prognostic indicators of breast cancers likely to respond 
to anti-estrogen receptor (ER) therapies. However, the role of progesterone, therapeutic pro-
gestins, or unliganded or liganded PR in breast cancer development or progression remains 

controversial. PR are ligand-activated transcription factors that act in concert with intracellular 
signaling pathways as “sensors” of multiple growth factor inputs to hormonally regulated tissues, 
such as the breast. The recently defined induction of rapid signaling events upon progestin-binding 
to PR-B provides a means to ensure that receptors and coregulators are appropriately phosphory-
lated as part of optimal transcription complexes. PR-activated kinase cascades may provide addi-
tional avenues for progestin-regulated gene expression independent of PR nuclear action. Herein, 
we present an overview of progesterone/PR and signaling cross-talk in breast cancer models and 
discuss the potential significance of progestin/PR action in breast cancer biology using examples 
from both in vitro and in vivo models, as well as limited clinical data. Kinases are emerging as key 
mediators of PR action. Cross-talk between PR and membrane-initiated signaling events sug-
gests a mechanism for coordinated regulation of gene subsets by mitogenic stimuli in hormonally 
responsive normal tissues. Dysregulation of this cross-talk mechanism may contribute to breast 
cancer biology; further studies are needed to address the potential for targeting PR in addition to 
ER and selected protein kinases as part of more effective breast cancer therapies.

Introduction
Normal breast development requires estrogen receptor (ER ), progesterone receptor (PR) 

and peptide growth factors. Estrogen stimulates ductal elongation and progestins induce ductal 
sidebranching and alveologenesis.1 Epidermal growth factor (EGF), in addition to promot-
ing the proliferation of terminal end-buds, augments estrogen-induced ductal outgrowth and 
progesterone-induced sidebranching.2 Indeed, estrogen induces PR isoform expression only in 
the presence of EGF,3 suggesting the existence of important cross-talk between EGFRs and both 
steroid receptors (SRs). Ligand-activated PRs and ERs are potent mitogens in the developing breast 
and mammary epithelial cells express PR as well as ER . Moreover, estrogen is usually required 
to induce the expression of PR. PR and ER are normally expressed by only 7-10% of nondivid-
ing epithelial cells in the lumen of the mature mammary gland. This nonproliferative condition 
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appears to be sustained by such inhibitory molecules as TGF-beta or high levels of p27, a CDK 
inhibitor (reviewed in G.W. Robinson et al 4). In response to communication between stromal 
and epithelial compartments, SR-positive epithelial cells express and secrete pro-proliferative 
molecules, such as Wnts or IGF-II, thereby inducing the proliferation of adjacent SR-negative 
epithelial cells.4,5 Recent data indicate that SR-positive cells in the breast may support the activity 
of nearby stem-like progenitor cells via the expression of secreted factors.6

In contrast to the normal breast, where proliferating cells are devoid of SRs, the majority 
of newly diagnosed breast cancers ( 70-80%) express ER and PR. The existence of SR-positive 
proliferating cells in breast cancer indicates that SR-positive cells may undergo an early switch 
to autocrine stimulation and/or continue to divide. Breast cancer is not the only setting where 
PR-containing cells divide. In an in vivo model of the mammary gland during pregnancy, the PR-B 
isoform colocalizes with cyclin D1 in BrdU-stained (dividing) cells.7 Thus, signaling pathways 
involved in normal mammary gland growth and development are likely reactivated during breast 
cancer progression.

Progestins are recognized as mediators of increased post-menopausal breast cancer risk when 
taken as part of combined hormone replacement therapy relative to estrogen alone or placebo.8 
Experimental animal models of the effects of hormones on the postmenopausal mammary gland 
indicate that progestins stimulate proliferation.9,10 While progestins are not carcinogens, proges-
terone might induce recently initiated precancerous breast cell populations to inappropriately 
reenter the cell cycle or stimulate dormant stem cells to undergo self-renewal (discussed below). 
Breast tumors develop resistance to endocrine-based treatments (anti-estrogens and/or aromatase 
inhibitors) as they progress. However, the majority (65%) of resistant breast cancers retain high 
levels of SRs (ER  and PRs). In these resistant, SR-positive cancers, the rapid action of SRs at 
the membrane might begin to inappropriately trigger the classical transcriptional activities of 
SRs. In this way, PRs activated by extremely low or sub-threshold concentrations of hormone 
or PRs phosphorylated in the absence of hormone can activate membrane-associated signaling 
pathways, including c-Src kinase, EGFR and the p42/p44 MAPK pathway. Elevation of MAPK 
activity and downstream signaling frequently occurs in breast cancer, providing a strong survival 
and proliferative stimulus to breast cancer cells. MAPK signaling downstream of EGFR or Her2 
(erbB2) is also associated with resistance to endocrine therapies.11

This chapter focuses specifically on the role of progesterone and progesterone receptors (PR) 
in the pathophysiology of breast cancer. We review the literature describing PR-initiated genomic 
and nongenomic signaling pathways in breast cancer progression with the purpose of highlight-
ing key kinases involved in the integration of rapid cytoplasmic signaling events and PR nuclear 
actions. We also discuss the clinical findings relevant to the use of PR status in the prediction of 
breast cancer behavior, evidence for PR action in breast cancer and the potential for PR ligands 
as therapeutic agents.

Classical Actions of PRs
PRs are activated through binding with the ovarian steroid ligand, progesterone. PRs are 

classically defined as ligand-activated transcription factors that regulate gene expression by bind-
ing directly or indirectly to DNA. Three PR isoforms are the product of a single gene located 
on chromosome 11 at q22-23 that undergoes transcription via the use of alternate promoters 
and internal translational start sites.12 PR isoforms consist of the full length PR-B (116 kDa), 
N-terminally-truncated PR-A (94 kDa) and PR-C-isoforms (60 kDa). PR-positive cells usually 
co-express PR-A and PR-B isoforms; these receptors have different transcriptional activities within 
the same promoter context, but can also recognize entirely different promoters.13,14 PR-B is required 
for normal mammary gland development,15 while PR-A is essential for uterine development and 
reproductive function.16 PR-C is devoid of classical transcriptional activity and instead functions 
as a dominant inhibitor of uterine PR-B in the fundal myometrium during labor.17 In the absence 
of progesterone, PRs are complexed with several chaperone molecules including heat shock protein 
(hsp) 90, hsp70, hsp40, Hop and p23; these interactions are requisite for proper protein folding 
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and assembly of stable PR-hsp90 heterocomplexes that are competent to bind ligand.18 Hsps also 
function to connect PRs to protein trafficking systems. After binding to progesterone, the recep-
tors undergo restructuring, dimerization and hsp dissociation. Activated receptors bind directly to 
specific progesterone response elements (PREs) and PRE-like sequences in the promoter regions 
of such target genes as c-myc,19 fatty acid synthetase,20 and MMTV.21 Treatment with progestin 
also results in an upregulation of regulatory molecules without classical PREs in their proximal 
promoter regions, such as EGFR22,23, c-fos24,25 and cyclin D1.26,27 PR regulation of genes without 
canonical PREs can occur through indirect DNA-binding mechanisms, as in the example of PR 
binding to Specificity protein 1 to promote p21 transcription in the presence of progestin.28 PRs 
can also regulate genes by tethering to activating protein 129 or signal transducers and activators 
of transcription (STATs).25,30

When either directly or indirectly bound to DNA, PRs regulate the basal transcription ma-
chinery in conjunction with nuclear receptor coregulatory molecules. Coregulators modulate 
transcription through chromatin remodeling and recruitment of transcriptional machinery (e.g., 
RNA Polymerase-II). Histone acetyl transferases (HATs) and histone deacetylases (HDACs) 
function as coactivators and corepressors, respectively. Both HATs and HDACs coordinate 
transcriptional activity with other regulator proteins, including the ATP-dependent chromatin 
remodeling complexes (SWI/SNF), arginine methyltransferases (CARM1 and PRMT1) and 
histone kinases (reviewed in N.J. McKenna, B.W. O’Malley31).

Direct PR Phosphorylation in Breast Cancer Models
Similar to other SR family members, phosphorylation-dephosphorylation events add 

multi-functionality to PR action (Fig. 1). Several protein kinases phosphorylate PR isoforms 
primarily on serine residues within the amino-termini and, to a lesser degree, on serine residues 
throughout the receptor.12,32 PR contains a total of 14 known phosphorylation sites (reviewed 
in C.A. Lange33). Serines at positions 81, 162, 190 and 400 appear to be constitutively phos-
phorylated in the absence of hormone34 (Fig. 1). One to two hours after progestin treatment, 
serines at positions 102, 294 and 345 are maximally phosphorylated.35 Specific kinases have been 
identified that are responsible for phosphorylation of selected sites. Serines at positions 81 and 
294 are phosphorylated by casein kinase II36 and mitogen-activated protein kinase (MAPK),37,38 
respectively. Progestins can also stimulate Ser294 phosphorylation independently of MAPKs by 
activation of an unknown kinase(s).39 Eight of the total 14 sites (i.e., serines 25, 162, 190, 213, 
400, 554, 676 and Thr430) are phosphorylated by cyclin A/cyclin-dependent protein kinase 2 
(CDK2) complexes in vitro.34,40 Only five of these sites (i.e., serines 162, 190, 213, 400, 676) are 
proven in vivo phosphorylation sites.34,36,40

While the function of PR phosphorylation is incompletely understood, it might influence 
aspects of transcriptional regulation, such as interaction with coregulators, as reported for ER- 41 
and recently for PR.42 PR phosphorylation is also involved in the regulation of ligand-dependent38 
and -independent43,44 PR nuclear localization, receptor turnover, hormone sensitivity and transcrip-
tional activities.37,38,45,46 As has been reported for ER ,47,48 phosphorylated PRs are hypersensitive 
relative to their underphosphorylated counterparts.49 For example, following a brief (5-15 min) 
pretreatment with EGF, phosphorylated nuclear PR-B receptors are transactivated by sub-phys-
iologic progestin levels. EGF and progestins synergistically upregulate mRNA or protein levels 
for a number of growth regulatory genes,25 including cyclin D1 and cyclin E;22 the regulation of 
cyclins by progestins is MAPK-dependent. Cyclins, in turn, regulate progression of cells through 
the cell cycle by interaction with cyclin-dependent protein kinases. Progestins activate CDK2,27 
which predominantly phosphorylates PRs at proline-directed (S/TP) sites,34,40 perhaps allowing 
for the coordinate regulation of PR transcriptional activity during cell cycle progression. In sup-
port of this idea, Narayanan and coworkers42,50 report that PR activity is highest in the S phase and 
lower in the G0/G1 phases of the cell cycle, but this activity is impaired during the G2/M phases, 
concomitant with lowered PR phosphorylation. Overexpression of Cyclin A or CDK2 enhanced 
PR transcriptional activity. While cyclin A interacts with the N-terminus of PR, CDK2 seems to 
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alter PR function indirectly by increasing the phosphorylation and recruitment of steroid receptor 
coactivator-1 (SRC-1) to liganded PR.

PR Ser294 Phosphorylation in Breast Cancer Models
PR Ser294 is rapidly phosphorylated upon exposure to ligand.35 Ser294 is also a proline-directed 

or MAPK consensus site (PXXSP). Progestin-induced Ser294 phosphorylation occurs within 
30-60 min independently of MAPK activation, whereas growth factor-induced Ser294 phos-
phorylation occurs within 3-5 mins in a MAPK-dependent manner.39 PR Ser294 is considered 
a significant site for PR regulation by multiple kinases.37-39,49 Ser294 phosphorylation appears to 
mediate increased PR nucleo-cytoplasmic shuttling.39 Rapid nuclear translocation of unliganded 
PR and nuclear export of liganded PR requires MAPK-dependent phosphorylation of PR Ser294.39 
PR nuclear sequestration in response to MAPK activation might serve to protect inactive or 
active receptors from degradation in the cytoplasm or upon nuclear export.39 Following ligand 
binding, PR undergoes rapid downregulation.51 Phosphorylation of Ser294 greatly augments PR 
downregulation by making liganded PR a cytoplasmic target for ubiquitination and degradation 
by the 26S-proteosome pathway.37,39 In several recent reports, it has been shown that reversible 
phosphorylation of PR Ser294 couples increased transcriptional activity to rapid down-regulation 
of the PR protein by the ubiquitin-proteosome pathway.37-39,49,52 Further investigation is required 
to determine whether the link between these events involves regulation of transcriptional events 
by components of the ubiquitin pathway and/or participation of nucleo-cytoplasmic shuttling 
factors or chaperones.

Figure 1. Phosphorylation sites in human PR. PR phosphorylation. Thirteen serine residues 
and one threonine residue in human PR are shown, to represent basal (constitutive) and 
hormone-induced phosphorylation sites40 and may contribute to PR regulation by MAPK,37-39 
casein kinase II,36 and CDK2.34,40 Individual PR phosphorylation sites may be regulated by 
multiple protein kinases39 and/or in a sequential manner,143 illustrating the complexity of PR 
regulation by phosphorylation.
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In the absence of progestins, however, EGF-induced nuclear accumulation of PR is required 
for transcriptional activation. Labriola et al43 report that exposure of T47D breast cancer cells 
to the EGF family member, heregulin, can stimulate PR nuclear localization, DNA binding and 
transcriptional activity in the absence of hormone. Heregulin exposure also resulted in activation 
of MAPK and PR Ser294 phosphorylation. Qiu et al39 report that PR Ser294 phosphorylation 
results in similar nuclear activity. However, growth factors alone failed to stimulate PR transcrip-
tional activity or alter PR downregulation in T47D cell variants.38 However, in the presence of 
ligand, MAPK activation greatly augmented both of these events.38,39 One explanation for these 
apparently conflicting results is that differential expression of EGFR family members expressed 
on the cell surface between T47D cell line clones might lead to differences in the activation of 
downstream intracellular kinases, such as CDK2.44 Indeed, regulation of PR by alternate signal-
ing pathways may contribute to dysregulated gene expression and changes in cell growth and/or 
survival. For example, PR-B regulation of IRS-2 expression in breast cancer cells requires phos-
phorylation of PR Ser294 and occurs in the absence of ligand.49 In any case, these exciting data39,43 
suggest a continuum between PR hypersensitivity to extremely low ligand concentrations and 
complete ligand-independence, a phenomenon that is well-documented for androgen receptor 
(AR) and ER .

Extranuclear Actions of PR
While the genomic effects of steroid hormone treatment are delayed by several minutes to 

hours (i.e., following transcription and translation), the extranuclear or nongenomic effects occur 
rapidly in only a few minutes. Progestin treatment of breast cancer cells causes a rapid and transient 
activation of MAPK signaling that is ER-dependent, but independent of PR transcriptional activ-
ity.53,54 Migliaccio et al were the first to report that estradiol activates p60-Src kinase and MAPK in 
MCF-7 cells55 and that PR and ER  interact to stimulate p60-Src kinase in T47D cells.53 Maximal 
activation of p60-Src kinase is observed within 2-5 minutes and downstream activation of p42/p44 
MAPKs occurs within 5-10 minutes of progestin treatment.53,54

Human PR contains a proline-rich (PXXP) motif that mediates direct binding to the 
Src-homology three (SH3) domains of signaling molecules in the p60-Src kinase family in a 
ligand-dependent manner.54 In vitro experiments demonstrate that purified liganded PR-A and 
PR-B activate the c-Src-related protein kinase, HcK; PR-B but not PR-A activates c-Src and 
MAPKs in vivo. PR-B with a mutated PXXP sequence prevents c-Src/PR interaction and blocks 
progestin-induced activation of c-Src (or HcK) and p42/p44 MAPKs. Furthermore, mutation of 
the PR-B DNA-binding domain (DBD) abolished PR transcriptional activity without affecting 
progestin-induced c-Src or MAPK kinase activation. Therefore, nongenomic MAPK activation 
by progestin/PR-B/c-Src complexes probably occurs by way of a c-Src-dependent mechanism 
involving Ras activation via phosphorylation of the c-Src substrate adaptor proteins p190 and/or 
Shc and followed by Grb-2 and Sos binding (Fig. 2).

Ballare et al56 report that MAPK activation by progestins is blocked by antiprogestins and anti-
estrogens in COS-7 cells transfected with PR and ER . They propose that c-Src/MAPK activation 
by PR is mediated indirectly by the interaction of the Src-homology two (SH2) domain of c-Src 
with phosphotyrosine 537 of ER .56 In their model, activation of c-Src and the MAPK pathway 
by progestins depends upon the presence of unliganded ER , which interacts constitutively with 
PR-B via two domains that flank the proline-rich sequence of PR. Deletion of either of these two 
ER-interacting domains in PR-B blocked c-Src/MAPK activation by progestins in the presence 
of ER .56 Mutation of PR-B’s PXXP domain had no effect. In contrast, Boonyaratanakornkit et 
al54 report that ectopic PR expression increased basal c-Src activity in COS-7 cells in the absence 
of progestins and independently of added ER; co-expression of both PR-B and ER  reduced basal 
levels of c-Src activity. Under these conditions (i.e., low basal c-Src activity), progestin binding 
to PR-B clearly activated c-Src. In addition, progestins activated c-Src in PR-null MCF12A cells 
transduced with wild-type PR but not the PXXP-mutant PR adenoviruses. Both groups found 



99Progesterone Receptor Action

that ER  interacts with the SH2-domain of c-Src, but neither group tested the effects of estrogen 
on the ability of progesterone to activate c-Src or MAPKs.54,56

Although discrepancies between these two models must be resolved, it is possible that overex-
pression of SRs in COS-7 cells leads to concentration-dependent effects resulting in the forma-
tion of different signaling complexes depending on the presence of other signaling and adaptor 
molecules. In support of this idea, Wong et al57 identified an additional ER-interacting “adaptor” 
protein, termed MNAR (modulator of nongenomic activity of estrogen receptor), that contains 
both LXXLL (nuclear receptor binding) and PXXP (SH3-domain binding) motifs. MNAR is 
essential for ER-Src interaction, but it is not required for progestin/PR-dependent activation of 
c-Src (D.P. Edwards, personal communication). Taken together, these data indicate that multiple 
interactions contribute to direct protein kinase activation by SRs and suggest that at least some 
nongenomic signaling functions of amphibian PR have been conserved in mammals. Interestingly, 
a separate gene product encoding the putative mammalian homologue of membrane progesterone 
receptor (mPR), a progesterone-binding G-protein coupled receptor first identified in spotted sea 
trout oocytes,58 has been described. Further studies are needed to determine if mPR plays a role 

Figure 2. Functional significance of PR phosphorylation. Phosphorylation (P) of specific sites in 
PRs couple multiple receptor functions, including transcription, nuclear-cytoplasmic shuttling 
and PR downregulation. 1) Ligand-binding mediates dissociation of heat-shock proteins and 
nuclear accumulation of PR dimers. 2) Nuclear PRs mediate gene regulation; phosphorylated PRs 
recruit regulatory molecules that include phospho-proteins and likely function in inter-connected 
processes (transcription, elongation, localization and turnover). 3) PRs and growth factors 
activate MAPKs independently via a c-Src kinase-dependent pathway, resulting in positive 
regulation of PR action via “feed-back” regulation (i.e., direct phosphorylation of liganded 
PRs or coactivators). 4) Activation of MAPKs by PRs provides for regulation of gene targets 
whose promoters do not contain PREs and are otherwise independent of PR-transcriptional 
activities but utilize PR or SR-activated MAPKs. 5) MAPK regulation of PRs mediates nuclear 
accumulation/shuttling and nuclear export coupled to regulation of PR transcription.
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in progestin-induced “rapid” signaling or if mPR interacts with classical PRs. However, studies 
with mPR underscore the important concept that binding proteins other than classical steroid 
receptors may regulate some nongenomic steroid-mediated signaling events.

Integration of Rapid Signaling and Nuclear SR Actions
While its role in mammalian physiology remains unclear, SR-mediated activation of cyto-

plasmic signaling molecules could theoretically serve to potentiate several nuclear functions of 
activated SRs (Fig. 2). One mechanism by which amplification of SR nuclear functions might 
occur is through rapid, direct phosphorylation of SRs and/or their coregulators in response to 
activation of SR-induced cytoplasmic pathways that coincide with ligand binding. Clearly, such a 
positive feedback loop would explain the dramatic influence of activated signaling pathways on PR 
nuclear function. For example, several progestin-dependent functions of PR are MAPK-dependent, 
including upregulation of cyclins D1 and E, CDK2 activation and S-phase entry.22,38,44,59

Following ligand-binding, most SRs stimulate a transient (3-10 min) activation of MAPKs. 
However, mitogenic signaling requires sustained (hrs to days) MAPK activation in fibroblast 
cell models.60 Recently, Faivre et al61 found that in addition to rapid and transient activation of 
MAPK by progestin/PR-B (5-15 min), progestin-bound PR-B induced subsequent oscillations 
in MAPK activity that culminated in a sustained (hrs to days) phase of MAPK activation that 
was EGFR- and c-Src-dependent. Further studies revealed the creation of an autocrine signaling 
loop, in which PR-B triggered transcriptional upregulation of Wnt-1, leading to activation of 
frizzled-dependent MMPs and shedding of EGF ligands from the cell surface. This signaling cas-
cade implicates Wnt-1-dependent transactivation of EGFR in response to progestins; PR induced 
transcriptional upregulation of Wnt-1 and EGFR mRNA was sensitive to inhibition of MAPKs. 
Additional experiments demonstrated that progestin-induced cyclin D1 upregulation, S-phase 
entry, or soft-agar growth of T47D breast cancer cells was either blocked by shRNA targeted to 
Wnt-1 or inhibitors of MAPK, c-Src and EGFR. Finally, progestins failed to stimulate S-phase 
entry in MCF-7 cells that stably express a PXXP-mutant PR-B, which is unable to bind to the 
SH3-domain of c-Src and activate MAPK.59 Soft-agar growth of T47D cells stably expressing the 
same PR mutant (PXXP) was greatly attenuated.61 In addition to c-Src and MAPKs, STATs are 
important effectors downstream of EGFR signaling. Progestins induce tyrosine phosphorylation 
and nuclear translocation of Stat525 and Stat3.30 Proietti et al30 demonstrate that Stat3 phosphory-
lation and activation by the nongenomic actions of PR is a critical event for breast cancer cell 
growth; T47D cell growth and tumor growth of progestin-induced mammary adenocarcinomas in 
BALB/c mice was dependent on PR activation of Jak1 and Jak2, c-Src and Stat3. Taken together, 
these data indicate that progesterone, via robust PR-B/c-Src signaling to MAPK in combination 
with PR-dependent transcriptional events, upregulates and activates EGFR signaling to induce 
cell proliferation. Dysregulation of either arm of this pathway may contribute to uncontrolled 
proliferation of breast cancer cells.

The extranuclear actions of PRs may contribute to deregulated breast cancer cell growth59 
and/or increased breast cancer risk,8 perhaps by linking steroid hormone action to the regulation 
of MAPK-regulated genes (i.e., transcription factor targets of MAPK). Similarly, the extranuclear 
actions of liganded ER  are thought to induce a state of “adaptive hypersensitivity” during endo-
crine therapy in which growth factor signaling pathways are co-opted by upregulated ER .62 In 
this model of ER-dependent MAPK activation, liganded ER  associated with the cell membrane 
interacts with the adapter protein Shc and induces its phosphorylation, leading to recruitment of 
Grb-2 and Sos, followed by activation of Ras and the Raf-1/MEK/MAPK module. ER  activation 
of MAPK may explain why many tumors respond well to aromatase inhibitors, yet fail to respond 
to selective estrogen receptor modulators (SERMS) designed to inhibit ER transcriptional activity. 
SERMs can act as partial transcriptional agonists of phosphorylated receptors and may not block 
ER-dependent MAPK activation.62 In theory, PR-B or AR in SR-positive breast cancers could 
participate in MAPK-activating complexes, perhaps bypassing anti-estrogen therapies. Few groups 
have studied membrane-associated or cytoplasmic signaling complexes containing both ER  and 
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PR-B or AR.63,64 However, AR is frequently (70%) expressed in metastatic breast cancer,65 and 
expression of functional AR defines a sub-set of ER/PR-negative breast cancers.66 These studies 
suggest that it will be important to target SRs that may substitute for ER  in the activation of 
c-Src-dependent mitogenic signaling cascades.

PR Action and Breast Cancer Cell Growth,  
Apoptosis and Aggressiveness in Vitro

Among the most controversial issues regarding the role of progestins in breast cancers is their 
influence, or lack thereof, on tumor cell proliferation. Complicating the interpretation of the results 
utilizing in vitro breast cancer models of receptor function is the use, in addition to progesterone, 
of a myriad of different synthetic progestins with activities unrestricted to PR. For example, while 
the 19-nor progestins—norgestrel and gestodene—enhance MCF-7 cell proliferation, this effect 
is inhibitable by antiestrogens but not antiprogestins,67,68 indicating the lack of involvement of 
PR signaling. Indeed, cross-reactivity of synthetic progestins at pharmacologic doses with ER has 
been reported.69,70 One explanation of these confusing results is that progestin may interact with 
different PR isoforms to carry out inhibitory or proliferative functions. Sumida et al demonstrate 
the growth inhibitory effects of progestins with either PR isoform,71 and McGowan et al show 
that overexpression of PR-A sensitized breast cancer cells to progestin-mediated growth inhibi-
tion.72 In contrast, Moore et al report prolonged proliferative and survival effects of progestins 
on breast cancer cells.73,74

Flow cytometric studies have also addressed questions of progestin-mediated proliferation by 
using a single physiological progestin pulse under transiently estrogen deprived conditions. These 
studies show biphasic effects of progestins in vitro, with cells accelerating through the first mitotic 
cell cycle then arresting in late G1 of the next cycle.27,75 Cycle arrest is associated with decreases 
in cyclins D1, D3 and E, loss of cyclin A and B and induction of the cell cycle inhibitors p21 and 
p27. Pulsing with progesterone did not restart proliferation; rather it delayed p21 depletion.27 
Similarly, Lin et al 76 report decreased cell proliferation in response to progesterone in conjunction 
with upregulation of p21, decreased cyclins A, B1 and D1 expression and downregulation of phos-
phorylated p42/44 MAPK. Thus, these studies suggest that progestins tend to be anti-proliferative 
in vitro in mono-layer cell cultures.

Equally confusing are conflicting reports of the effects of PR and progestins on apoptosis in 
vitro. Several studies report pro-apoptotic effects of progestins concomitant with decreases in 
expression levels of the anti-apoptotic genes bcl-2 and bcl-XL.77-80 Antiprogestin/partial agonists, 
such as RU486, have also been shown to promote apoptosis,81 but dosage effects confound the 
interpretation of results.82 On the other hand, recent studies suggest that unliganded PR83 and/
or progestin-occupied PR84 protect cells from damage and apoptosis induced by radiation84 or 
chemotherapeutic agents, such as taxanes,83 doxorubicin or 5-fluorouracil.85 Moore et al74 report 
progestin-induced protection of breast cancer cell death accompanied by upregulation of bcl-XL, 
but loss of bcl-2. These contradictory in vitro data prevent a definitive conclusion regarding the 
apoptotic effects of progestins.

Similarly, the effects of progesterone on invasiveness of breast cancer cells in vitro are poorly 
understood. Many studies show that progestins increase cell invasiveness72,83,86 with PR-A exag-
gerating this phenotype. Sumida et al, however, report that treatment with progestins reduce cell 
invasiveness.71

Notably, studies using human breast cancer cell line models (T47D or MCF-7) grown in 
soft-agar (i.e., as 3-D colonies) clearly demonstrate a proliferative role for synthetic progestins 
(R5020) or progesterone in response to PR-dependent transcriptional upregulation of Wnt-1.87 
These results suggest that breast epithelial cells may require a specific architecture (i.e., polarity) 
for the mitogenic and other “appropriate” gene expression effects of progestins to occur. This ar-
chitecture is not modeled on plastic surfaces in vitro (i.e., mono-layer cultures). Differences in cell 
behavior when grown using plastic as mono-layer cultures vs. 3D models have clearly contributed 
to the controversial area of PR action as a breast cancer cell mitogen. Therefore, we recommend 
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that future investigations into the effects of progestins on tumor cell behavior utilize 3-D models 
or in vivo models of PR-positive breast cancer.

Expression Profiling in Vitro
Results from expression profiling of breast cancer cells in vitro are consistent with the results 

from experimental mouse models, which suggest that the two PR isoforms subserve different func-
tions. In mice—where the PR-A to PR-B ratio is 3:1 compared to humans where it is 1:1—ablation 
of one or the other PR isoform leads to divergent effects on the mammary gland. PR-A knockout 
(leaving only PR-B) leads to normal early development,16 while PR-B knockout (leaving only PR-A) 
leads to reduced pregnancy-associated lobuloalveolar development and reduced side-branching.15 
On the other hand, overexpression of PR-B causes precocious ductal arrest and inappropriate ductal 
development,88 while overexpresison of PR-A causes mammary epithelial cell hyperplasia, exces-
sive ductal branching and a disorganized basement membrane.89 To explain these isoform-specific 
differences, gene profiling studies have been performed in vitro using human breast cancer cells 
expressing PR-A or PR-B. The first such study used 6 hrs of progesterone treatment in an attempt 
to identify direct PR target genes.14,90 Of 94 genes identified, 65 were regulated only by PR-B, 4 
only by PR-A and 25 by both PR isoforms. This regulatory pattern was confirmed in subsequent 
studies using breast cancer cells with inducible PR-A vs. PR-B treated 6 hrs with progesterone.83 
The latter studies also demonstrate that unliganded PR can regulate transcription; CDK2 mediates 
ligand-independent activation of PR-B via Ser400 phosphorylation (44).

More recent studies used progesterone-treated breast cancer cells that express both PR iso-
forms.91-93 Analysis of the protein pathways indicate that progesterone suppresses genes involved 
in proliferation and metastasis,91 supporting an anti-proliferative role for this hormone. However, 
a remarkable number of the genes upregulated by progestins encode proteins involved in signal 
transduction and cell adhesion,83,14 lending some support to the concept that progestins/PR may 
contribute to the dysregulation of pathways important for breast cancer progression that are per-
haps not well modeled in vitro. Additionally, the above studies address gene regulation in response 
to unliganded or liganded PRs (i.e., single hormone exposure). We propose that PR isoforms act 
as sensors for signal transduction pathways (discussed above) and thus promoter selectivity is 
predicted to be highly sensitive to phosphorylation events. Further studies will be needed to ad-
dress alterations in the signature of PR regulated genes in the context of the high kinase activities 
characteristic of aggressive breast cancer.

Progestins and Antiprogestins in Breast Tumor Models
Antiprogestins

For a time, therapeutic interest in antiprogestins led to many more studies on these drugs than 
on the biology of progestins themselves in breast tumors. Several rodent and human tumor models 
have been used to study the efficacy of antiprogestins for endocrine therapy. These include carcino-
gen- (DMBA or MNU) induced mammary tumors in the rat, serially transplantable MXT (+) 
mouse and human T61 mammary tumors and MCF7 human tumor xenografts. Tumors in each 
of these models are ER+ and PR+. Several different antiprogestins, including mifepristone (RU 
38.486; Roussel), the Schering compounds onapristone (ZK 98.299 and ZK 112.993) and the 
ORG compounds (31710 and 31806) effectively inhibit tumor growth 40 to >90%, depending on 
the drug, dose and model.94-103 Antiprogestins were at least as effective as tamoxifen as a single-line 
therapy. Combination treatment of established tumors in both the rodent and human tumor 
models with an antiprogestin and an antiestrogen (tamoxifen or ICI164384) had an additive effect 
on inhibition of tumor growth.95,100 These studies led to speculation that antiprogestins would be 
useful for endocrine therapies and fueled the notion that progestins induced proliferation. Indeed, 
several small clinical studies investigated the potential of mifepristone and onapristone as first- or 
third-line therapies (reviewed in J.G. Klijn et al104). However, because of apparent liver toxicity 



103Progesterone Receptor Action

(onapristone), discrepancies among results and the abortifacient properties of these hormones, the 
testing of antiprogestins for breast cancer therapy has generally been discontinued.

Only two of the above studies examined progestins alone. Megestrol acetate or MPA had no 
effect on MXT mouse tumors or slightly inhibited DMBA rat tumor growth.94,101 This suggests that 
antiprogestins do not directly antagonize progesterone-mediated tumor growth, even though PR 
expression was required for inhibition.102 It is possible that they exert a PR-dependent antiestrogenic 
effect through ER transrepression105 or that they suppress effects of unliganded PR.83

Progestins
Human tumor models utilize immune-compromised mice as hosts for “xenografted” breast 

cancer cell lines. Several ER+ and PR+ human breast cancer cell lines (MCF7, ZR-75, T47D) 
are grown as solid tumors in this manner.106 Tumors derived from each of these cell lines are 
estrogen-dependent and require continuous estradiol administration for growth. They have been 
widely used as models for studying estrogen-suppression based therapies, such as antiestrogens 
and aromatase inhibitors.107,108 Only a few studies, however, have assessed effects of progestins in 
these models. Neither MCF7 nor T47D cells grow in response to progesterone in ovariectomized 
female mice109-111 in the absence or presence of estradiol.

In our experience, progesterone or MPA had negligible, nonsignificant growth inhibitory ef-
fects in ovariectomized mice bearing T47D xenografts in an estrogenized background.111 These 
data suggest that in hormone-dependent models of human breast cancer, progestins are neither 
mitogenic nor effective at suppressing estrogen-dependent growth. ERneg and PRneg MDA-231 hu-
man breast cancer cells form hormone-independent tumors in vivo. If PR was expressed in these 
cells, progesterone treatment reduced tumor formation.86

There is one example of progestin-dependent murine mammary tumor growth. Long-term 
(10-12 months) chronic treatment of female BALB/c mice with MPA leads to the formation 
ER+ and PR+ mammary tumors.112,113 They are maintained by serial transplantation and have a 
growth requirement for progestins (either progesterone or MPA) rather than estrogens.114 After 
serial passage, some tumors acquire progestin independence. Both progestin-dependent and -in-
dependent tumors can be inhibited by antiprogestins and antisense oligonucleotides to PR.115,116 
Whereas most clinical human tumors are ER+ and PR+ and respond to antiestrogen therapies, 
it is possible that some tumors that originate during long-term HRT or in association with preg-
nancy may have developed in response to progestins. The BALB/c mice would serve as potential 
models for these rare tumors.

Progesterone Regulation of BRCA1
Carriers of mutations in the breast cancer susceptibility genes BRCA1 and BRCA2 exhibit a 

10-fold higher risk of developing tumors in hormonally responsive tissues, such as the breast and 
ovaries (cumulative risk of 85-90% by age 70) compared to the general population.117 BRCA1 
mutant breast tumors have a poor nuclear grade, high frequency of p53 mutations and are more 
often ER- and PR-negative compared to sporadic cancers. Because oophorectomy of premenopausal 
women reduces breast cancer risk substantially (>40%),118 linkages between steroid hormones and 
BRCA1 tumor types have been sought since their discovery.119-121 Fibroblasts from Brca-/- knockout 
mice that are also p53-/-exhibit ligand-independent activation of ER and PR-dependent transcrip-
tion;122 see also Rosen et al.117 Haploinsufficiency of BRCA1 may be a deleterious state that initi-
ates alterations in steroid hormone receptor expression and tumor mitogenic response.123 Poole 
et al124 report the accumulation of lateral branching and extensive alveologenesis in the mammary 
glands of nulliparous BRCA1/p53-deficient mice. PR, but not ER, were overexpressed due to a 
defect in their proteasome-dependent degradation. Notably, treatment of these mice with the PR 
antagonist mifepristone (RU486) blocked mammary tumorigenesis. These provocative studies sug-
gest that antiprogestin therapy may help prevent the development of breast cancer in individuals 
with BRCA1 mutations.
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General Steroid Receptors and Breast Cancer
A recent study125 described the steroid receptor assay results of 54,865 patients with stage 

I–IIIA breast cancers. Their biopsy or mastectomy specimens were sent to two central laboratories 
that performed identical assays, monitored with tightly controlled quality control procedures. 
The authors report that 82% of breast cancers were ER+ and of these 71% were also PR+. 
Thus among all breast cancers, 58% expressed both ER and PR. It is now well established that 
independent of treatment modalities, women with steroid receptor positive tumors live longer 
than their receptor negative counterparts. Large studies with long-term follow-up, such as those 
from San Antonio or the NSABP, indicate a 10% survival advantage for patients with receptor 
positive disease.126 Positive hormone receptor status is an independent predictor of outcome and 
augurs a more favorable prognosis even after controlling for patient age, disease stage, tumor grade, 
histology, race/ethnicity and US geographical distribution.

Progesterone Receptors and Tamoxifen Responsiveness
The independent role of ER-positivity as a marker of good prognosis and responsiveness to 

endocrine therapies has been appreciated since the early 1970s. Resistance of a subset of ER+ 
tumors to endocrine therapies may be due to aberrant estrogen signaling in ER+ tumors that lack 
PR.127 Indeed, compared to ER+ and PR− tumors, pretreatment PR-positivity in ER+ tumors 
is associated with improved outcome prediction as shown by 5 year disease survival rates128 and 
by improved response to such adjuvant endocrine therapies as tamoxifen.128-133 However, not all 
studies have demonstrated a value for PR, due perhaps to assay variability.134 The presence of both 
ER and PR in metastatic disease has also been shown to predict improved response to tamoxifen 
treatment.131,135

Clinical Significance of PR-A vs. PR-B:  
Two Subsets of ER+, PR+ Tumors?

We first showed that human breast cancer cells express two forms of PR, the PR-A and PR-B 
isoforms.136 Despite having a similar primary amino acid structure over the majority of their 
length, these receptors regulate entirely different gene subsets.83,14 The clinical implications of 
this remain under investigation. Studies using monoclonal antibodies show that PR-A and PR-B 
colocalize in the same cells in normal endometrium137 and breast cancers,138 further adding to 
the complexity of analyzing expression ratios of the two isoforms by IHC. By immunoblotting, 
their ratio changes during malignant progression, with approximately equimolar levels of PR-A 
and PR-B in normal human tissues, but aberrant PR-A:PR-B ratios in breast cancers. An im-
munoblotting study by Graham et al139 of 202 PR+ breast cancers showed a median PR-A:PR-B 
ratio of 1.3 (close to equimolar), but with outliers ranging between 0.04 (essentially PR-B+) to 

180 (essentially PR-A+) in a significant number of tumors. These authors concluded that when 
ratios are aberrant, the PR-A isoform tends to be in excess,140,141 and tumors tend to be less dif-
ferentiated.141 We142 studied the association between PR-A:PR-B ratios and clinical outcome in 
297 ER+, axillary node-positive patients, using MAb 1294 for immunoblotting. Eighteen percent 
of tumors had more than a 2-fold excess of PR-B over PR-A; 10% had more than a 2-fold excess 
of PR-A over PR-B. We concluded that high PR-A levels were due to loss of PR-B. Our studies 
also included clinical data showing that tamoxifen-treated patients with high PR-A:PR-B ratios 
were 2.76 times more likely to relapse. Thus, clinical studies that have addressed the issue of PR 
isoforms agree that an excess of PR-A is harmful. We suggest that patients with PR-A rich tumors 
may represent an ER+/PR+ subgroup with intrinsic insensitivity to tamoxifen and perhaps to 
other selective ER modulators. Growth factor signaling is tightly linked to tamoxifen resistance. 
Notably, Ser294 phosphorylated PR-B is hypersensitive to low progesterone concentrations and 
thus degrades very rapidly relative to PR-A, which is hypo-phosphorylated at this site (discussed 
above); hyperactive but unstable PR-B relative to PR-A may contribute to increased PR-A/PR-B 
ratios in a subset of breast cancers. In this setting, targeting PR-B and relevant kinases would seem 
appropriate, but remains untested clinically.
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Concluding Remarks
Studies aimed at defining a proliferative role for progestins in breast cancer models remain 

controversial, but have perhaps been hindered by observations made with liganded receptors in 
the absence of controlled inhibition or activation of alternate signaling pathways. In the context of 
multiple signaling inputs, PR clearly coordinates receptor responses to growth factors and steroid 
hormones. The newly discovered ability of SRs to activate kinase pathways classically defined as key 
regulators of cell growth underscores the concept that activation of signal transduction pathways 
is an integral feature of SR action. This aspect of SR function is likely to play an important role 
in cancer progression and the development of resistance to endocrine therapies.62 Targeting the 
relevant protein kinases (c-Src, MAPKs and CDKs) as an integral feature of SR (PR, ER) action 
should provide significant improvements over the use of traditional SR-blocking strategies for 
advanced or progressive breast cancers.
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Aromatase Expression in Women’s 
Cancers
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Abstract

Estrogen has been positively linked to the pathogenesis and growth of three common women’s 
cancers (breast, endometrium and ovary). A single gene encodes the key enzyme for estrogen 
biosynthesis named aromatase, inhibition of which effectively eliminates estrogen produc-

tion in the entire body. Aromatase inhibitors successfully treat breast cancer, whereas their roles in 
endometrial and ovarian cancers are less clear. Ovary, testis, adipose tissue, skin, hypothalamus and 
placenta express aromatase normally, whereas breast, endometrial and ovarian cancers overexpress 
aromatase and produce local estrogen exerting paracrine and intracrine effects. Tissue specific 
promoters distributed over a 93 kilobase regulatory region upstream of a common coding region 
alternatively control aromatase expression. A distinct set of transcription factors regulates each 
promoter in a signaling pathway- and tissue-specific manner. In cancers of breast, endometrium and 
ovary, aromatase expression is primarly regulated by increased activity of the proximally located 
promoter I.3/II region. Promoters I.3 and II lie 215 bp from each other and are coordinately 
stimulated by PGE2 via a cAMP-PKA-dependent pathway. In breast adipose fibroblasts exposed to 
PGE2 secreted by malignant epithelial cells, activation of PKC potentiates cAMP-PKA-dependent 
induction of aromatase. Thus, inflammatory substances such as PGE2 may play important roles in 
inducing local production of estrogen that promotes tumor growth.

Introduction
In this chapter, we will review the pathologic significance and regulation of aromatase in  

ovarian hormone-related women’s cancers (breast, endometrium and ovary). We will first provide 
a relevant brief overview of physiologic and genetic concepts regarding aromatase expression in 
human tissues.

The Aromatase Enzyme
The aromatase enzyme is localized in the endoplasmic reticulum of estrogen-producing cells.1,2 

Aromatase enzyme complex is comprised of two polypeptides. The first of these is a specific cyto-
chrome P450, namely aromatase cytochrome P450 (the product of the CYP19 gene).1 The second 
is a flavoprotein, NADPH-cytochrome P450 reductase and is ubiquitously distributed in most 
cells. Thus, cell-specific expression of aromatase P450 (P450arom) determines the presence or 
absence of aromatase activity. For practical purposes, we will refer to “P450arom” as “aromatase” 
throughout this text. Since only a single gene (CYP19) encodes aromatase in mice and humans, 
targeted disruption of this gene or inhibition of its product effectively eliminates estrogen bio-
synthesis in these species.1
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In the human, aromatase is expressed in a number of cells including the ovarian granulosa cell, 
the placental syncytiotrophoblast, the testicular Leydig cell, as well as various extraglandular sites 
including the brain and skin fibroblasts.3 The principal product of the ovarian granulosa cells 
during the follicular phase is estradiol. Additionally, aromatase is expressed in human adipose tis-
sue. Whereas the highest levels of aromatase are in the ovarian granulosa cells in premenopausal 
women, the adipose tissue becomes the major aromatase expressing body site after menopause 
(Fig. 1).4,5 Although aromatase level per adipose tissue fibroblast may be small, the sum of estrogen 
arising from billions of adipose tissue fibroblasts in the entire body makes a physiologic impact. In 
adipose tissue, estrogenically weak estrone is produced from androstenedione of adrenal origin in 
relatively large quantities. However, at least half of this peripherally produced estrone is eventually 
converted to estradiol in extraovarian tissues (Fig. 1).6

The CYP19 (Aromatase) Gene
The aromatase gene is transcribed from the telomere to the centromere and the region encoding 

the aromatase protein spans 30 kb of the 3 -end and contains 9 exons (II-X).7 The ATG transla-
tion start site is located in coding exon II. The upstream (telomeric) 93 kb of the gene contains a 
number of promoters.2,3 The most proximal gonadspecific promoter II and two other proximal 

Figure 1. Tissue sites of estrogen production in women. The biologically active estrogen, 
estradiol (E2) is produced at least in three major sites: 1-direct secretion from the ovary in 
reproductive age women; 2-by conversion of circulating androstenedione (A) of adrenal 
and/or ovarian origins to estrone (E1) in peripheral tissues; and 3-by conversion of A to E1 in 
estrogen target tissues. In the latter two instances, estrogenically weak E1 is further converted 
to E2 within the same tissue. The presence of the enzyme aromatase and 17 hydroxysteroid 
dehydrogenase (17 -HSD) is critical for E2 formation at these sites. E2 formation by peripheral 
and local conversion is particularly important for postmenopausal women and for estrogen-
dependent diseases such as breast cancer, endometriosis and endometrial cancer. Figure used 
with permission from Bulun SE, Lin Z, Imir G. et al. Pharmacol Rev 2005; 57:359-383.15
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promoters, I.3 (expressed in adipose tissue and breast cancer) and I.6 (expressed in bone) are 
found to be located within the 1-kb region upstream of the ATG translation start site in exon II, 
as expected (Fig. 2). Promoter I.2, the minor placenta-specific promoter, is located approximately 
13 kb upstream of the ATG site in exon II. The promoters specific for the brain (I.f ), endothelial 
cells (I.7), fetal tissues (I.5), adipose tissue (I.4) and placenta (2a and I.1) are localized in tandem 
order at 3, 36, 43, 73, 78 and 93-kb, respectively, upstream of the first coding exon, the exon II 
(Fig. 2).2,8 In addition to promoter II specific sequences, transcripts containing two other unique 
sequences, untranslated exons I.3 and I.4, are present in adipose tissue and in adipose tissue fi-
broblasts maintained in culture.8 Transcription initiated by use of each promoter gives rise to a 
transcript with a unique 5 -untranslated end that contains the sequence encoded in the first exon 
immediately downstream of this particular promoter (Fig. 2). Therefore, the 5 -untranslated re-
gion of aromatase mRNA is promoter specific and may be viewed as a signature of the particular 
promoter used. It should be emphasized again that all of these 5 -ends are spliced onto a common 
junction 38 bp upstream of the ATG translation start site.8 Consequently, the sequence encoding 
the open reading frame is identical in each case. Thus, the expressed protein is the same regardless 
of the splicing pattern (Fig. 2).

Normal Hormonal Pathways that Regulate Aromatase Expression
The primary site of aromatase expression in premenopausal women is the ovarian follicle, 

where FSH induces aromatase and thus estradiol production in a cyclic fashion.3 Ovarian aro-
matase expression is mediated primarily by FSH receptors, cAMP production and activation of 
the proximal promoter II (Fig. 3).3 Men and postmenopausal women also produce estrogen by 
aromatase that resides in extragonadal tissues such as adipose tissue and skin (Fig. 3).3 Estrogen 
produced in these extragonadal tissues are of paramount importance for the closure of bone plates 

Figure 2. CYP19 (aromatase) gene. Expression of the aromatase gene is regulated by the 
tissue-specific activation of a number of promoters via alternative splicing. Figure used with 
permission from: Bulun SE, Lin Z, Imir G et al. Pharmacol Rev 2005; 57:359-383.15



115Aromatase Expression in Women’s Cancers

and bone mineralization in both men and postmenopausal women, since the phenotype of men 
with defective genes of aromatase or estrogen receptor-  include severe osteoporosis and extremely 
tall stature with growth into adulthood.9 A distal promoter (I.4) located 73 kilobases upstream 
of the coding region directs as was mentioned aromatase expression in adipose tissue and skin 
fibroblasts. Promoter I.4 in these tissues is regulated by combined action of a glucocorticoid and 
a member of the class I cytokine family [e.g., interleukin (IL)-6, IL-11, leukemia inhibitory factor 
(LIF), oncostatin-M] (Fig. 3).10

The alternative use of promoters comprises the basis for differential regulation of aromatase 
expression by various hormones, growth factors and cytokines in a tissue specific manner. For 
example, extremely high baseline levels of the placental promoter I.1 activity are maintained 
constitutively in the syncytiotrophoblast and a consequence of decreasing levels of inhibitory 
transcription factors as cytotrophoblasts differentiate to a syncytiotrophoblast.11,12 On the other 
hand, extremely low baseline levels of promoter II in the ovary are stimulated strikingly by FSH 
via a cAMP dependent pathway in the developing follicle (Fig. 3).3 Serum, cytokines and growth 
factors are inhibitory to promoter II. In case of adipose and skin fibroblasts, promoter I.4 is used 
in vivo and activated as was said above coordinately by a glucocorticoid in the presence of a cyto-
kine (IL-6, IL-11, LIF, oncostatin M). Glucocorticoid receptors and the Jak-1/STAT-3 pathway 
mediate this induction.10

Figure 3. Physiological regulation of aromatase expression. FSH induces aromatase expres-
sion via through a cAMP-dependent pathway in ovarian granulosa cells via promoter II. 
Steroidogenic factor-I (SF-1) mediates this action of FSH. On the other hand, a combination 
of a glucocorticoid and a member of the class I cytokine family induces aromatase expression 
in skin and adipose tissue fibroblasts via promoter I.4 located 70 kb upstream of the coding 
region. Binding of signal transducers and activators of transcription (STAT)-3 and glucocorti-
coid receptor (GR) upstream of promoter I.4 mediate regulation of aromatase expression in 
these fibroblasts. Figure used with permission from: Bulun SE, Lin Z, Imir G et al. Pharmacol 
Rev 2005; 57:359-383.15
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Promoter use in cultured adipose tissue fibroblasts is a function of hormonal treatments. For 
example, in vitro studies showed that PGE2 or cAMP analogs stimulate aromatase expression 
strikingly via proximally located promoters II and I.3, whereas treatment with a glucocorticoid 
plus a member of the class I cytokine family switches promoter use to I.4.10,13

Pathological Expression of Aromatase in Women’s Cancers
Breast and endometrial cancers are highly responsive to estrogen for growth evident by high con-

centrations of estrogen receptors in these tissues.14  Malignant breast and endometrial tumors also 
produce large amounts of estrogen locally via overexpressing aromatase compared to their normal 
counterparts.15 In particular, aromatase overexpression in breast cancer tissue has been shown to 
be critical, since the use of aromatase inhibitors is clearly therapeutic in breast cancer. Aromatase is 
also overexpressed in endometrial cancer.16 Although preliminary trials showed promising results, 
the therapeutic role of aromatase inhibitors in endometrial cancer is not as clear yet.17,18

Experimental and epidemiological evidence suggest that estrogen and progesterone are 
implicated in ovarian carcinogenesis. New data have indicated that estrogen favors neoplastic 
transformation of the ovarian surface epithelium while progesterone offers protection against 
ovarian cancer development.19-23 Since a subset of ovarian cancers was linked to endometriosis 
and, aromatase is a key molecular target in endometriosis, aromatase expression in ovarian cancer 
may also be targeted for treatment in selected patients.15 In fact, recent pilot studies employing 
aromatase inhibitors have shown various degrees of clinical benefit for patients with advanced 
stages of ovarian cancer.24-27

Aromatase and Breast Cancer 
Paracrine interactions between malignant breast epithelial cells, proximal adipose fibroblasts 

and vascular endothelial cells are responsible for estrogen biosynthesis and lack of adipogenic 
differentiation in breast cancer tissue. It appears that malignant epithelial cells secrete factors 
that inhibit the differentiation of surrounding adipose fibroblasts to mature adipocytes and also 
stimulate aromatase expression in these undifferentiated adipose fibroblasts.28 The in vivo pres-
ence of malignant epithelial cells also enhances aromatase expression in endothelial cells in breast 
tissue.29 We developed a model in breast cancer, which reconciles the inhibition of adipogenic 
differentiation and estrogen biosynthesis in a positive feedback cycle.

The desmoplastic reaction (formation of the dense fibroblast layer surrounding malignant 
epithelial cells) is essential for structural and biochemical support for tumor growth. In fact, the 
some pathologists refer to 70% of breast carcinomas as “scirrhous” type indicating the rock-like 
consistency of these tumors.30 This consistency comes from the tightly packed undifferentiated 
adipose fibroblasts around malignant epithelial cells. Malignant epithelial cells achieve this by 
secreting large quantities of TNF and IL-11 that inhibit the differentiation of fibroblasts to ma-
ture adipocytes. Thus, large numbers of these estrogen producing cells are maintained proximal 
to malignant cells.28,29 At the same time, a separate set of factors secreted by malignant epithelial 
cells activates aromatase expression in surrounding adipose fibroblasts.28,29

Malignant epithelial cells induce aromatase via activation of aberrant promoters in breast 
cancer tissue and adipose fibroblasts proximal to tumor (Fig. 4). The breast adipose tissue in 
disease-free women maintains low levels of aromatase expression primarily via promoter I.4 that 
lies 73 kb upstream of the common coding region (Fig. 4).8 The proximal promoters I.3 and II 
are used only minimally in normal breast adipose tissue.8 Transcription via activity of promoters 
II and I.3 in the breast tumor fibroblasts and malignant epithelial cells, however, is strikingly increased (Fig. 
4).31-34 Additionally, the endothelial-type promoter I.7 is also upregulated in breast tumor tissue 
(Fig. 4).35 Thus, it appears that the prototype estrogen-dependent malignancy (breast cancer) 
takes advantage of four promoters utilized in various cell types for aromatase expression (Fig. 
4). The sum of aromatase mRNA species arising from these four promoters markedly increase 
total aromatase mRNA levels in breast cancer compared with the normal breast that uses almost 
exclusively promoter I.4 (Fig. 4).
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Tissue Origins of Estrogen in Postmenopausal Women with Breast Cancer
Estrogen arises from two sources in a postmenopausal woman with breast cancer. First, estrogen 

that arises from extraovarian body sites such as subcutaneous adipose tissue and skin reaches breast 
cancer by way of circulation in an endocrine manner. Second, estrogen locally produced in breast 
cancer tissue makes an impact via paracrine or intracrine mechanisms. 

Endocrine Effect
Aromatase in adipose tissue and skin. The potential roles of extraovarian aromatase in 

human physiology and pathology were also recognized initially in the 1960s.36 These studies dem-
onstrated that the conversion rate of plasma androstenedione to estrone in humans increased as a 
function of obesity and aging.5,37 These same studies also revealed the importance of extraovarian 
tissues (primarily adipose tissue and skin) as the origin of estrogen in postmenopausal women 
(see Fig. 1). Extraovarian estrogen formation was shown to be correlated positively with excess 
body weight in both pre and postmenopausal women and may be increased as much as ten-fold 
in morbidly obese postmenopausal women.5,37 This elevation in association with both obesity 
and aging bears a striking relationship to the incidence of endometrial hyperplasia and cancer, 
which are more commonly observed in elderly obese women.38 It is now recognized that the 

Figure 4. Promoter use for aromatase expression in normal and malignant breast tissues. The 
levels of total aromatase mRNA levels in breast cancer tissue are strikingly higher than normal 
breast tissue. The normal breast adipose tissue maintains low levels of aromatase expression 
primarily via promoter I.4. Promoters I.3 and II are used only minimally in normal breast adipose 
tissue. Promoter II and I.3 activities in the breast cancer, however, are strikingly increased. 
Additionally, the endothelialtype promoter I.7 is also upregulated in breast cancer. Thus, it 
appears that the prototype estrogendependent malignancy (breast cancer) takes advantage 
of four promoters (II, I.3, I.7 and I.4) for aromatase expression. The sum of aromatase mRNA 
species arising from these four promoters markedly increase total aromatase mRNA levels 
in breast cancer compared with the normal breast. Figure used with permission from: Bulun 
SE, Lin Z, Imir G et al Pharmacol Rev 2005; 57:359-383.15
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continuous production of estrogen by the adipose tissue in these women is one of the risk factors 
of endometrial hyperplasia and cancer.

Evidence is also suggestive of a role of estrogens produced by adipose tissue in the pathogenesis of 
the breast cancer. For example, breast cancer incidence correlates positively with the body fat content 
or serum estradiol levels in postmenopausal women suggesting that estrogens collectively produced in 
all extraovarian sites reach the breast tissue by circulation in an endocrine fashion and stimulate tumor 
growth.39,40 A role for adipose tissue estrogen biosynthesis in promoting the growth of breast cancer is 
implied because of the palliative effects of adrenalectomy in the past. As estrone production by adipose 
tissue is dependent on plasma androstenedione secreted by the adrenal cortex as substrate, the role of 
adrenalectomy is explicable in terms of the denial of substrate precursor for adipose tissue estrogen 
biosynthesis. Today, reduction of estrogen biosynthesis in the adipose tissue is accomplished by the use 
of aromatase inhibitors in the treatment of breast cancer (Fig. 5).41,42

Paracrine/Intracrine Effect
Local aromatase in breast cancer tissue. Mechanisms giving rise to increased local concentrations 

of estrogen in breast cancer via aromatase overexpression within the tumor tissue has been demonstrated 
by a number investigators.43-45 These studies showed strikingly increased local levels of estrone, estrone 
sulfate and eastradiol in breast tumor tissue compared with circulating estrogen levels.43-45

A series of paracrine interactions between malignant breast epithelial cells and surrounding 
adipose stroma were uncovered and explained increased local estrogen levels in the breast bearing 
a cancer. For example, independent studies from at least six different laboratories were indicative 
of striking increases in aromatase enzyme activity and mRNA levels in breast fat adjacent to cancer 
compared with those in distal fat or disease free breast adipose tissue (Fig. 5).32-34,46-49 We also found 
that an elevation in aromatase expression in adipose stroma surrounding malignant epithelial cells 
is regulated by complex cellular, molecular and genomic mechanisms.29,31,47 Interestingly, the overall 
aromatase expression in breast adipose tissue in mastectomy specimens bearing a breast tumor was 
significantly higher than that in benign breast tissue removed for reduction mammoplasty.31,50,51

Estrogens can act both directly or indirectly on human breast cancer cells to promote prolifera-
tion. Breast cancer cells in culture elaborate a number of growth stimulants in response to estrogen, 
which can act in an autocrine and paracrine manner to stimulate their growth. However, there is 
also evidence that estrogens can directly induce proliferation of breast cancer cells.

The pathologic significance of local aromatase activity in breast cancer was recognized based 
on the following in vitro data. MCF-7 breast cancer cells, which were stably transfected to express 
an MMTV-promoter-driven human aromatase cDNA and inoculated into oophorectomized 
nude mice, remained dependent on circulating androstenedione for their rapid growth.52 Another 
evidence for the importance of local aromatase expression in the breast tissue came from an in 
vivo mouse model demonstrating that aromatase overexpression in breast tissue is sufficient for 
maintaining hyperplasia in the absence of circulating estrogen and that aromatase inhibitors 
abrogated hyperplasia.53 These transgenic mice with MMTV-promoter-driven local aromatase in 
breast tissue are more prone for breast cancer development.54  

Role of Adipose Tissue in Aromatase Expression 
in Malignant Breast Tumor Tissue

Cell Types That Express Aromatase in Breast Cancer
Breast adipose tissue is primarily comprised of mature lipid containing cells and other stromal 

elements. This latter group of cells in the breast adipose tissue was characterized using immuno-
histochemical methods.55 Ninety percent of these resident cells of adipose tissue are fibroblasts, 
i.e., the potential precursors of mature adipocytes and another 7% represented by endothelial cells. 
The majority (80-90%) of aromatase transcripts in adipose tissue was demonstrated to reside in 
fibroblasts compared with mature adipocytes.55 Moreover, aromatase enzyme activity was found 
to reside primarily in the fibroblast component of the adipose tissue in a previous study from the 
same laboratory.56
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Immunoreactive aromatase was localized to both the malignant epithelial cells and surrounding 
fibroblasts in breast tumor tissues.57-59 Different antibodies, however, showed variable affinity to 
malignant epithelial cells vs fibroblasts.60 Immunoreactive aromatase was also observed in endo-
thelial cells in normal breast tissue and breast tumors. Recently published data using RNA from 
lasercaptured breast tumor cells showed aromatase mRNA in both stromal and malignant epithelial 
cells in tumor tissues from 3 patients.60 Markedly high levels of aromatase enzyme activity have 
been consistently detected in breast adipose fibroblasts freshly isolated from breast tissue with or 
without cancer.55,56 Aromatase enzyme activity in malignant breast epithelial cells, on the other 
hand, in experimental conditions is either undetectable or extremely low.61

Adjacent adipose tissue including the dense fibroblast layer seems to account for the majority 
of aromatase expression in breast tumors for the following reasons. First, the quantity of adjacent 
adipose tissue surrounding a clinically detectable breast tumor is comparatively very large, e.g.,  
the volume of adipose tissue within 1-inch radius of a 1 ml breast tumor is 129 ml. Second, the 
most intense aromatase immunostaining was observed in the adipose tissue fibroblasts located 
in and around the fibrous capsule (i.e., desmoplastic reaction) surrounding malignant cells.48 

Figure 5. Origins of estrogen in postmenopausal breast cancer. This figure exemplifies the 
important pathologic roles of extraovarian (peripheral) and local estrogen biosynthesis in an 
estrogen-dependent disease in postmenopausal women. The estrogen precursor androstene-
dione (A) originates primarily from the adrenal in the postmenopausal woman. Aromatase 
expression and enzyme activity in extraovarian tissues such as fat increases with advancing 
age. The aromatase activity in skin and subcutaneous adipose fibroblasts gives rise to formation 
of systemically available estrone (E1) and to a smaller extent estradiol (E2). The conversion of 
circulating A to E1 in undifferentiated breast adipose fibroblasts compacted around malignant 
epithelial cells and subsequent conversion of E1 to E2 in malignant epithelial cells provide 
high tissue concentrations of E2 for tumor growth. The clinical relevance of these findings is 
exemplified by the successful use of aromatase inhibitors to treat breast cancer. Figure used 
with permission from: Bulun SE, Lin Z, Imir G et al. Pharmacol Rev 2005; 57:359-383.15
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Third, levels of aromatase expression and activity in fibroblasts isolated from breast adipose 
tissue or tumor are 10-15 times higher than those found in malignant epithelial cells or cell 
lines.61

Impaired Adipogenic Differentiation in Breast Cancer
Link to aromatase overexpression. Extraordinarily large quantities of TNF and IL-11 are produced 

and secreted by malignant breast epithelial cells28 (Fig. 6).28 These two cytokines mediate one of the 
most commonly observed biological phenomena in breast tumors, namely the desmoplastic reaction. 
Desmoplastic reaction or accumulation of fibroblasts around malignant epithelial cells serves to maintain 
the strikingly hard consistency in many of these tumors (i.e., the traditional macroscopic description 
of malignant breast tumors as “scirrhous cancer”) and increased local concentrations of estrogen via 
aromatase overexpression localized to these undifferentiated fibroblasts. The inhibition of differentia-
tion of fibroblasts to mature adipocytes mediated by TNF and IL-11 is the key event responsible for 
desmoplastic reaction, because neither malignant cell-conditioned media nor these cytokines caused the 
proliferation of adipose tissue fibroblasts.28 Moreover, blocking both TNF and IL-11 in cancer cell-CM 
conditioned medium using neutralizing antibodies is sufficient to reverse this antidifferentiative effect 
of cancer cells completely (Fig. 6).28 In summary, desmoplastic reaction primarily occurs via the action 
of cytokines (TNF and IL-11) secreted by the malignant epithelial cells to inhibit the differentiation of 
adipose tissue fibroblasts to mature adipocytes. This tumor-induced block in adipocyte differentiation 
is mediated by the selective inhibition of expression of the essential adipogenic transcription factors, 
namely, C/EBP  and PPAR  (Fig. 6).28

Figure 6. Detail of epithelial-stromal interaction via estrogen and cytokines in breast cancer. 
Estradiol (E2) increases secretion of antiadipogenic cytokines (IL-11) from malignant epithe-
lial cells and upregulates their antiadipogenic-type receptors (TNF-receptor type 1, TNFR1) 
in undifferentiated fibroblasts. These redundant mechanisms give rise to accumulation of 
undifferentiated fibroblasts around malignant epithelial cells (desmoplastic reaction), which 
express aromatase and form E2. Figure used with permission from: Bulun SE, Lin Z, Imir G et 
al. Pharmacol Rev 2005; 57:359-383.15
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Estrogen per se seems to potentiate this antiadipogenic action via indirect mechanisms. For 
example, treatment of T47D breast cancer cells with estradiol increased the mRNA levels of IL-11 
by 3-fold.62 Moreover, the cellular actions of TNF are mediated by two distinct receptors TNFR1 
(also known as p60 in humans) and TNFR2 (p80). TNFR1 but not TNFR2 was found to be 
responsible for the inhibition of adipocyte differentiation using mutants of TNF specific for the 
stimulation of either receptor type.63 We recently demonstrated that TNFR1 is responsible for 
inhibition of adipocyte differentiation in breast cancer.64 Interestingly, estradiol enhances this 
anti-adipogenic effect by inducing TNFR1 levels in adipose fibroblasts (Fig. 6).64

Thus, large amounts of antiadipogenic cytokines (e.g., TNF and IL-11) secreted by malignant 
epithelial cells serve to maintain increased numbers of the aromatase-expressing cell type, i.e., 
undifferentiated adipose fibroblast, in breast tumor tissue. This is further enhanced by stimula-
tory effects of estrogen on IL-11 production in cancer cells and on the TNF receptor type that 
mediates adipogenic inhibition (Fig. 6).

Transcriptional Mechanisms Responsible for Elevated Aromatase Expression 
in Breast Cancer

Alternative promoter use is a major mechanism that mediates increased aromatase expression 
in breast cancer. The normal breast adipose tissue maintains low levels of aromatase expression 
primarily via promoter I.4 that lies 73 kb upstream of the common coding region (see Fig. 4). 
The proximally located promoters I.3 and II are used only minimally in normal breast adipose 
tissue. Promoter II and I.3 activities in the breast cancer, however, are strikingly increased.31-34 
Additionally, the endothelial-type promoter I.7 is also upregulated in breast cancer.35 Thus, as was 
mentioned above it appears that the prototype estrogen-dependent malignancy breast cancer takes 
advantage of four promoters (II, I.3, I.7 and I.4) for aromatase expression (see Fig. 4). The sum 
of aromatase mRNA species arising from these four promoters markedly increase total aromatase 
mRNA levels in breast cancer compared with the normal breast that uses almost exclusively 
promoter I.4 (see Fig. 4)

Upregulation of Promoters I.3 and II
Using an in vivo approach, we and two other groups demonstrated by quantitative exon specific 

RT-PCR that the use of the proximal promoters II/I.3 are strikingly upregulated in adipose tissue 
adjacent to breast cancer and in breast cancer tissue per se.31,33,34 As noted earlier, promoters II and 
I.3 are located within 215 bp from each other and are coordinately induced by cAMP-dependent 
or independent mechanisms in adipose fibroblasts in breast tumors. These promoters possibly 
share common regulatory DNA motifs.

Increased promoter I.3/II activity is in part, the basis for increased aromatase expression in 
peri-and intratumoral adipose tissue fibroblasts (see Fig. 4).31 Over the past several years, others 
and we sought to elucidate the mechanisms underlying this cancer-induced increase in promoters 
I.3/II activity in adipose tissue fibroblasts.

PGE2 induces aromatase via promoters I.3 and II employing both cAMP/PKA- and PKC-dependent 
pathways.13 In this model, PGE2 stimulates binding activity of an orphan nuclear receptor LRH-1 to a 
nuclear receptor half-site (-136/-124 bp) upstream of promoter II.65,66 Treatment with PGE2 strikingly 
increased both LRH-1 expression and its binding activity to the aromatase promoter II in cultured 
adipose fibroblasts. LRH-1 overexpression significantly increased aromatase promoter II activity and 
aromatase enzyme activity in cultured adipose fibroblasts (Fig. 7). From an in vivo perspective, LRH-1 
was upregulated in undifferentiated fibroblasts in breast tumor tissue compared with those in disease-free 
breast tissue. The recently reported increases in COX-2 expression and beneficial effects of nonsteroidal 
anti-inflammatory in breast cancer support this model.67,68 In vivo evidence for increased PGE2 forma-
tion in breast cancer, however, is still lacking at this time.

In addition to the LRH-1-binding site, we isolated two cis-acting elements that conferred 
stimulation of promoter I.3/II use in response to cAMP plus or minus PKC activation, the 
signaling pathways induced by PGE2.

29,69 Two critical elements were determined as a C/EBP site 
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(-317/-304) and a CRE (-211/-197), since mutation of either element abolished cAMP-induced 
promoter activity (Fig. 7).69

PGE2 or a cAMP analog (plus or minus PKC activator) induced phosphorylation of ATF-2 
and its binding to the CRE (Fig. 7).69 This CRE is occupied by nonphosphorylated ATF-2 in 
fibroblasts treated with benign epithelial cell-conditioned medium associated with inactivation of 
promoters I.3 and II. Moreover, chromatin immunoprecipitation PCR showed that the activator 
transcriptional complex in a malignant environment contains C/EBP , phosphorylated ATF-2 and 
p300/CBP, whereas the inactivator complex (benign environment) contained nonphosphorylated 
ATF-2 (Fig. 7).69

Figure 7. Effects of PGE2, PKA, PKC and sodium butyrate (NaBu) on aromatase expression in 
breast adipose fibroblasts. We recently found that NaBu profoundly decreased promoter I.3/
II-specific aromatase mRNA expression induced by PGE2 or a surrogate hormomonal cocktail made 
of dibutyryl cAMP (Bt2cAMP) plus the PKC activator phorbol diacetate (PDA). MCM, Bt2cAMP+PDA 
or NaBu regulated aromatase mRNA levels or enzyme activity only specifically via promoters 
I.3/II but not other promoters. Recruitment of phosphorylated ATF-2 by a CRE (-211/-199) in the 
promoter I.3/II region conferred the response to malignant epithelial cells conditioned medium, 
PGE2 or Bt2cAMP+PDA. Malignant cell-conditioned medium, PGE2 or Bt2cAMP+PDA stabilized 
a complex comprised of phosphorylated ATF-2, C/EBP  and CBP in the common regulatory re-
gion of promoters I.3/II. The inhibitory effect of NaBu on transcription was not accompanied by 
comparable changes in overall histone acetylation patterns of promoters I.3/II. NaBu treatment, 
however, consistently decreased ATF-2 phosphorylation and disrupted the activating complex. 
Taken together, these findings represent a novel mechanism of NaBu action and provide evidence 
that aromatase activity can be attenuated in a signaling pathway and tissue specific fashion. Our 
data also suggested that malignant cells secreted substances other than PGE2. These unknown 
substances were associated with signaling pathways other than cAMP-PKA in the activation of 
aromatase promoters I.3 and II.
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We recently found that sodium-butyrate (NaBu) profoundly decreased cAMP analog (plus or 
minus PKC activator)-induced promoter I.3/II-specific aromatase mRNA expression. A cAMP 
analog (plus or minus a PKC activator) or NaBu regulated aromatase mRNA levels or enzyme 
activity only via promoters I.3/II but not promoters I.1 or I.4 in breast, ovarian, placental and 
hepatic cells. Mechanistically, recruitment of phosphorylated ATF2 by a CRE (-211/-199) in the 
promoter I.3/II region conferred the response to a cAMP analog (plus or minus PKC activator). 
Treatment with a cAMP analog (plus or minus PKC activator) stabilized a complex comprised of 
phosphorylated ATF-2, C/EBP  and CBP in the common regulatory region of promoters I.3/II 
(Fig. 7). The inhibitory effect of NaBu on transcription was not accompanied by comparable 
changes in overall histone acetylation patterns of promoters I.3/II. NaBu treatment, however, 
consistently decreased ATF-2 phosphorylation and disrupted the activating complex (Fig. 7). 
Together, these findings represent a novel mechanism of NaBu action and provide evidence that 
aromatase activity can be attenuated in a signaling pathway- and tissue-specific fashion.69

In an alternative experimental model, we found that conditioned medium from malignant 
breast epithelial cells (MCF-7 or T47D) markedly induced aromatase expression in adipose tissue 
fibroblasts via promoters I.3 and II (Fig. 7).29,69 Malignant epithelial cell-conditioned medium 
also induced phosphorylation of ATF-2 and its binding activity to the promoter I.3/II region. 
As in the case of treatment with a cAMP analog (plus or minus a PKC activator), incubation of 
breast adipose fibroblasts with malignant epithelial cell-conditioned medium stabilized a complex 
made of phosphorylated ATF-2, C/EBP  and CBP at the aromatase promoter I.3/II region.69 
NaBu also disrupts this transcriptional complex assembled in response to malignant epithelial 
cell conditioned medium.69 We hypothesize that a hormonal cocktail secreted from malignant 
epithelial cells induces aromatase in undifferentiated adipose fibroblasts via redundant pathways. 
Although PGE2 seems to be an important component of this cocktail, other substances can also 
induce aromatase expression via promoters I.3/II.29 For example, the addition of a COX2 inhibitor 
or an adenylyl cyclase inhibitor does not reverse induction of aromatase expression by malignant 
epithelial cellconditioned medium.29

A unified model for promoter II/I.3 activation in breast cancer therefore predicts that malignant 
epithelial cells secrete a number of factors including PGE2 (Fig. 7). These factors induce a number 
of signaling pathways in a redundant fashion to activate the transcription of the aromatase gene 
via promoter I.3/II in adipose fibroblasts. PGE2 possibly arising from malignant epithelial cells is 
a candidate factor for activation of promoters I.3 and II in breast cancer. This, however, has not 
been demonstrated in vivo. Neither PGE2 nor its downstream regulators cAMP or LRH-1-binding 
site in promoter II were found to be essential for activation of promoters II in adipose fibroblasts 
treated with malignant cell-conditioned medium.29 In disease-free breast tissue, incorporation 
of a number of transcriptional repressors into the multimeric complex that occupies promoter 
I.3/II region is associated with inhibition of transcription. Malignant epithelial cell conditioned 
medium, on the other hand, gives rise to replacement of this inhibitory complex by an activator 
transcriptional complex comprised of distinct factors such as phosphorylated ATF-2, C/EBP , 
p300/CBP and possibly LRH-1 (Fig. 7).69

In summary, the proximal promoters II and I.3 clustered within a 215 bp region are coordinately 
regulated. They remain quiescent in fibroblasts of normal breast tissue via redundant binding of multiple 
transcriptional inhibitors (Fig. 7). In a malignant breast environment, however, these promoter regions 
are occupied by multiple transcriptional enhancers as a result of activation of multiple signaling pathways 
in a fail-safe fashion to increase aromatase expression in breast fibroblasts (Fig. 7).

Regulation of Promoters II and I.3 in MCF-7 Cells
A group of investigators studied the regulation of a number of gene reporter constructs of 

the promoter II/I.3 region.70 They found that ERR alpha-1 and CREB1 upregulate and EAR2, 
COUP-TFI, RAR gamma, Snail and Slug proteins downregulate this promoter region.70 The in 
vivo relevance of these findings will become clearer in future, once the relative significance of aro-
matase enzyme activity and estrogen biosynthesis is demonstrated in malignant epithelial cells.
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Upregulation of Promoter I.7 in Breast Cancer
Studies summarized above employed exon specific RT-PCR analysis of 5 -untranslated ends of 

aromatase mRNA in breast cancer tissues. This limited strategy permitted only the detection of 
promoters previously identified from healthy tissues.31,33,34 Discovery-driven approaches designed 
to identify novel promoter regions in breast cancer or adjacent adipose tissues, however, have not 
been published until recently. To identify novel promoter regions in cancer tissues and proximal 
fat, we employed the 5 -rapid amplification of cDNA ends (RACE) procedure using total RNA 
isolated from breast cancer and proximal adipose tissue samples. We cloned a novel 101bp un-
translated first exon (I.7) that comprises the 5 -end of 29-54% of aromatase mRNA isolated from 
breast cancer tissues.35 The levels of aromatase mRNA with exon I.7 were significantly increased in 
breast cancer tissues and adipose tissue adjacent to tumors. We identified a promoter immediately 
upstream of exon I.7 and mapped this to about 36 kb upstream of ATG translation start site of 
the aromatase gene.35 Promoter I.7 is a TATA-less promoter containing cis-regulatory elements 
found in megakaryocytic and endothelial type promoters. Maximal promoter activity could 
be demonstrated in human microvascular endothelial cells. Binding of the transcription factor 
GATA-2-to a specific GATA cisregulatory element in this promoter was critical for its regulation 
in endothelial cells.35 In conclusion, promoter I.7 is a GATA-2-regulated endothelial type promoter 
of the human aromatase gene and may increase estrogen biosynthesis in vascular endothelial cells 
of breast cancer. The activity of this promoter may also be important for intracrine and paracrine 
effects of estrogen on blood vessel physiology.

Summary of Regulation of Aromatase Expression in Breast Cancer
Several alternative cellular and molecular mechanisms serve to maintain excessive levels of 

aromatase activity in breast stroma proximal to malignant epithelial cells. First, malignant epi-
thelial cell derived factors induce aromatase over expression via the transcription factors LRH-1, 
C/EBP  and phosphorylated ATF-2 (see Fig. 5). These factors are incorporated into a multimeric 
transcriptional complex that occupies the aromatase promoter I.3/II region in adipose tissue 
fibroblasts adjacent to epithelial cells. Second, aromatase is overexpressed in vascular endothelial 
cells of tumor tissue via binding of GATA2 and other endothelial type transcription factors to 
promoter I.7. These factors may also mediate angiogenesis in tumor tissue. Moreover, estrogen is 
known to induce the angiogenic factor VEGF in cancer cells (see Fig. 5).71-74 Third, we demon-
strated recently that antiadipogenic cytokines IL-11 and TNF secreted by malignant epithelial 
cells block the differentiation of the aromatase-expressing cells (fibroblasts) to mature adipocytes 
that do not express aromatase (see Fig. 5). Thereby, these cytokines secreted abundantly by malig-
nant epithelial cells serve to maintain a dense layer of aromatase-expressing fibroblasts proximal 
to malignant epithelial cells to provide structural and hormonal support. Fourth, the expression 
of IL-11 in malignant epithelial cells and antiadipogenic type TNF receptors in adjacent adipose 
tissue fibroblasts are upregulated by estrogen produced as a consequence of elevated aromatase 
activity in breast tumors. This positive feedback involving complex epithelial-stromal interactions 
favor higher numbers of undifferentiated fibroblasts, angiogenesis and increased local estrogen 
concentrations in breast tumors (see Fig. 5). These four mechanisms interact to maintain high 
levels of estrogen production in a breast tumor.74

Aromatase Inhibitors in the Treatment of Breast Cancer
Today, aromatase inhibitors are the most effective endocrine-treatment of estrogen-responsive 

breast cancer (Fig. 7).75 Six recent head to head randomized clinical trials published since 2000 
demonstrated the superiority of aromatase inhibitors to tamoxifen in the treatment of breast can-
cer.76-83 Longterm side effect profiles of these agents will determine whether aromatase inhibitors 
will replace tamoxifen or other selective estrogen receptor modulators in the long run.

There are two intriguing implications of these results. First, it is pharmacologically more ef-
ficacious to block estrogen formation rather than its action at least by currently approved estrogen 
antagonists or SERMs. Second, the local effect of aromatase inhibitors at the target tissue level to 
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block local estrogen formation possibly represents the most critical mechanism for the superior 
therapeutic potential of aromatase inhibitors (Fig. 7).

Targeting aromatase in breast cancer as a therapeutic strategy was first conceptualized in the 
1960s.75 Aminoglutethimide was the first aromatase inhibitor tested for this purpose. Although 
the first generation aromatase inhibitor aminoglutethimide was as efficacious as tamoxifen in the 
treatment of breast cancer, its adverse side effects precluded its widespread use.75 Tamoxifen was 
introduced in the 1970s and became the gold standard for hormonal treatment of breast cancer.75 
Second generation aromatase inhibitors were tested in Europe in the 1980s and were found to be 
as efficacious as tamoxifen.75 Finally, the third generation aromatase inhibitors were approved in 
the U.S. to treat postmenopausal breast cancer in the 1990s and proven to be superior to tamoxi-
fen.76-85 These new inhibitors have a benign side effect profile and suppress estrogen production 
in extraovarian tissues and within the breast cancer tissue itself. This effectively blocks estrogenic 
action, reduces recurrences and prolongs disease free survival in postmenopausal women with 
breast cancer.76,77 Aromatase inhibitors are also effective in the treatment of breast cancer that 
became resistant to treatment with tamoxifen.80

In these studies, tumors that express estrogen receptor (ER) were more responsive to aromatase 
inhibitors compared with the tumors with an unknown receptor status.76,77 Future studies are 
required to determine whether aromatase inhibitors might be beneficial in ER-negative tumors 
via ER-independent mechanisms.

Aromatase and Endometrial Cancer
The role of aromatase expression and the therapeutic use of aromatase inhibitors have been well 

defined for breast cancer and endometriosis. Aromatase is also expressed in endometrial cancer 
tissue and aromatase inhibitors have been used to treat endometrial cancer.16-18,86 The pathologic 
significance of local estrogen biosynthesis via aromatase expression in endometrial cancer tissue 
or the therapeutic value of aromatase inhibitors in its management, however, is not clear at the 
moment.

Endometrial cancer is the most common gynecological malignancy found in women.87 These 
tumors rather often have high concentrations of estrogen receptors, their growth is clearly enhanced 
by estrogen and unopposed estrogen exposure (in the absence of progesterone) predisposes women 
to development of endometrial cancer.87 Although there is no consistent evidence of increased 
concentrations of circulating estrogen in women with endometrial cancer, the local concentration 
of estradiol in endometrial cancer tissues was reported to be higher than that in blood and in the 
endometrium of cancer-free women.88-92 It is therefore conceivable that endometrial cancer itself 
synthesizes estradiol in situ, which then contributes to growth and possibly carcinogenesis.

A conversion study demonstrated significant conversion of androstenedione to estrone in 
endometrial cancer tissue.93 Aromatase protein and mRNA were detected in endometrial cancer 
using immunohistochemistry and RTPCR, whereas aromatase expression was low or undetectable 
in endometrial hyperplasia (a precursor lesion of endometrial cancer).16,94 These observations are 
suggestive that intratumoral aromatase may play a role in the pathology of endometrial cancer. 
Immunoreactive aromatase was found in malignant epithelial, endometrial stromal and myometrial 
cells. Aromatase in stromal but not epithelial cells correlated positively with advanced surgical 
stage and poor survival (Dr. Makio Shozu, personal communication).

Currently available 3rd generation aromatase inhibitors may be used for endocrine treatment 
of endometrial cancer.95 Treatment of endometrial cancer tissues in vitro with aromatase inhibitors 
demonstrated that in situ depletion of estrogen results in decreased cell proliferation of tumor 
cells.96 Treatment of women with endometrial cancer with aromatase inhibitors blocked estrogen 
production in vivo in tumor tissue.97 Safety data from the clinical trials of postmenopausal women 
with breast cancer indicated a preventive role of aromatase inhibitors in that an aromatase inhibitor 
reduced the risk of endometrial cancer.98

On the other hand, the therapeutic efficacy of aromatase inhibitors in advanced endome-
trial cancer is not clear. The Gynecologic Oncology Group (GOG) performed a phase II trial 
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of anastrozole in advanced, recurrent, or persistent endometrial cancer.18 Twenty-three patients 
were entered, all with grade 2 or 3 cancers. Two partial responses were noted.18 In a recent report, 
two cases of reproductive-aged women with grade 1 endometrial cancer who were treated with 
medroxyprogesterone acetate and anastrozole daily for 3 and 6 months subsequently reverted to 
normal endometrium. A progestin combined with the elimination of production of estrogen may be 
an effective therapy in well differentiated endometrial cancer in the obese premenopausal woman.17 
Thus, there are some early preliminary encouraging results. It is, however, too early to predict 
whether aromatase inhibitors will be used widely in the treatment of endometrial cancer.

Aromatase and Ovarian Cancer
Estrogen, Progesterone and Ovarian Cancer

Since premenopausal ovary contains large amounts of estrogen and progesterone and ovarian 
cancer largely develops in postmenopausal women, it was hypothesized that ovarian cancer was 
not an ovarian steroid-responsive disease. In view of the protective effect of oral contraceptives and 
pregnancy, the disruptive and inflammatory effects of incessant ovulation on the surface epithelium 
were hypothesized to represent the primary mechanism of ovarian carcinogenesis.19,20,23

Accumulating evidence, however, are suggestive of significant roles of estrogen and progesterone 
in ovarian cancer. A retrospective 1979-1998 cohort study of 44,241 postmenopausal women re-
vealed that estrogen only hormone replacement therapy (HRT), particularly for 10 or more years, 
significantly increased risk of ovarian cancer. Relative risks for 10 to 19 years and 20 or more years 
were 1.8 (95% CI, 1.1-3.0) and 3.2 (95% CI, 1.7-5.7), respectively (p-value for trend <0.001), 
This study did not show an increased risk in women who used short-term estrogen plus progestin 
HRT, but authors suggested that risk associated with longer-term estrogen plus progestin HRT 
warrants further investigation.99 The estrogen plus progestin WHI HRT study found a trend for 
increased ovarian cancer risk, which though was not significant.100 These are some of the first 
pieces of important epidemiological evidence supporting that estrogen might plays a critical role 
in the pathophysiology of ovarian cancer. This has also been supported by other epidemiological 
and experimental data.19,20,23

Estrogens appear to favor neoplastic transformation of the ovarian surface epithelium while 
progesterone offers protection against ovarian cancer development.21,22 Specifically, estrogens, 
particularly those present in ovulatory follicles, are both genotoxic and mitogenic to ovarian 
surface epithelial cells. In contrast, pregnancy-equivalent levels of progesterone are highly effec-
tive as apoptosis inducers for ovarian epithelial and ovarian cancer cells. In this regard, high-dose 
progestin may exert an exfoliation effect and rid an aged ovarian surface epithelium of prema-
lignant cells. A limited number of clinical studies have demonstrated efficacies of antiestrogens, 
aromatase inhibitors and progestins alone or in combination with chemotherapeutic drugs in the 
treatment of ovarian cancer. As a result of increased life expectancy in most countries, the number 
of women taking HRT in general continues to grow. Since in the U.S. after WHI a serious drop 
in the number of HRT prescriptions was registered. Therefore, knowledge of the mechanism of 
action of steroid hormones on the ovarian surface epithelium and ovarian cancer is of paramount 
significance to HRT risk assessment and to the development of novel therapies for the prevention 
and treatment of ovarian cancer.19,20,23

A Possible Link between Endometriosis, Ovarian Cancer, Aromatase 
and Prostaglandin Formation

Another piece of evidence regarding the role of estrogen in ovarian carcinogenesis comes from 
the biological and epidemiological links of endometrioid ovarian cancer to endometriosis.19,20,23 
It was proposed that endometrioid and/or undifferentiated ovarian cancer may develop from 
the endometriotic implants seeded on the ovarian surface epithelium.19,20,23 Endometriosis is an 
estrogen-dependent disease that affects 6-10% of U.S. women of reproductive age (approximately 
4-7 million).101 Endometriosis is a systemic disorder that is characterized by the presence of endo-
metrium like tissue in ectopic sites outside the uterus, primarily on pelvic peritoneum and ovaries.101 
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Local estrogen formation via aromatase expression in endometriosis is extraordinarily important 
for its pathogenesis and treatment.86,102-106 In fact, work from our laboratory and other investigators 
over the past 10 years uncovered a molecular link between inflammation and estrogen production 
in endometriosis.86 This is mediated by a positive feedback cycle that favors expression of aromatase 
and COX-2 and continuous local production of estradiol and PGE2 in endometriotic tissue.107-109 
In this vicious cycle, PGE2 induces aromatase, whereas the product of aromatase enzyme, i.e., 
estradiol, induces COX-2 and thus PGE2 formation. It is possible that PGE2-induced aromatase 
expression may also play a biological role and represent a therapeutic target in a subset of ovarian 
carcinomas related to endometriosis.

Aromatase Inhibitors for the Treatment of Ovarian Cancer
Ovarian cancer is the fourth most common cause of cancer death in women. Most patients 

present at an advanced stage and the disease commonly relapses after primary surgery and che-
motherapy. Relapsed ovarian cancer is not curable in the majority of women and responses to 
salvage chemotherapy are often sustained for less than a year at the expense of toxicities that may 
diminish quality of life.

In experimental models of ovarian cancer, it was demonstrated that moderate-high expression 
of ER  is associated with a growth response to estrogen and these models are growth-inhibited by 
antiestrogen strategies both in vitro and in vivo.110-112 In addition, a number of proteins are estrogen 
regulated and these include the PR, the EGF receptor and HSP27.113-116

Clinical studies of tamoxifen in chemoresistant ovarian cancer have suggested that a subset 
of unselected patients respond to tamoxifen treatment, but the characteristics of responding tu-
mors have not been defined. In one study, 105 patients in first relapse received tamoxifen and an 
overall response rate of 17% was reported.117 This was later reanalyzed to give a 13% response rate 
in cisplatin-resistant disease and 15% in cisplatin-sensitive disease.118 Another trial of tamoxifen 

reported a 17% response rate in chemoresistant disease.119 ER  has been suggested to be linked 

with clinical response, but to date no significant association has been demonstrated.117

The therapeutic role of aromatase inhibitors have recently been explored in advanced ovarian cancer. 
Phase II studies suggested that aromatase inhibitors are at least as effective as other hormonal treatments 
in advanced ovarian cancer.24-27 Because of the significant epidemiological association of estrogen with 
ovarian cancer, the minimal side effects of aromatase inhibitors and demonstrated activity of hormonal 
therapies in other endocrine associated malignancies, further study is needed.

Conclusion
Estrogen is positively linked to the pathogenesis and growth of three common women’s cancers 

(breast, endometrium and ovary). A single gene encodes the key enzyme for estrogen biosynthesis 
named aromatase, inhibition of which effectively eliminates estrogen production in the entire 
body. Aromatase inhibitors successfully treat breast cancer, whereas their roles in endometrial and 
ovarian cancers are less clear and need further exploration.
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Abstract

Serum and tissue biomarkers have begun to play an increasingly important role in the detection 
and management of many cancers of hormone-sensitive tissues. Specifically, the introduc-
tion of serum PSA measurements into clinical practice has dramatically altered detection 

and treatment of prostate cancer and serum tumor markers play a critical role in the management 
of testicular cancer. Serum biomarkers are used for ovarian and pancreatic cancers, but their 
usefulness is limited by poor specificity. Tissue biomarkers are used to help guide breast cancer 
treatment but are not widely used in other cancers. Even the “best” biomarkers such as PSA have 
substantial limitations. The discovery of new biomarkers for both early detection and prognosis 
of cancer is critical to the hope of better clinical outcomes. Recently there has been an expanding 
understanding of the underlying molecular etiology of cancer and molecular targeted therapies 
for some particularly aggressive cancers such as renal cell carcinoma have been developed. Better 
understanding of the molecular etiology of cancer and identification of additional therapeutic 
targets remain important research goals. Currently, there are very few patient-tailored therapies 
and there is a great need to better understand the molecular alterations associated with cancer and 
to use this information to design need cancer therapies and prevention strategies.

Advances in proteomic technologies have created tremendous opportunities for biomarker 
discovery and biological studies of cancer. The potential that proteomics will impact clinical 
practice is currently greater than ever, but there main several obstacles in making this a reality. 
A major hurdle to overcome continues to be the proper acquisition of patient tissues and body 
fluids for investigation and clinical diagnostics. Each cancer has specific issues in this regard and 
it is incumbent upon investigators and collaborating clinicians to understand the various nuances 
of tissue and biofluid procurement. This chapter not only reviews the clinical need and potential 
impact of proteomic studies of hormone-sensitive cancers, but details specific technologies and 
discusses the issues surrounding tissue/biofluid procurement.

Introduction and Overview
Clinical Perspective

In the United States, cancer of hormone-sensitive tissues represent a majority of solid tumors, 
with prostate and breast cancers being the most common types of noncutaneous malignancies 
in men and women, respectively. Ovarian and pancreatic cancers are less common but usually 
lethal when they do occur. Pancreatic cancer is responsible for 6% of cancer deaths in both men 
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and women and ovarian cancer for 6% of cancer deaths in women.1 In contemporary practice, 
serum biomarkers have the greatest role in prostate cancer management. Prostate specific antigen 
(PSA) is widely accepted as a serum biomarker for prostate cancer (CaP) and is used extensively 
for screening, staging and monitoring patients after treatment.2 CA-125 is considered the best 
biomarker for ovarian cancer, although it is not recommended for widespread screening due to a 
lack of specificity.3 Similarly, CA19-9 is a widely used marker of pancreatic cancer, but it lacks suf-
ficient specificity and sensitivity to be used for screening purposes.4 Biomarkers play an important 
role in staging and monitoring patient with testicular cancer. Alpha-fetoprotein (AFP) is highly 
specific for nonseminomatous germ cell tumors and human chorionic gonadotropin (bHCG) is 
elevated in more than 50% of nonseminomatous germ cell tumors and approximately 10% of pure 
seminomas.5 There are currently no useful serum biomarkers for the detection of breast or adrenal 
cancers. In most cases, early detection improves the outcome for cancer treatment. Although 
biomarkers have begun to play a role in detection and management of some cancers, for most 
there is either no useful serum biomarkers or the available biomarker lacks sufficient specificity 
and sensitivity for use as a screening tool.

Although serum (or potentially another body fluid) is the most useful source to measure bio-
markers for early detection, tissue biomarkers are now being used more often to help determine 
the most appropriate treatment for a specific patient or follow response to therapy. For example, 
tissue biomarkers such as HER-2 and estrogen and progesterone receptor levels are used for prog-
nostication and to direct treatment in breast cancer. Unfortunately, targeting these molecules has 
not proven to be a sufficient means to completely eradicate these cancers as they tend to develop 
resistance to uni-targeted therapies.6 CA-125 is often used to monitor treatment of ovarian cancer, 
but is not always helpful since many of these tumors do not express this protein.3 For testicular 
cancer, AFP and bHCG are used to monitor response to chemotherapy and are used to direct 
further therapy.7 The molecular determinants of prostate, ovarian, endometrial and pancreatic 
carcinogenesis remain ill-defined; therefore, no molecular based prognostic tools are commonly 
used for these cancers.

The Cancer Phenotype
It is a widely held belief that in most cases the malignant phenotype originates from inher-

ited germline genetic alterations, acquired somatic mutations, or by epigenetic phenomena. 
Examination of the changes occurring in cancer at the nucleic acid level has resulted in invaluable 
information about disease development and progression. More recently, advances in gene expression 
profiling technologies have allowed for global analysis of expression levels of thousands of mRNA 
transcripts simultaneously. This information has begun to be used for disease classification to help 
clinicians with prognosis and treatment. Malignant transforming genetic alterations are typically 
manifested as either a loss or a gain of function of a specific regulatory protein. These tumor sup-
pressors or oncogenes are commonly responsible for how a cell responds to its environment and 
may cause inappropriate proliferation, migration, survival or other cancer-defining responses.

Although many biomarker discovery studies have focused on RNA expression analysis, there 
are, however, distinct advantages of proteomic studies; above all, proteins are ultimately responsible 
for the disease phenotype. In addition, proteomics can identify alterations in posttranslational 
modifications, subcellular localization and proteolytic cleavage events, and protein levels are not 
necessarily reflective of RNA-based expression studies. Furthermore, since most FDA-approved 
diagnostic tests are protein based, directly studying proteins and their variants should expedite the 
development of clinically useful tests. Traditionally, proteomic studies have focused on biomarker 
discovery and clinical tests are typically antibody-based and directed at individual biomarkers. 
Technological advances, however, have increased the throughput and accuracy of protein analysis 
and it is possible that some of these analytical instruments will be usable for proteomic-based clini-
cal assays rather than relying on the development of antibodies, a laborious and time-consuming 
process that is not guaranteed to succeed.8
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Many different scientific strategies have utilized a variety of biospecimens to identify novel 
cancer biomarkers. Some studies have focused on the molecular alterations occurring in cancerous 
tissue as well as the surrounding stroma; others have concentrated on circulating blood, other body 
fluids, or distant tissues that may be affected by the developing tumor. The study of these tissues 
and fluids at the protein level is broadly referred to as proteomics.

Proteomics Defined
Proteomics can be defined in many ways depending on the desired scope and complexity of 

the analysis. In the main, proteomic analyses aim to characterize all the proteins present within a 
particular cell, tissue or organ. However, since a single gene can encode multiple proteins via dif-
ferent exon usage or splicing events and proteins are invariably modified posttranslationally (e.g., 
phosphorylation and acetylation), a single gene can produce tens to hundreds and possibly thou-
sands of unique proteins within a single cell. In addition, proteins are constantly being modified and 
any single analysis only represents a snapshot of the ongoing milieu. Not surprisingly, variability is 
a considerable problem in the field of proteomics. In spite of these difficulties, proteomic analyses 
have provided substantial new insight into our understanding of cancer as well as powerful new 
techniques for finding biological markers to detect and analyze cancer development, progression 
and response to treatment. The goal of this chapter is to summarize some of the recent studies using 
proteomic analyses on endocrine-regulated cancers, to describe advantages and limitations of these 
approaches, to discuss potential clinical applications of these findings and to provide insight into 
the future directions that proteomics will take cancer biology and clinical management of these 
common cancers. Proteomic techniques that have been used to identify biomarkers in different 
sample sources (e.g., blood or tumor tissue) will also be discussed.

Biomarkers versus Biology
Numerous tools have been developed to provide both quantitative and qualitative information 

about protein composition in tumor tissue and biofluids. Application of these tools to the study 
of cancer has generally focused on two distinct yet complementary goals: (1) understanding how 
cancer develops and progresses and (2) cataloguing new biomarkers associated with a particular 
tumor type. In each case, the application of proteomics is primarily discovery-driven and does 
not have a specific hypothesis as a prerequisite. Regardless, validation of results generated using 
discovery-based approaches are critical.9 To date, most of the efforts in this arena have been put 
toward the discovery phase with very little follow through on the validation. Few, if any, biomark-
ers identified with proteomic technologies have been validated by clinical trials and approved by 
regulatory agencies.8

In the past, studies designed to understand the biological basis of cancer have involved a reduc-
tionist approach aimed to reduce the complexity of analysis.10 However, with recent major advances 
in the fields of bioinformatics and computational technology the inherent complexity can now be 
examined en masse in what is referred to as systems biology.10-12 Thus, the use of highly sensitive 
and quantitative proteomic techniques coupled with the new computational capabilities permit 
an unbiased cataloging of molecular changes associated with cancer initiation and progression. 
This provides an unprecedented opportunity for discovering new clinically useful biomarkers and 
gaining new insight into tumor biology.

Cancer Proteomics: Sample Sources and Methodological Approaches
Cancerous Human Tissue

Typically, cancerous tissue is the most fertile source to procure relevant molecular information. 
However, for many human cancers an invasive procedure is required to obtain tissue samples for 
analysis. For example, in order to procure prostate cancer specimens a transrectal needle biopsy 
of the prostate or a radical prostatectomy is required. In addition, due to widespread screening 
and better detection modalities for cancers of the breast and prostate, most of these cancers are 
detected as low-volume disease; there is often only a limited amount of cancerous tissue present 
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even within a radical prostatectomy specimen. Furthermore, the infiltrative nature of prostatic 
adenocarcinomas makes isolation of pure cell populations of cancer cells difficult. This is also true 
for pancreatic ductal adenocarcinoma in which the tumor is comprised of 30-90% tumor cells 
with a large amount of fibroblastic infiltration.13 While it is becoming much more appreciated 
that the surrounding stroma is a major contributor to tumor biology,14 the primary focus of most 
studies of the tumor involve the cancerous epithelial cells themselves (the vast majority of cancers 
are adenocarcinomas).

In order to minimize the contribution of contaminated stroma and inflammatory cells in the 
proteomic analyses, different methods have been developed for procuring pure populations of 
cells from human tissues. Laser capture microdissection is a relatively new technique that allows 
researchers to visualize a tissue section via light microscopy and procure the desired cells by activat-
ing a 7.5 to 30 m diameter infrared laser beam to “weld” the tissue to a plastic cap. Intact DNA, 
RNA and protein can then be extracted from the “welded” tissue and analyzed by conventional 
methods.15,16 Proteomic studies utilizing two-dimensional gel electrophoresis (2DGE) analysis of 
LCM procured benign and cancerous prostate cells have been successfully performed. Through 
this approach annexin I was found to be under-expressed in early stage CaP,17,18 and subsequent 
studies have confirmed that annexin I and annexin II are commonly reduced in CaP and that these 
molecules may be useful tissue biomarkers.19 LCM has been used extensively to isolate tumor cells 
from breast cancer for subsequent proteomic analyses,20-29 and at least two groups have used LCM 
to aid in the isolation of pure populations of tumor cells from ovarian tumors that are frequently 
highly infiltrative at initial detection.30,31 Similarly, studies on pancreatic,32 and renal cancers33 have 
also relied on LCM to enrich the tumor cell population for proteomic-based studies. The major 
limitations of LCM are: 1) it is extremely labor intensive (although new systems that provide auto-
mated cell selection and cutting have at least partially alleviated this) and 2) for optimal extraction 
of macromolecules the input tissue should be cryopreserved rather than formalin-fixed.

Although LCM is the most frequently employed tool for separating tumor cells from benign 
cells and stroma, other techniques have also been employed. These include short-term culture of 
enzymatically disaggregated cells34-36 or immunomagnetic bead separation of individual cells.37,38 
Short-term culture is useful to provide a cellular amplification step to increase sample size when 
available tissue is limiting. However, even short-term culture of cells may induce changes in 
response to nonnative growth conditions that may mask relevant markers of malignancy. The use 
of immunocapture beads to isolate cells from disaggregated tumors allows tumor cell enrichment 
without requiring the cells to proliferate and would therefore alleviate the risk of cellular changes 
induced by culture but would eliminate the amplification step.

Historically, the stalwart platform for proteomics has been two dimensional gel electrophoresis 
(2DGE).39 Although the technique has been in use for over three decades, recent modifications to 
the technique have enhanced the dynamic range and resolution of protein discrimination enabling 
this technique to remain as a common platform for proteomic analyses. Despite these advances, 
2DGE is still limited by a relatively small dynamic range (two to three orders of magnitude), dif-
ficulty separating highly basic or acidic proteins or those of low molecular mass and the relatively 
low throughput. Advances in separation technologies and bioinformatics have greatly enhanced 
the use of mass spectrometry (MS)-based approaches and have begun to replace 2DGE as the 
proteomic analytic technique of choice.

Determining the cellular source of protein production is of critical importance for the proper 
identification of molecular alterations occur during the transition from benign to malignant 
tissue. For 2DGE, relative expression levels can now be determined much more accurately using 
differentially labeled samples that are run simultaneously on the same gel.39 Gel-to-gel variability, 
a well-known problem of 2DGE, is also mitigated by the use of dually labeled samples run simul-
taneously. The identification of individual spots on 2D gels is generally accomplished using liquid 
chromatographic separation of trypsin-digested fragments subjected to tandem mass spectrometry 
(LC-MS/MS) or matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectrometry.
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As outlined in Table 1, many other techniques have been employed to examine the proteome 
of clinical cancer specimens from hormone-regulated organs, but mass spectrometry (MS) has 
become the preferred technology. The description and use of MS for proteomic studies has been 
extensively reviewed.40-45 However, several innovative MS technologies are worth describing 
further. Relevant to the analysis of tumor tissue, the elegant work conducted by Caprioli and 
colleagues has provided a new dimension to MS spectra, specifically tissue localization.46-48 This 
is accomplished by directly adding micron-sized matrix droplets onto whole tissue sections and 
subjecting the tissue to direct MALDI-TOF analysis.49 This technique has been used to analyze 
normal mammary epithelium, ductal carcinoma in situ, invasive breast adenocarcinoma and sur-
rounding stroma from sectioned human breast cancer samples.50 Although no specific peaks were 
identified, this approach demonstrated definite alterations of spectral patterns from tissue sections 
containing the various histological phenotypes easily allowing their discrimination on the spectral 
data alone.50 The use of spectral data alone has previously been suggested as a diagnostic tool for 
analyzing serum constituents as described below.

Body Fluids
In clinical practice, most useful biomarkers are measured in serum or plasma. There is an 

emerging body of data suggesting that for most cancers the assessment of a pattern of multiple 
biomarkers provides more robust diagnostic and prognostic information than the measurement 
of a single biomarker. Advances in proteomic technologies have made it possible to rapidly assess 
complex protein expression patterns in a large number of clinical samples. Surface-enhanced laser 
desorption ionization time-of-flight (SELDI-TOF) mass spectrometry is a relatively new technol-
ogy that can profile low molecular weight peptides. SELDI-TOF is a proprietary modification of 
MALDI-TOF that incorporates an affinity resin on the MALDI plate to facilitate protein capture 
and purification in a single step prior to subsequent MALDI-TOF analysis.51-53 This technology 
produces crude but rapid protein purification and signal amplification with very high throughput 
and provides a strong platform for cancer biomarker screening by generating a reproducible low 
molecular protein fingerprint from a miniscule amount of sample (i.e., 1 l of blood). In addi-
tion, no a priori knowledge of specific protein components is required. SELDI-TOF has been 
used extensively to profile cancer of hormone-sensitive tissues. For example, it has been used to 
identify protein signatures from nipple aspirates for the discrimination of women with breast 
cancer from healthy women,54-56 to discriminate between microdissected benign and malignant 
cells from prostate tissue57,58 and to screen for presence of kidney cancer in serum59 and urine.60 
SELDI-TOF has also been used to detect alterations in serum profiles of men undergoing andro-
gen ablation therapy61 or radiation62 for prostate cancer and to screen for diagnostic markers in 
thyroid cancer63 and renal cancer.64

Because of its ability to rapidly analyze a large number of samples, SELDI-TOF is particularly 
well suited to generate informative proteomic patterns from serum. Because visual analysis only 
detects gross changes in protein expression, bioinformatics tools are required to detect subtle 
differences in patterns of protein expression. Importantly, because of the huge dimensionality of 
the data, advanced pattern recognition algorithms are required to find the hidden, non-apparent 
signatures in a background of noise and chaos. Bioinformatics tools, some of which have utilized 
artificial intelligence based pattern recognition algorithms that evolve and learn, can facilitate 
the analysis of complex data sets and have been applied to the detection of ovarian and prostate 
cancer. Using this approach, a diagnostic algorithm was generated that yielded an overall positive 
predictive value (PPV) of 94% for the diagnosis of ovarian cancer and all 18 women with stage 
I ovarian cancer were correctly classified by the algorithm.65 Although these preliminary studies 
generated highly promising data and demonstrated feasibility of a new diagnostic paradigm, a lack 
of reproducibility and the inability to identify the proteins and peptides comprising the spectra 
drew significant criticism of the approach. The use of high-end mass spectrometers like the API 
QSTAR Pulsar LC/MS/MS System (Applied Biosystems Inc.) has increased mass accuracy that 
reduces machine-to-machine difference in mass drift. Moreover, the QSTAR can perform direct 
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continued on next page

Table 1. Examples of proteomic analyses performed on cancers of hormone-regulated 
organs

Cancer Sample  Analysis 
Type Source Prefractionation Technology Quantitation Study Goal Ref.

Prostate urine reverse phase LC-MS/MS protein coverage diagnostic 72
urine none 2DGE spot intensity diagnostic 73
serum none SELDI-TOF peak height diagnostic 68
serum cation X LC-MS/MS protein coverage diagnostic 67
serum none antigen array spot intensity diagnostic 85
serum none SELDI-TOF peak height prognostic 61
serum none Autoantibody 

array
spot intensity diagnostic 86

tumors LCM SELDI-TOF peak height diagnostic 58
tumors manual dissection high- 

throughput IB
band intensity diagnostic 87

tumor LCM SELDI-TOF peak height diagnostic 57
tumor manual dissection 2DGE radioiodine diagnostic 88
tumor manual dissection 2DGE spot intensity diagnostic 89
tumor LCM 2DGE spot intensity diagnostic 90
tumor biopsies none LC-MS/MS none diagnostic 91
FFPE tumors LCM LC-MS/MS O16/O18 diagnostic 92
tumor, LNCaP LCM 2DGE spot intensity diagnostic 93
LNCaP microsomal prep LC-MS/MS ICAT diagnostic 94
LNCaP secretome LC-MS/MS ICAT diagnostic 95
LNCaP none 2DGE spot intensity prognostic 96
LNCaP none 2DGE ICAT diagnostic 97

Breast nipple aspirate none 2DGE spot intensity diagnostic 75
nipple aspirate none SELDI-TOF peak height diagnostic 54
nipple aspirate metal affinity  

cation X
SELDI-TOF peak height diagnostic 55

nipple aspirate 1D-PAGE LC-MS/MS ICAT diagnostic 76
nipple aspirate hydrophobic SELDI-TOF peak height diagnostic 56

anion X
serum none immunobead 

array
fluorescence diagnostic 83

adipose 
tissue/fluid

none 2DGE and 
antibody array

spot intensity diagnostic 80

tumor LCM reverse- 
phase array

spot intensity diagnostic 29

tumor 
(HER-2–/+)

metal affinity SELDI peak height prognostic 25

tumor (PR–/+) LCM 2DGE radioiodine prognostic 26
tumor LCM 2DGE spot intensity diagnostic 21
tumor LCM MALDI-TOF peak height diagnostic 22
tumor LCM 2DGE O16/O18 diagnostic 23
tumor(HER-2–/+)LCM 2DGE spot intensity prognostic 98
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Table 1. Continued

Cancer Sample  Analysis 
Type Source Prefractionation Technology Quantitation Study Goal Ref.

Ovaries serum albumin-bound 1D-PAGE/
LC-MS/MS

none diagnostic 69

serum albumin-bound MALDI-TOF none diagnostic 99
serum hydrophobic SELDI-TOF peak height diagnostic 65
tumor LCM 2DGE spot intensity diagnostic 31
tumor LCM reverse- 

phase array
spot intensity diagnostic 100

Pancreas serum anion X SELD-TOF peak height diagnostic 101
serum none 2DGE fluorescence diagnostic 102
plasma anion X SELDI-TOF peak height diagnostic 103
plasma none 2DGE fluorescence diagnostic 104
plasma none 2DGE spot intensity diagnostic 105
pancreatic 
juice

1D-PAGE LC-MS/MS protein coverage diagnostic 77

tumor LCM 2DGE spot intensity diagnostic 32
tumor none high- 

throughput IB
band intensity diagnostic 106

tumor cation X LC-MS/MS ICAT diagnostic 37
tumor LCM 2DGE fluorescence diagnostic 107
cell line secretome LC-MS/MS ICAT diagnostic 108
cell line ( /+ 
Tx)

none 2DGE spot intensity prognostic 109

cell line ( /+ 
Tx)

none 2DGE spot intensity prognostic 110

Kidney serum anion X SELDI-TOF peak height diagnostic 59
urine cation X SELDI-TOF peak height diagnostic 60
urine none 2DGE spot intensity diagnostic 74
tumor none 2DGE spot intensity diagnostic 111
tumor LCM 2DGE radioiodine diagnostic 112
tumor manual dissection 2DGE spot intensity diagnostic 33
tumor LCM 2DGE spot intensity diagnostic 113
primary cells none 2DGE spot intensity diagnostic 36
primary cells none 2DGE spot intensity diagnostic 114

tumor cation X/metal 
affinity

SELDI-TOF peak height diagnostic 63

Thyroid serum C8 reverse phase MALDI-TOF peak height diagnostic 115
tumor none 2DGE fluorescence diagnostic 116
tumor manual dissection 2DGE spot intensity diagnostic 117

Endome- 
trium

serum none immunobead
array

fluorescence diagnostic 84

 continued on next page
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MS/MS protein identification, alleviating a major drawback to the use of SELDI, the lack of peak 
identification.66

This concept is not limited to just one type of cancer. An algorithm capable of predicting the 
presence of prostate cancer with 41% sensitivity has been generated. The artificial intelligence-type 
pattern recognition algorithm identified correctly 36 of 38 men with prostate cancer (i.e., 95% 
sensitivity) and 177 of 228 men with benign biopsies (i.e., specificity of 76%). For men with total 
PSA levels between 4.0 and 10.0 ng/ml, 97 of 137 (71%) were correctly classified as having benign 
prostates. Thus, if serum proteomic analysis had been used to determine the need for prostate biopsy, 
70% of “unnecessary” biopsies could have been prevented while only 5% of cancers would have 
been missed. Importantly, the algorithm correctly classified all of these men with prostate cancer.67 
Another analytical strategy utilizes a decision tree algorithm that relies on binomial decisions 
based on heights of a predefined set of specific protein peaks. Using this approach in a blinded 
test set of 60 men (30 with prostate cancer and 30 with benign prostates) yielded a sensitivity of 
83% and a specificity of 97%.68

Although body fluids are fertile sources for biomarker discovery they pose several challenges 
that complicate biomarker discovery. A major difficulty in the direct identification of serum or 
plasma biomarkers is the high abundance of albumin and other larger carrier molecules, which 
has historically made it impossible to identify small molecule biomarkers directly from serum or 
plasma. Traditionally, serum-based biomarker studies have utilized strategies to deplete albumin 
and immunoglobulins to increase the sensitivity for the lesser abundant proteins. Recent data chal-
lenges this experimental paradigm as it has become increasingly apparent that an immense archive of 
potentially relevant clinical biomarkers exists bound to albumin. In fact, it has been demonstrated 
that depletion strategies for high-abundant carrier proteins can be exploited as a means to amplify 
low abundant serum proteins and peptide fragments.69 This approach and other examples of in-
novative solutions to technical challenges in clinical proteomics are listed in Table 2.

Blood likely contains only minute quantities of tumor-specific biomarkers due to its presence 
throughout the body. Hence, organ-proximal fluids (e.g., pancreatic juice and nipple aspirate 
fluid) may be more useful as source materials, albeit with a loss of ease of acquisition. For uro-
genital malignancies, urine provides an easily obtainable source material that is likely enriched in 
tumor-specific molecules. However, urine is also known to vary significantly in protein content even 
from the same individual, making its analysis more challenging.70,71 Urine has been screened for 
markers of prostate72,73 and kidney60,74 cancer and has provided several potential markers for each. 
Nipple aspirate fluid has been studied extensively for the presence of tumor markers and may be a 
particularly useful sample source for diagnosis of breast cancer.54-56,75,76 Several potential markers 
of breast cancer found in nipple aspirate fluid include vitamin D binding protein, lipophilin B, 
hemopexin, alpha1-acid glycoprotein and GCDFP-15.75,76 Likewise, human pancreatic juice has 
also been analyzed for the presence of cancer-specific biomarkers.77 This extensive study produced 
a very large list of proteins present in pancreatic juice from patients undergoing pancreatectomy 
for pancreatic cancer and many of the proteins identified have previously been shown to be mark-
ers of pancreatic cancer.77

There is an emerging body of evidence supporting the role of adipose tissue as an endocrine 
organ and fat has recently garnered attention as a source of biomarkers for breast and other cancers. 
Adipose tissue is a major component of mammary glands and has been shown to contribute to 
the development of the glands78,79 and several studies have suggested a direct role of mammary 
adipose tissue in the progression of breast tumors. Initial studies of mammary adipose tissue and 

Table 1 Abbreviations: LC-MS/MS, liquid chromatography—tandem mass spectrometry; 2DGE, two 
dimensional gel electrophoresis; SELDI-TOF, surface-enhanced laser desorption/ionization—time 
of flight mass spectrometry; MALDI-TOF, matrix-assisted laser desorption/ionization—time of flight 
mass spectrometry; LCM, laser capture microdissection; X, exchange; ICAT, isotope-coded affinity 
tag; FFPE, formalin-fixed, paraffin-embedded; Tx, treatment
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its interstitial fluid from human patients undergoing mastectomy for breast cancer were analyzed 
by 2DGE and an antibody array to detect signaling proteins in tissue lysates.80 This extensive 
characterization provides a substantial list of proteins (359 identifiable proteins) found within 
and around the adipose tissue, including numerous growth factors and cytokines well documented 
as mediators of cancer progression.80 These studies suggest that mammary adipose tissue should 
be considered as part of the tumor stroma since it contributes significantly to the secreted factors 
surrounding the tumor cells. This may also be the case for other malignancies. Adipose tissue sur-
rounding organs likely provide organ-specific functions and can be expected to actively participate 
in organ homeostasis. Therefore, organ-proximal adipose tissue may interact bi-directionally with 
developing tumors.

Table 2.  Examples of limitations and challenges of clinical proteomics and recent 
innovative solutions

Limitations/Challenges Needs Recent Innovative Solutions

Lack of sensitivity 
during discovery 
phase

Signal 
amplification, 
removal of 
abundant 
proteins, more 
sensitive 
discovery 
methods

Carrier-protein amplification (e.g., 
characterization of LMW peptides bound to 
albumin99)
Use of antibodies during discovery stage 
(e.g., multiplex formats of antibody-bound 
beads83,84 or arrays;86 reverse-phase lysate 
arrays82)
Computer model of protein abundance 
distributions to assist experimental design118

Enormous datasets 
with different levels of 
quantitation and unknown 
associations 

Bioinformatic 
and 
computational 
tools to handle 
multidimensional 
data

Development of software for examining 
multi-dimensional datasets using interval 
estimation119

Development of software for analyzing 
potential interacting molecules120-123

Development of a computer algorithm 
that uses neural network processing to 
discern discriminatory patterns from mass 
spectrometry data68

Limited supply of 
clinical specimens with 
long-term clinical annotation 
to better determine risk of 
recurrence or death

Tissue 
procurement 
programs  
incorporating 
annotated 
databases, 
alternative 
source materials 
in more 
abundance

Use of archived formalin-fixed 
paraffin-embedded tissue as source 
material92

Cells in low abundance 
within tumors (e.g., cancer 
stem cells) are not well 
represented

Direct analysis 
or prior isolation 
of low protein 
abundance cells 
in complex 
tissues

Microdissection of cells based on
expression124,125
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Cultured Cells
The use of clinical samples provides the most relevant tissue for discovery-based approaches to 

cancer. However, the limiting supply of tissue and the extreme heterogeneity of samples provide sub-
stantial hurdles to these studies. Model systems by design are reductive approaches to understanding 
a particular system and are limited in the global applicability, but cultured cells can be extremely 
useful in alleviating the problems of sample supply and heterogeneity. For these reasons, cultured 
cells have been used extensively to study many human diseases, especially cancer and comprise the 
main source material for molecular analyses. Primary cell lines are isolated directly from tissue and 
grown in culture. Sufficient cell separation techniques are required to assure a high enrichment 
of cancer cells, otherwise the benign cells within the culture can mask any cancer-specific altera-
tions. Short-term cultures generally have a short life span (often under five passages) but have been 
shown to maintain many of their phenotypic properties over this time.34 A potential problem with 
short-term cultures is that the growth medium may be selective for a particular cell population, 
thereby misrepresenting the true cellular population of the initial tumor.81

Recent Innovations and Technological Advances
Aside from 2DGE and MS-based techniques there are a wide variety of protein arrays that 

can provide alternative modalities for detecting cancer-specific factors, such as reverse phase ly-
sate arrays, antibody arrays, kinase substrate arrays and others.82 Numerous techniques have been 
developed that aim to reduce the complexity of the samples by focusing on specific subsets of 
proteins (e.g., kinases by measuring activity with peptide substrate arrays) and the use of array-based 
proteomics for clinical management of cancer has been excellently reviewed by Gulmann et al.82 
In addition to solid phase arrays, a new quantitative platform based on flow cytometric separation 
of fluorescently labeled beads (xMAP™) is becoming more widely used. The technology allows for 
linkage of many types of molecules, including antibodies, peptides, carbohydrates, etc. to beads 
with different fluorescent properties that can then be used as affinity capture reagents. As many 
as 100 different beads can be discriminated in a single tube, which allows for a highly multiplexed 
analysis of samples. This technology has already been used to examine several components in blood 
of patients with prostate cancer83 or endometrial cancer.84 A limitation of this technology is that 
knowledge is required a priori to determine which types of molecules to detect. Major advantages 
of this approach are that the beads are small enough to provide binding kinetics similar to those 
in solution, the results are quantitative over approximately five orders of magnitude and only very 
small sample sizes are required.

The Future of Clinical Proteomics
The utilization of proteomics for discovery-based studies has generated extensive lists of pro-

teins and peptides that may be clinically useful biomarkers. Although the generation of these lists 
has been the focus of the majority of clinical proteomic studies, discerning the true relevance of 
these biomarkers to a particular disease state is much more important and presents a much greater 
challenge. The evaluation of clinical biomarkers is an arduous process and will likely lead to the 
removal of many of the candidates from the list. However, it is imperative that these studies are 
performed so that the truly relevant and useful biomarkers can be applied toward minimizing pain 
and suffering from endocrine-related cancers. There are several critical factors that are of utmost 
importance for achieving this goal: (1) the development of data and sample repositories with ac-
curate and thorough clinical annotation, (2) the continual development of new technologies to 
address the deficiencies of current approaches, (3) standardized protocols and data management 
procedures to ensure that results from multiple groups can be directly compared, (4) the develop-
ment of new computational and informatic systems that can integrate the multidimensional data 
from multiple investigators into unifying theories relevant to disease development and progression, 
(5) incorporation of other data sets (e.g., genomic, transcriptomic and metabolomic information) 
into these models and (6) continual basic research at the cellular and molecular level to aid in our 
understanding of carcinogenesis and tumor progression.
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The application of proteomics to patient-tailored diagnosis and treatment has not yet come to 
fruition, but with vigilant efforts this goal may still be achieved. Until such time that cancer is no 
longer a major cause of morbidity and mortality, such efforts remain imperative.
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Abstract

Multiple lines of evidence support a central role of hormones in the etiology of breast, en-
dometrial and ovarian cancers. Evidence of an association between circulating hormones 
and these cancers varies by both hormone and cancer site, with the most consistent 

associations observed for sex steroid hormones and breast cancer risk among postmenopausal 
women. Recently, evidence has begun to accumulate suggesting an important role for endogenous 
hormones in premenopausal breast cancer, endometrial cancer and possibly ovarian cancer. In this 
chapter, prospective epidemiologic studies, where endogenous hormones are measured in study 
subjects prior to disease diagnosis, are summarized. Overall, a strong positive association between 
breast cancer risk and circulating levels of both estrogens and testosterone has now been well 
confirmed among postmenopausal women; women with hormone levels in the top 20% of the 
distribution (versus bottom 20%) have a two-to-three-fold higher risk of breast cancer. Evidence 
among premenopausal women is more limited, though increased risk associated with higher levels 
of testosterone is consistent. Evidence to date of hormonal associations for endometrial cancer 
is limited, though a strong association with sex steroid hormones is suggested. Studies of ovar-
ian cancer have been few and small with no consistent associations observed with endogenous 
hormones. Clearly more evaluation is needed to confirm the role of endogenous hormones in 
premenopausal breast cancer, endometrial cancer and ovarian cancer.

Introduction
A hormonal etiology has long been suspected for breast, endometrial and ovarian cancers as 

several risk factors for each cancer are hormonally related. Early age at menarche, nulliparity and 
late age at menopause, increase the risk of breast cancer.1 In addition, after menopause, adipose 
tissue is the major source of estrogen and obese postmenopausal women have both higher levels 
of endogenous estrogen and a higher risk of breast and endometrial cancer.2,3 In addition to body 
mass index, early menarche, late age at menopause, nulliparity and postmenopausal hormone 
use increase the risk and oral contraceptive use decreases the risk of endometrial cancer.3 Finally, 
ovarian cancer risk is reduced with increasing parity, oral contraceptive use and risk is increased 
by postmenopausal hormone use.4,5 More recently, evidence has begun to accumulate of a direct 
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involvement of hormone concentrations in each of these cancers. Although there are limited data 
for ovarian and endometrial cancers, as well as for premenopausal breast cancer, direct evidence of 
a hormonal etiology of breast cancer is quite strong among postmenopausal women. This chapter 
reviews the current literature on endogenous hormones and breast, endometrial and ovarian can-
cer. The hormones included are estrogens, androgens, insulin-like growth factor I and its binding 
proteins, prolactin (breast cancer) and gonadotropins (ovarian cancer). Because of the potential 
for these tumors to affect circulating levels of hormones, only data from prospective studies (i.e., 
“nested” case-control studies), in which hormone levels are measured prior to cancer diagnosis, 
will be reviewed.

Mechanistically, estrogens contribute to tumor growth by promoting the proliferation of cells 
with existing mutations or perhaps by increasing the opportunity for mutations.6 Androgens have 
been hypothesized to increase cancer risk either directly, by increasing cellular growth and prolif-
eration, or indirectly, by their conversion to estrogen.7-9 Insulin-like growth factor I (IGF-I) may 
increase cell proliferation and decrease apoptosis while the IGF binding proteins (IGFBPs) limit 
the bioavailability of IGF-I.10-12 Prolactin also may increase breast cell proliferation and inhibit 
apoptosis.13 Progesterone has been hypothesized to both decrease and increase breast cancer risk 
and evidence from animal and in vitro studies supports each hypothesis.14,15 While postmenopausal 
estrogen use alone increases breast cancer risk, the association is stronger with the combination of 
estrogen and progestin.1 Progesterone is hypothesized to decrease endometrial and ovarian cancer 
risk,16,17 although to our knowledge no prospective studies have evaluated progesterone levels with 
respect to these cancers. Gonadotropins have been hypothesized to increase ovarian cancer risk 
directly or indirectly by stimulating the production of steroid hormones.18

Methodologic Considerations
Evaluating the association of circulating hormones with cancer risk is complicated in epide-

miologic studies. Because of logistic and financial restraints, most studies only have a single blood 
sample for each study subject. However, a single blood sample has been found to reflect long-term 
hormone levels fairly well. For example, over a two-to-three year period, the correlations for IGF-I, 
the IGFBPs and postmenopausal gonadotropin and steroid hormones, ranged from 0.5 to 0.9.19-25 
In premenopausal women androgens are similarly well correlated over time19,24,25 but estrogens 
(evaluated separately in the follicular and luteal phase) and progesterone (evaluated in the luteal 
phase) are more modestly correlated.19,26 Thus, the use of a single blood measure likely causes some 
attenuation of relative risk (RR) estimates. However, this reproducibility is similar to that of blood 
pressure or serum cholesterol, parameters that are reasonably measured and consistent predictors 
of disease in epidemiologic studies.27

Although circulating hormone levels are most often measured in epidemiologic studies, 
relatively little is known about how these levels correlate with exposure in breast, endometrial or 
ovarian tissue. Levels of 17 -estradiol within the breast tissue are higher than circulating levels,28 
due to its conversion from steroid precursors.29 The correlation between local nonmalignant tissue 
levels and circulating levels is not known because most studies evaluated the correlation between 
circulating levels and tumor tissue hormone levels or did not present correlations between circu-
lating levels and nonmalignant tissue.30-32 However, the consistent positive associations between 
circulating hormone levels and risk in postmenopausal women (described below) indicate these 
levels may be an important marker of tissue exposure. Although few studies have assessed the 
association between circulating and endometrial tissue hormone levels, evidence suggests the cor-
relation is high and circulating levels of some hormones have been associated with endometrial 
hyperplasia.3,33 Given the avascular nature of ovarian epithelium, it is possible that paracrine and 
autocrine hormonal activity is more important than endocrine activity within the ovaries.34 In 
addition, evidence of an association between circulating hormones and ovarian cancer (described 
below) is more limited.
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Substantial prospective data have accrued over the last several years on estrogen concentra-
tions and breast cancer risk in postmenopausal women. In 2002, a pooled analysis was published 
consisting of all nine prospective studies available at that time.35 None of the women were using 
exogenous hormones at blood collection and the analysis included 663 breast cancer cases and 
1765 controls. Median time between blood collection and cancer diagnosis ranged from 2 to 12 
years. Circulating estrogen levels were positively associated with breast cancer risk. The RRs (95% 
confidence interval (CI)) for increasing quintiles of estradiol level, relative to the lowest quintile, 
were 1.4, 1.2, 1.8 and 2.0 (1.5-2.7) (Table 1). Estrone, estrone sulfate and free estradiol were simi-
larly related to risk. The variation in RRs between studies was not statistically significant for any 
of the hormones and the associations did not vary significantly according to the type of laboratory 
assay used. Subsequent to the pooled analysis, a Swedish prospective study with 173 cases reported 
similar positive associations between circulating estrogens and postmenopausal breast cancer.36 
In addition, urinary estrogen levels also were positively associated with breast cancer risk in two 
prospective studies.37,38

More recently, findings from the large multi-country European Prospective Investigation into 
Cancer and Nutrition (EPIC) study were reported.39 In EPIC, 677 incident breast cancer cases and 
1309 age and recruitment center matched controls were accrued among postmenopausal women 
over six years of follow-up; findings confirmed those of the pooled analysis of nine studies. For 
example, for circulating estradiol, the RRs (95% CI) for increasing quintile of levels were 1.0, 1.1, 
1.4, 1.7, 2.3 (1.6-3.2) (Table 1). Other estrogens again were similarly related to risk.

Updated analyses from two cohorts included in the pooled analysis have expanded upon the 
observed associations in important ways. With 13 years of follow-up after blood collection in 
the New York University Women’s Health Study (NYUWHS), the associations with circulating 
hormones remained unchanged with the exclusion of the first five years of follow-up.40 In addi-
tion, the authors assessed if the change in levels over time varied between cases and controls with 
two blood samples collected from a large number of women (for cases, one within five years of 
diagnosis and a second at least five years post diagnosis). Changes in estrogens and testosterone 
were comparable between the two groups. Thus, this study provides strong evidence that circulating 
hormones are truly a marker of increased risk in postmenopausal women and not simply a result 
of tumor-related hormone production.

Only a single detailed assessment of the association between plasma hormones and breast cancer 
risk by estrogen and progesterone receptor (ER/PR) status of the tumor has been published.41 
While strong positive associations were observed for ER+/PR+ tumors, weak or no associations 
were noted for ER+/PR– and ER–/PR– tumor types (too few ER–/PR+ tumors were available to 
evaluate separately). For example, for estradiol, the top versus bottom quartile RR (95% CI) was 3.3 
(2.0-5.4) for ER+/PR+ tumors (p-trend<0.001), 1.0 (0.4-2.6; p-trend  =  0.82) for ER+/PR- tu-
mors and 1.0 (0.4-2.4; p-trend  =  0.46) for ER–/PR– tumors (p for heterogeneity<0.001).

In two recent studies, whether the association between plasma estrogens and postmenopausal 
breast cancer is similar in women at varying levels of breast cancer risk has been evaluated. No 
association between plasma estradiol and breast cancer risk was observed among 89 cases and 141 
non-cases in the high risk population of the National Surgical Adjuvant Breast and Bowel Project 
Cancer Prevention Trial (P-1) (top versus bottom quartile RR  =  0.96, 95% CI (0.5-2.0)).42 Within 
the Nurses’ Health Study (NHS) cohort, with 418 cases and 817 controls,43 the associations of 
plasma estradiol and estrone sulfate with breast cancer were robust across risk categories regardless 
of which metric was used to define risk (e.g., 5-year modified Gail score or by family history of 
breast cancer). For example, estradiol appeared as or more strongly associated with breast cancer 
in women with higher predicted risk by the Gail risk score (modified Gail score >2.25%: RR  =  
4.5, 95% CI (2.1-9.5)), compared to lower risk (modified Gail score <1.66%: RR  =  2.1, 95% CI 
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(1.2-3.6)), but these differences in relative risk were not statistically significant. The association 
between plasma estrone sulfate and breast cancer also was similar in the two groups. Thus evidence 
from this larger cohort suggests that circulating estrogens are predictive of risk in women across both 
low and high predicted risk of breast cancer, however confirmation in other studies is needed.

Table 1. Circulating hormone levels and breast cancer risk in postmenopausal women

 Study Cases/Controls Category Unit RR (95% CI)

Estradiol
 EHBCCG*, 2002 663/1765 Quintiles 2.0 (1.5-2.7) 
 Zeleniuch-Jacquotte, 2004** 297/563 Quintiles 2.5 (1.5-4.2) 
 Kaaks, 2005 677/1309 Quintiles 2.3 (1.6-3.2)
 Missmer, 2004*** 322/643 Quartiles 2.1 (1.5-3.2)
 Manjer, 2003 173/438 Top 20% vs. 1.7 (0.7-1.7) 
   bottom 80% 
Testosterone
 EHBCCG, 2002 585/1574 Quintiles 2.2 (1.6-3.1)
 Zeleniuch-Jacquotte, 2004** 297/562 Quintiles 2.4 (1.4-4.0)
 Kaaks, 2005 668/1280 Quintiles 1.9 (1.3-2.6)
 Missmer, 2004*** 312/628 Quartiles 1.6 (1.0-2.4)
 Manjer, 2003 154/417 Quartiles 1.9 (1.1-3.3)
Progesterone
 Missmer, 2004*** 270/530 Quartiles 0.9 (0.6-1.5)
IGF-I
 Hankinson, 1998 305/483 Quartiles 0.9 (0.5-1.4)
 Toniolo, 2000 115/220 Quartiles 1.0 (0.5-1.9)
 Kaaks, 2002 274/519 Quartiles 1.3 (0.8-2.1)
 Krajcik, 2002 60/60 Quartiles 0.8 (0.2-2.6)
 Muti, 2002 64/238 Quartiles 0.6 (0.2-1.4)
 Keinan-Boker, 2003 149/333 Quartiles 1.1 (0.6-2.1)
 Gronbaek, 2004 411/397 25 unit increase 1.0 (1.0-1.1)
 Schernhammer, 2005 514/754 Quintiles 1.0 (0.7-1.4)
 Allen, 2005 47/141 Tertiles 0.8 (0.3-1.7)
 Rollison, 2006 152/152# Tertiles 1.4 (0.8-2.4)
  91/91## Tertiles 1.7 (0.8-3.6)
 Rinaldi, 2006 808/1560### Quintiles 1.4 (1.0-1.9)
 Baglietto, 2007 220/8885 Quartiles 1.6 (1.0-2.4)
Prolactin
 Wang, 1992 40/1180 Quintiles 1.6 (0.6-4.7)
 Hankinson, 1999 306/448 Quartiles 2.0 (1.3-3.3)
 Kabuto, 2000 26/56 Log10 unit 6.5 (0.0-43.9) 
   increase
 Manjer, 2000 173/438 Quartiles 1.3 (0.8-2.2)
 Tworoger, 2004 851/1275 Quartiles 1.3 (1.0-1.8)
 Tworoger, 2007 916/1410 Quartiles 1.3 (1.1-1.7)

*Endogenous Hormone and Breast Cancer Collaborative Group. **Extension of study included 
in EHBCCG analysis; 168 new cases and 316 new controls included here. ***Extension of study 
included in EHBCCG analysis; 167 new cases and 333 new controls included here. #Premeno-
pausal at blood collection, postmenopausal at diagnosis. ##Postmenopausal at blood collection 
and diagnosis. ###Age at diagnosis >50 years.
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Only one prospective study has addressed whether estradiol levels are associated with breast 
cancer risk in women using postmenopausal hormones.44 Modest positive associations were 
observed (top versus bottom quartile RR (95% CI) for estradiol = 1.3 (0.9-2.0) p-trend = 0.20) 
which were stronger and statistically significant among women who were older, leaner and who 
had the longest duration of non-use of hormones since menopause. Thus, even in postmenopausal 
hormone users, plasma estradiol levels appear to be at least modestly associated with risk.

Androgens
Although androstenedione, DHEA and DHEAS have been investigated with respect to breast 

cancer risk in postmenopausal women, this chapter will focus on associations with testosterone 
specifically given the amount of data available and limited space. The pooled analysis of nine 
prospective studies described above35 and the recently published report from the EPIC study39 
provide a comprehensive summary of evidence on circulating testosterone levels and breast cancer 
risk in postmenopausal women (Table 1). In the pooled analysis, breast cancer risk increased with 
increasing testosterone levels: the RRs (95% CI) for increasing quintile (relative to the lowest quin-
tile) were 1.3, 1.6, 1.6 and 2.2 (1.6-3.1). Results were similar in analyses excluding cases diagnosed 
within two years of blood collection. Extensions of these findings, with up to 13 years of follow-up 
after the initial blood collection, have been published for 2 of the studies included in the pooled 
analysis and the observed associations were very similar.40,43 In the EPIC cohort, similar associations 
were observed.39 In addition, the association of plasma testosterone levels and subsequent breast 
cancer risk was generally similar in women using postmenopausal hormones.44

In each of these analyses, adjustment for estradiol in the statistical models only modestly attenu-
ated relative risks for testosterone, suggesting some independent association of testosterone levels 
with breast cancer.35,39 However, possible differences between estradiol and testosterone in assay 
precision, stability of levels ‘within woman’ over time and intracellular conversion of androgens 
to estrogens complicate the interpretation of these epidemiologic analyses.

In the NHS, the association between testosterone and breast cancer was stronger for ER+/PR+ 
tumors (p for heterogeneity = 0.03).41 Specifically, the top versus bottom quartile RR (95% CI) 
was 2.0 (1.2-3.4; p-trend<0.001) for ER+/PR+ tumors, 1.9 (0.7-5.0; p-trend = 0.12) for ER+/
PR– tumors and 0.7 (0.3-1.6; p-trend = 0.35) for ER–/PR– tumors.

In the two studies previously described, the association between circulating testosterone and 
breast cancer risk across categories of predicted risk has been addressed. No association was observed 
between testosterone levels and breast cancer risk in the P-1 trial with 89 cases and 141 non-cases 
(RR (95% CI) for top versus bottom quartile: 0.5 (0.2-1.1)),42 although the association was noted 
to be quite robust in the larger NHS cohort.43

Progesterone
Only one large prospective study, with 270 cases, has evaluated the association of postmeno-

pausal circulating progesterone and breast cancer risk. No association was observed either overall 
(top versus bottom quartile of levels: RR = 0.9; 95% CI = 0.6-1.5; p-trend = 0.90) (Table 1), when 
evaluated by tumor hormone receptor status or stratified by circulating estradiol levels.41

Insulin-Like Growth Factor I and IGF Binding Proteins
The association between IGF-I and IGFBP-3 levels and breast cancer risk has been investigated 

in 11 prospective studies to date, with a weak positive or no association observed (Table 1).45-55 
In the two largest studies to date, no association was observed in the NHS with 514 cases (top 
versus bottom quintile RR = 1.0, 95% CI (0.7-1.4)) and a weak positive association was observed 
in EPIC with 808 cases (top versus bottom quintile RR = 1.4, 95% CI (1.0-1.9)).51,54 The associa-
tion between IGFBP-3 and breast cancer risk is more ambiguous, with studies suggesting positive, 
inverse and null associations.20,46-48,51

Prolactin
Prolactin levels and risk of breast cancer among postmenopausal women has been evaluated 

in several studies to date.36,56-60 Most, though not all,36 studies have observed a significant posi-
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tive association, with case numbers ranging from 2656 to 91560 (Table 1). In the largest to date, 
an updated analysis within the NHS and NHSII cohorts with 915 postmenopausal women, a 
marginally significant trend was observed across quartiles of prolactin level, (top versus bottom 
quartile RR = 1.4, 95% CI (1.0-1.9), p-trend = 0.05).60 In this two-cohort analysis, the associa-
tion of prolactin with breast cancer did not differ by menopausal status (p = 0.95). Among pre-
menopausal and postmenopausal women combined (1539 cases), the association was stronger for 
invasive cases (top versus bottom quartile RR = 1.4, 95% CI (1.1-1.7), p-trend = 0.001) than in 
situ cases (comparable RR = 1.2, 95% CI (0.8-1.6), p-trend = 0.43). In addition, the association 
was significantly different by ER/PR status of the tumor (p-heterogeneity = 0.03) with RRs (95% 
CI) for top versus bottom quartiles of 1.6, (1.3-2.0), p-trend<0.001 for ER+/PR+, 1.7, (1.0-2.7), 
p-trend = 0.06 for ER+/PR– and 0.9, (0.6-1.3), p-trend = 0.70 for ER–/PR–. There were too few 
ER–/PR+ cases to evaluate separately.

Conclusion
The positive association between circulating estrogens and testosterone in postmenopausal 

women and subsequent risk of breast cancer is now well established. For both estradiol and testos-
terone, women in the top, versus bottom, 20% of estrogen levels have a two- to three-fold higher 
breast cancer risk. Although confirmation is needed, the association appears strongest for ER+ 
breast tumors and seems robust across groups of women at varying risk of breast cancer. Whether 
the association observed with testosterone is direct or indirect (through its conversion to estra-
diol) is unclear; both may be true. Although recent results are mixed for an association between 
IGFBP-3 and breast cancer, accumulated evidence suggests no strong association between IGF-I 
and breast cancer risk among postmenopausal women. Prolactin levels appear to be a modest risk 
factor for both premenopausal and postmenopausal breast cancer with a stronger association 
among invasive and ER+ breast tumors.

Studies are now needed to determine if circulating hormone measurements add substantially 
to existing breast cancer risk prediction models. Several statistical models have been developed 
for use as an entry criterion into breast cancer chemoprevention trials (e.g., NSABP P-1 trial), in 
counseling women on the potential use of chemopreventives (e.g., tamoxifen or aromatase inhibi-
tors) and to provide general insight into a woman’s individual breast cancer risk61-64 but none of 
them include circulating hormone levels. Similarly, whether circulating sex steroid levels can be 
used to identify women who would most benefit from anti-estrogens is as yet unknown; baseline 
estradiol levels predicted the subsequent reduction in breast cancer risk associated with raloxifene 
use in the MORE trial65 but not with tamoxifen use in the P-1 trial.42

Premenopausal Women
In contrast to the rapidly accumulating data on postmenopausal women, relatively few studies 

on circulating hormone levels and breast cancer have been conducted in premenopausal women. 
This is largely due to the variation in sex steroid hormone levels, particularly estrogen levels, over 
the menstrual cycle thus making epidemiologic studies with a single blood sample from each study 
subject particularly complex.

Estrogens
Seven prospective studies in premenopausal women have been published to date, although five 

of the seven had fewer than 80 cases (range 14-79 cases).56,66-69 In none of the five smaller studies 
were significant associations between estrogen levels and breast cancer risk noted, although as 
expected given their size, precision of the estimates was uniformly low. Two much larger studies 
have recently been published. In the largest study to date, conducted in the EPIC cohort, with 
285 invasive breast cancer cases and 555 controls, a single blood sample was collected per woman 
and the day of collection within the menstrual cycle was recorded.70 Controls were matched to 
cases on age, study center and time of day of collection and phase of the menstrual cycle at blood 
collection (in five categories). Comparisons between case and control hormone levels were based 
on residuals from spline regression models; the residuals indicated how much an individual’s 
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hormone level deviated from the predicted hormone levels on that day. Overall, no association 
was observed for either estradiol or estrone (e.g., top to bottom quartile comparison RR  =  1.0, 
95% CI (0.7-1.5) for estradiol) (Table 2). Of note, because blood samples were collected across 
the menstrual cycle, the investigators had relatively limited ability to evaluate associations within 
specific parts of the cycle.

In the second large prospective study, conducted within the NHSII, both early follicular (day 
three to five) and mid-luteal (seven to nine days prior to next cycle) samples were collected from 
each woman.71 Timing of the luteal sample collection was by backward dating from the onset of 
the next menstrual cycle. The analysis included 197 cases (in situ and invasive combined) with 
394 controls matched on age, luteal day, date and time of blood draw and fasting status. Follicular, 
but not luteal, total and free estradiol were significantly associated with breast cancer risk (top 
to bottom quartile comparison RR  =  2.1, 95% CI (1.1-4.1) for follicular total estradiol) (Table 
2). Associations were stronger among the 89 ER+/PR+ cases (comparable RR  =  2.7, 95% CI 
(1.2-6.0) for follicular total estradiol). No association was observed with either estrone or estrone 
sulfate (in either phase of the cycle).

Testosterone
As with estrogens, few prospective studies have evaluated the association between circulating 

testosterone and breast cancer. Of the five prospective studies published to date, three had 65 or 
fewer cases; in these studies significant positive72 or null66,69 associations with testosterone were 
reported. Again, confidence intervals were wide.

In the large EPIC cohort, with 370 invasive breast cancer cases and 726 controls, significant 
positive associations were observed between circulating levels of testosterone and risk of breast 
cancer.70 The RRs (95% CI) with increasing testosterone level (in quartile categories) were 1.0, 
1.4, 1.4 and 1.7 (1.2-2.6) (p-trend = 0.01) (Table 2).

In the NHSII, with 197 cases (including both in situ and invasive disease) and 394 controls, 
modest, but not statistically significant, positive associations were observed for testosterone (in 
both the follicular and luteal phase); the associations, particularly for follicular testosterone, did not 
appear entirely linear.71 The associations were stronger and statistically significant when restricting 
to invasive (comparable case group to the EPIC study) or ER+/PR+ tumors. For example, in the 
luteal phase, women in the top (versus bottom) 25% of testosterone levels had a twofold increased 
risk of invasive cancer (RR = 2.0, 95% CI (1.1-3.6), p-trend = 0.05) and a threefold higher risk of 
an ER+/PR+ tumor (RR = 2.9, 95% CI (1.4-6.0), p-trend = 0.02). Findings for free testosterone 
generally mirrored those for total testosterone.

Progesterone
To date, only six prospective studies have examined progesterone levels and breast cancer 

risk in premenopausal women, with four of the six studies including 65 or fewer cases.66,67,72,73 
Nonsignificant inverse associations were observed in three of the smaller studies,66,69,72 and a 
nonsignificant positive association was observed in the fourth.67

In the large EPIC cohort study, with 285 cases and 555 controls, a significant inverse association 
was observed between progesterone levels (residuals from spline regression model) and breast 
cancer risk (top to bottom quartile comparison RR = 0.6, 95% CI (0.4-1.0)) (Table 2).70 This asso-
ciation was driven by women with samples drawn in the luteal phase and was only apparent among 
cases and controls matched by forward dating, not among those matched by the more accurate 
backward dating approach. In the second large study, utilizing backward dating with 197 cases and 
394 controls, no association was observed between luteal progesterone levels and risk.71

Insulin-Like Growth Factor I and IGF Binding Proteins
Eleven analyses within nine cohort studies have examined IGF-I levels and breast cancer risk 

in premenopausal women.20,45-48,51,52,54,55,74,75 Among earlier studies, with a range of 6648 to 12147 
cases, most but not all47 studies observed an increased risk of breast cancer with higher levels of 
IGF-I (Table 2). For instance, in both the NHS and NYUWHS studies, women in the top 20-25% 
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of IGF-I levels had a significant 2.3-fold higher risk of breast cancer compared to women in the 
lowest category.45,46 However, in an analysis of two Swedish cohorts combined, no increased risk 
was observed (top vs. bottom quartile RR = 0.6, 95% CI (0.3-1.4)).47 In more recent studies, 
estimates have been more modest51,74 or null54,55,75 (Table 2). In an extended analysis within the 
NHS, with 218 cases, a modest increased risk was observed (top versus bottom tertile RR = 1.6, 
95% CI (1.0-2.5)).51 In the largest analysis of premenopausal women to date, in EPIC with 270 
cases, no overall association was observed between IGF-I levels and breast cancer risk (top versus 
bottom quintile RR = 1.0, 95% CI (0.6-1.8)).54

Analyses of IGFBP-3 levels and breast cancer risk in premenopausal women have been, as with 
postmenopausal women, quite inconsistent, with suggested positive,20,46,48,74 null47,51,75 and suggested 

Table 2. Circulating hormone levels and breast cancer risk in premenopausal women

 Study Cases/Controls Category Unit RR (95% CI)

Estradiol
 Kaaks, 2005 285/555 Quartiles 1.0 (0.7-1.5)
 Eliassen, 2006 185/368 Quartiles 2.1 (1.1-4.1)
 Follicular
 Luteal 175/349 Quartiles 1.0 (0.5-1.9)
Testosterone
 Micheli, 2004 40/108 Tertiles 2.2 (0.6-7.6)
 Kaaks, 2005 370/726 Quartiles 1.7 (1.2-2.6)
 Eliassen, 2006 190/374 Quartiles 1.3 (0.8-2.4)
 Follicular
 Luteal 192/390 Quartiles 1.6 (0.9-2.8)
Progesterone
 Micheli, 2004 40/108 Tertiles 0.1 (0.0-0.5)
 Kaaks, 2005 277/524 Quartiles 0.6 (0.4-1.0)
 Eliassen, 2006 195/391 Quartiles 0.9 (0.5-1.7)
 Luteal
IGF-I
 Hankinson, 1998 76/105 Quintiles 2.3 (1.1-5.2)
 Toniolo, 2000 172/486 Quartiles 2.3 (1.1-4.9)
 Kaaks, 2002 116/330* Quartiles 0.6 (0.3-1.4)
 Krajcik, 2002 66/66 Quartiles 3.5 (0.7-18.7)
 Muti, 2002 69/265 Quartiles 3.1 (1.1-8.6)
 Allen, 2005 70/209 Tertiles 1.2 (0.6-2.5)
 Rinaldi, 2005 138/259 Quartiles 1.9 (1.0-3.7)
 Schernhammer, 2005 218/281 Tertiles 1.6 (1.0-2.5)
 Schernhammer, 2006 239/478 Quartiles 1.0 (0.7-1.5)
 Rinaldi, 2006 270/528** Quintiles 1.0 (0.6-1.8)
 Baglietto, 2007 151/6352 Quartiles 0.8 (0.5-1.4)
Prolactin
 Wang, 1992 71/2596 Quintile 1.1 (0.5-2.2)
 Helzlsouer, 1994 21/42 Tertile 1.1 (0.3-4.1)
 Kabuto, 2000 46/94 Log10 unit increase 1.0 (0.0-47.4)
 Tworoger, 2006 239/478 Quartile 1.5 (1.0-2.5)
 Tworoger, 2007 492/1001 Quartile 1.4 (1.0-1.9)

*Age <50 years at blood collection. **Age at diagnosis 50.
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inverse52 associations observed. To date, four studies have examined IGFBP-1 levels and breast 
cancer risk in premenopausal women, with no association observed in any of the four.47,48,51,75

Prolactin
To date there have been only five prospective studies of prolactin levels and breast cancer risk 

among premenopausal women (Table 2). In three small studies, with 21-71 cases each,56,57,67 no 
association was observed, but a significant positive association was observed among 239 cases in 
the NHSII.76 As noted above, in the combined analysis of NHS and NHSII no significant differ-
ence was observed by menopausal status and prolactin levels were modestly associated with breast 
cancer risk in premenopausal women.60 With 492 premenopausal cases, the top versus bottom 
quartile RR was 1.4, 95% CI (1.0-1.9), p-trend = 0.05.

Conclusion
Although there are few prospective studies of premenopausal testosterone and breast cancer 

risk, a positive association has been observed consistently with approximate twofold increases in 
invasive breast cancer risk among women with high levels. The associations between estrogen and 
progesterone levels in premenopausal women and breast cancer risk have not been consistent and 
further assessments are needed. In the only study to detect a significant association with estrogen, 
follicular, but not luteal, estradiol levels were associated with risk. It is possible that follicular 
levels better reflect breast tissue estrogen exposure77-79 or that estradiol has a greater impact in 
the low-progesterone environment of the follicular phase.80-84 This finding was not consistent 
across estrogens, as no associations were observed with estrone or estrone sulfate. The stronger 
associations observed with ER+/PR+ tumors is consistent with findings among postmenopausal 
women, although again this needs to be replicated in future studies. The two largest studies also 
had conflicting findings for progesterone. The importance of timing within the menstrual cycle 
needs to be resolved since the association was only apparent in the EPIC study when the less ac-
curate form of menstrual cycle timing was utilized. Thus, while evidence is beginning to accumulate 
supporting an association between premenopausal sex steroid hormones and breast cancer risk, 
the nature and magnitude of the associations require further study.

Earlier evidence suggested a positive association between IGF-I and breast cancer risk among 
premenopausal women, but more recent evidence from larger studies has been null. Whether the 
differences in results are attributable to differences in study populations or assay methods needs 
to be examined to determine the source of these substantial inconsistencies. Assessments of IGFs 
and breast cancer survival are also needed. While there are still few studies of prolactin levels and 
breast cancer risk in premenopausal women, accumulated evidence suggests that prolactin is a 
modest, independent risk factor for breast cancer in premenopausal women.

Endometrial Cancer
Estrogens

To date, the association between estrogen levels and endometrial cancer risk has been investi-
gated in only two prospective studies, both among postmenopausal women not using postmeno-
pausal hormones. Cases (n = 57) from the first study from NYUWHS,85 were then included in a 
combined analysis of the NYUWHS, Umea Sweden and Hormones and Diet in the Etiology of 
Breast Cancer Risk (ORDET) cohorts86 among postmenopausal women (124 cases). Estradiol 
and estrone were both strongly and significantly associated with endometrial cancer risk (top 
versus bottom quartile RR = 5.4, 95% CI (2.5-11.6), p-trend = 0.0001 for estradiol and RR 
= 4.6, 95% CI (2.3-9.1), p-trend = 0.0001 for estrone). Adjustment for BMI, SHBG levels, or 
androgen levels slightly attenuated these associations but they remained strong and statistically 
significant (Table 3).

SHBG was inversely associated with endometrial cancer risk in the combined analysis (top 
versus bottom quartile RR = 0.4, 95% CI (0.2-0.7), p-trend = 0.0006), as expected given the strong 
inverse association between BMI and SHBG.86
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Androgens
The association between circulating androgens and endometrial cancer risk has only been 

investigated in the combined analysis of postmenopausal women (124 cases),86 with significant 
direct associations observed for androstenedione (top versus bottom quartile RR = 2.1, 95% CI 
(1.1-4.0), p-trend = 0.03), testosterone (comparable RR = 2.1, 95% CI (1.1-4.0), p-trend = 0.02) 
and DHEAS (comparable RR = 3.1, 95% CI (1.5-6.0), p-trend = 0.0001). After adjustment for 
BMI, the associations were attenuated but remained strong and all but the testosterone associa-
tion remained statistically significant (Table 3). Adjusting for estradiol and estrone significantly 
attenuated the associations and the effects of androstenedione and testosterone were no longer 
significant, but DHEAS, though attenuated, remained significant after adjustment for estrone 
and was marginally significant after adjustment for estradiol.

Insulin-Like Growth Factor I and IGF Binding Proteins
Only one study, combining the NYUWHS, Umea and ORDET cohorts with 166 cases 

in total, has investigated circulating IGF-I and endometrial cancer risk and no association was 
observed.87 Similarly, no association was observed with IGFBP-3. IGFBP-1 and -2 have been 
investigated in the combined analysis87 as well as within EPIC,88 with conflicting findings. In the 
combined analysis, IGFBP-2 was unrelated to endometrial cancer risk but IGFBP-1 was inversely 
associated with risk (top versus bottom quintile RR = 0.3, 95% CI (0.2-0.6), p-trend = 0.002); the 
association with IGFBP-1 was substantially weakened after adjusting for BMI (p-trend = 0.06).87 
In contrast, in the EPIC investigation, no association was observed with IGFBP-1 levels, but a 
significant inverse association was observed with IGFBP-2 levels (top versus bottom quartile RR 
= 0.6, 95% CI (0.4-0.9), p-trend = 0.03).88

Conclusion
Although few studies have been conducted to date, evidence suggests strong positive associa-

tions between circulating androgens, estrogens and endometrial cancer. These findings should be 
confirmed and better quantified in future, larger prospective studies. Evidence for an association 
with IGF-I and its binding proteins is limited and more mixed, with null and inverse associations 
observed. While the question remains of whether there is a correlation between circulating and 
tissue levels of hormones, the strong positive associations with estrogens and androgens suggest 
that circulating levels are an indirect marker of tissue exposure.

Ovarian Cancer
Gonadotropins

Although gonadotropins have been hypothesized to contribute to a hormonal etiology of 
ovarian cancer,18 the few studies that have investigated FSH and LH levels have found either 
null or inverse associations (Table 4). In the NYUWHS study with 58 cases (22 premenopausal 
and 36 postmenopausal), the point estimate for the highest tertile of LH levels, compared with 
the lowest, was below one but was not statistically significant (RR = 0.4, 95% CI (0.1-2.1)).89 
Similarly, in a small study by Helzlsouer et al, with 31 cases, a nonsignificant inverse association 
was observed among premenopausal and postmenopausal women combined (RR = 0.4, 95% CI 
(0.1-2.0)).90 FSH levels were statistically significantly inversely associated with ovarian cancer in 
this study (top versus bottom tertile RR = 0.1, 95% CI (0.0-1.0), p-trend = 0.02), with the associa-
tion most apparent among postmenopausal women (p = 0.05). However, in a combined analysis 
of the NYUWHS, Umea and ORDET cohorts, with 88 postmenopausal cases, no association 
was observed (top versus bottom tertile RR = 0.9, 95% CI (0.4-2.0)).91 Thus, the limited data 
available to date do not support a positive relation between gonadotropins and ovarian cancer as 
originally hypothesized.
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Estrogens
Estrone levels have been examined in two studies (119 cases in total), with no significant associa-

tions observed in premenopausal and postmenopausal women combined,90 or in postmenopausal 
women alone (Table 4).92 In a small study of both premenopausal and postmenopausal women 
estradiol levels were not significantly different between cases and controls.90

Androgens
Several studies have investigated the associations between both ovarian and adrenal androgens, 

including androstenedione, testosterone, DHEA and DHEAS, and the risk of ovarian cancer. In 
an early small (31 cases) study androstenedione levels were significantly positively associated with 
ovarian cancer risk (Table 4).90 However, in two subsequent, larger studies (132 and 192 cases) 
results generally were null,92,93 although in one study a positive association among premenopausal 
women was suggested (44 cases) (RR = 2.4, 95% CI (0.8-6.8)).92 Testosterone levels have been 
investigated in two studies, with no associations observed; however a significant inverse associa-
tion was observed between free testosterone and ovarian cancer risk among postmenopausal, but 
not premenopausal, cases (n = 136) (Table 4).93 DHEA levels were significantly higher in cases 
compared with controls in one small study;90 to our knowledge plasma DHEA levels have not 
been examined in any other study. DHEAS levels were suggestively positively associated with 
ovarian cancer risk in a small study,90 but no association was observed among premenopausal or 
postmenopausal women in two subsequent, larger studies (Table 4).92,93

Insulin-like Growth Factor I and IGF Binding Proteins
Only four analyses have examined the association between IGF-I, its binding proteins and ovar-

ian cancer risk. In a combined analysis of three cohorts (NYUWHS, Umea Sweden and ORDET), 
with 132 cases, no overall association was observed with IGF-I (Table 4), but an increased risk was 
observed among 41 cases who were diagnosed at ages <55 years (top versus bottom tertile RR = 
5.0, 95% CI (1.2-20.2)).94 A similar pattern was observed in the EPIC cohort, with 214 cases, with 
no overall association (Table 4) but a suggested increased risk among those diagnosed at ages <55 
years (66 cases) (top versus bottom tertile RR = 2.4, 95% CI (0.9-6.4)).95 In a combined analysis 
within the NHS, NHSII and Women’s Health Study (WHS) cohorts, with 179 cases, a modest 
inverse association was observed (top versus bottom quartile RR = 0.6, 95% CI (0.3-1.0)), but the 
trend was not significant (p-trend = 0.14).96 In contrast to the two previous studies, no significant 
association was observed among the 59 cases diagnosed at ages <55 years. In all three studies, the 
association with IGFBP-3 was null among all cases and among those diagnosed at ages <55 years. 
In the only study to date to investigate IGFBP-1 no association was observed for levels of the bind-
ing protein overall or among cases diagnosed at ages <55 years.97 Two studies have investigated 
IGFBP-2, with no associations observed overall or among younger women.96,97

Conclusions
While ovarian cancer has a hormonal etiology, at least in part, studies to date of circulating 

hormone levels and risk have not consistently shown the hypothesized associations. Data on 
estrogens and ovarian cancer are limited and one of the prior studies combined premenopausal 
and postmenopausal women, which is likely not appropriate for estrogen levels that differ so sub-
stantially by menopausal status. To date, circulating androgen levels do not appear important in 
predicting risk. IGF-I levels may be directly related to ovarian cancer in younger women, although 
the data again are limited and not entirely consistent; associations with IGF binding proteins 
have thus far been null. Future larger prospective studies are needed and separate examination by 
menopausal status would be important for estrogens and gonadotropins. A potential explanation 
for the lack of associations observed could be that circulating levels of hormones do not reflect 
hormone exposure at the ovarian epithelial cell. In addition, most epidemiologic studies include a 
combination of subtypes of epithelial ovarian cancer. While it is possible that these subtypes have 
different etiologies, the limited case numbers in prospective analyses of ovarian cancer currently 
preclude any subtype specific assessments.
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Summary
As cumulative indirect evidence has suggested, sex steroid hormones are important in the 

etiology of breast cancer. Among postmenopausal women, the associations between estrogens, 
testosterone and breast cancer risk are consistent and well established. IGF-I and its binding pro-
teins have not been consistently associated with an increased risk, but prolactin levels appear to be 
a modest relatively well confirmed risk factor for breast cancer. Recent work has helped identify 
subgroups of women in whom hormone levels appear particularly important (e.g., those with 
ER+/PR+ tumors) and hormone levels may improve current models used to predict a woman’s 
risk of breast cancer. Premenopausal sex steroid hormones also appear to play an important role 
in breast cancer although evidence is not as plentiful nor as consistent hence further research is 
necessary to elucidate these relationships. IGF-I results have been puzzlingly inconsistent, with 
more recent studies not confirming the positive association observed among premenopausal women 
in earlier studies. Accumulating evidence suggests that prolactin levels in premenopausal women 
are predictive of breast cancer risk, with a similar magnitude observed for both premenopausal 
and postmenopausal women.

In contrast to breast cancer, fewer studies have investigated circulating hormone levels and risk 
of endometrial and ovarian cancer. Sex steroid hormones appear to be an important and strong 
predictor of endometrial cancer risk, but results from studies of ovarian cancer do not suggest a 
strong association. From the current literature, it is unclear whether IGF-I is an important risk 
factor for either endometrial or ovarian cancer. Several studies have investigated the role of circu-
lating gonadotropins and ovarian cancer risk, but thus far none has supported the gonadotropin 
hypothesis of the etiology of ovarian cancer.

Further study is required to continue to elucidate the hormonal etiology of these three cancers. 
With strong evidence to date of a role of sex steroid hormones in the etiology of postmenopausal 
breast cancer, the next step is to consider the roles of these hormones in existing prediction models 
to help determine a woman’s risk of breast cancer. Among premenopausal women, further pro-
spective studies with careful attention paid to menstrual cycle timing are necessary to confirm the 
magnitude and direction of estimates. Although all of the studies summarized are prospective, it 
is possible that blood collected shortly before diagnosis may be affected by a subclinical tumor. 
However, evidence to date suggests that hormone concentrations are associated with breast cancer 
risk in postmenopausal women at least 10 years after blood collection; with more follow-up the 
importance of timing can be confirmed in both premenopausal and postmenopausal women. Larger 
prospective studies are required to confirm the sex steroid hormone association with endometrial 
cancer and further investigation into growth factors and the associations with obesity are necessary. 
The continuing investigation of the role of circulating hormones in the etiology of ovarian cancer in 
larger prospective studies is necessary, with separate analysis of premenopausal and postmenopausal 
women and attention to menstrual cycle timing among premenopausal women. In addition, larger 
studies may allow a separation of subtypes, which may have different etiologies.
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Abstract

Endometrial cancer is the most common malignant tumor of the female genital tract in the 
developed world. Increasing evidence suggests that the majority of cases can be divided 
into two different types of endometrial cancer based on clinico-pathological and molecular 

characteristics. Type I is associated with an endocrine milieu of estrogen predominance. These 
tumors are of endometroid histology and develop from endometrial hyperplasia. They have good 
prognosis and are sensitive to endocrine treatment. Type II endometrial cancers are not associated 
with a history of unopposed estrogens and develop from the atrophic endometrium of elderly 
women. Mainly, they are of serous papillary or clear cell morphology, have a poor prognosis and 
do not react to endocrine treatment. Both types of endometrial cancer probably differ mark-
edly with regard to the molecular mechanisms of transformation. The transition from normal 
endometrium to a malignant tumor is thought to involve a stepwise accumulation of alterations 
in cellular mechanisms leading to dysfunctional cell growth. This chapter reviews the current 
knowledge of the molecular mechanisms commonly associated with development of type I and 
type II endometrial cancer.

Introduction
With 142,000 new cases every year, endometrial cancer (EC) is worldwide the seventh most 

frequent carcinoma of women. About 42,000 women die of this malignancy every year. In the 
developed world EC is the most common malignancy of the female genital tract and the fourth 
most common malignancy in women. In the Western industrialized countries, annual incidence 
rates between 10 per 100,000 women (U.K, Spain, France) and 25 per 100,000 women (U.S.A, 
Canada) are observed.1,2 Though the curability of EC is high, tumors with particular morphological 
variants, adverse histopathological features and /or advanced stage are characterized by aggressive 
behavior and poor prognosis.

Increasing evidence suggests that at least two different types of EC exist. Type I is associated 
with an endocrine milieu of estrogen predominance. It frequently develops via a characteristic 
sequence of hyperplastic lesions of the endometrium with increasing premalignant potential. These 
tumors have a favorable prognosis.3 On the molecular level mutations of the ras-oncogene, loss 
of PTEN tumor suppressor gene expression and dysfunction of DNA-mismatch repair genes are 
involved.4,5 Additional mutations (e.g., in the p53 tumor suppressor gene, loss of estrogen and/or 
progesterone receptor expression) are typical features of a further malignant transformation to 
aggressive, dedifferentiated endometrioid endometrial carcinomas with poor prognosis.4,5
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About 10% of endometrial cancers are type II lesions. Type II EC is not associated with systemic 
hyperestrogenism and typically develops from the atrophic endometrium of elderly women. The 
histological type is either poorly differentiated endometrioid or non-endometrioid. The initial 
molecular event for the development of type II EC is probably a mutation of p53 resulting in 
intraepithelial endometrial cancer which rapidly progresses to invasive serous-papillary carcinoma 
or other high-risk types of endometrial cancer. Sex steroid hormones are probably not involved in 
the tumorogenesis of these highly aggressive EC.4,5

However, the molecular mechanisms involved in development of EC remain poorly understood. 
This chapter reviews the current knowledge of the molecular mechanisms commonly associated 
with development of type I and type II EC.

Etiology
Type I and type II EC differ substantially with respect to etiology, pathogenesis and clinical 

behavior. For details see Table 1.2,5

Type I EC is driven by continuous exposure to estrogens in the absence of sufficient levels of 
progestogens. Typical risk factors are obesity, anovulatory states, early menarche and late meno-
pause, nulliparity and unopposed exogenous estrogens. Multiparity, physically fitness and use of 
oral contraceptives decreases the risk to develop these cancers.2,5,6 A continuous combined estro-
gen-progestagen therapy in the peri- and postmenopause possibly also reduces the risk to develop 
type I EC while the effects of a therapy with Tibolone on the endometrium are still controversial.7 
Type I EC develops via a characteristic sequence of hyperplastic changes of the endometrium with 
increasing premalignant potential.3,4,8-11 Histologically, these estrogen-related ECs are accompanied 
by endometrial hyperplasia. They are well-to-intermediately differentiated, are normally diagnosed 
at an early stage and have an excellent prognosis. They strongly express estrogen and progestin 
receptors and have high response rates to progestin treatment of advanced stages.3,4,8-13

Type II EC has an aggressive clinical course and mostly non-endometrioid histology (usually 
papillary serous or clear cell) and is not associated with hyperestrogenic states.3,8,9 It develops from 
the atrophic endometrium of elderly women, who do not have the classical risk factors for EC. 
These patients tend to be slim, are physically fit and as a rule have never used estrogen-replacement 
therapy. On diagnosis, type II EC is characterized by deep myometrial invasion and early lymph 
node or distant metastases. These cancers rarely express functional estrogen and/or progestin 

Table 1. Differential aspects of type I and type II EC

Parameter Type I EC Type II EC

Cycle Anovulatory No disturbance  
Fertility Reduced No disturbance  
Age at menopause >50 years <50 years  
Menopausal stage Perimenopausal Late postmenopausal  
Endometrium adjacent to EC Hyperplastic Atrophic  
Obesity Mostly present Mostly absent  
Metabolic syndrome Mostly present Mostly absent  
Tumor differentiation >80% G1/G2 >60% G3 or upgraded  
Histologic subtype Endometroid carcinoma Serous-papillary, clear-cell or 
  adenosquamous carcinoma 
Myometrial invasion Superficial myometrial invasion Deep myometrial invasion 
Lymph space invasion Rare Frequent  
Expression of PR High Low/ absent
Prognosis favorable poor

Reproduced from Emons G et al. 2000; 7(4):227-242;5 with copyright permission from the Society for 
Endocrinology (2007). 
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receptors and their response rates to endocrine therapies tend to be low. The only known risk 
factors are the age and a radiotherapy of the uterus (e.g., because of cervical cancer).14 In type II 
EC, mutations are found early in the p53 gene. Overexpression of the HER-2/erb-B2 gene is also 
discussed.2 Their prognosis is poor.

The morphologic and clinical differences between type I and type II EC are paralleled by genetic 
distinctions and carry mutations of independent sets of genes (Table 2).15-20

Estrogen-Aassociated Endometrial Cancer (Type I)
The association between the endocrine milieu of estrogen predominance, resulting in hyper-

stimulation of the endometrium and an increased incidence of EC was first formally reported 
by Gusberg in 1947.21 The normal endometrium is a hormonally responsive tissue. Estrogenic 
stimulation produces cellular growth and glandular proliferation, which is cyclically balanced by 
the maturational effects of progesterone.22 Abnormal proliferation and neoplastic transformation 
is associated with chronic unopposed exposure to estrogenic stimulation. In a series of 170 patients 
who received no therapeutic intervention other than diagnostic curettage, Kurman et al23 found 
that at least one-quarter of patients with atypical endometrial hyperplasia developed carcinoma 
compared with only 2% of patients with other types of hyperplasia. It is currently believed that 
estrogen-associated type I endometrial cancers (endometroid adenocarcinoma) progress through 
a premalignant stage of atypical adenomatous hyperplasia.23 Type I EC´s are characterized by large 
numbers of genetic changes in which the temporal sequence of mutation and the final combina-
tion of defects differ substantially between individual cases. Common genetic changes in type I 
EC include, but are not limited to, microsatellite instability (MSI),24-27 or specific mutations of 
PTEN,28-33 K-ras,25,34-38 and -catenin genes.39-41 Additional mutations in the p53 tumor suppres-
sor gene and/or loss of estrogen and/or progesterone receptor expression are typical features of 
a further malignant transformation to aggressive, dedifferentiated endometrioid endometrial 
carcinomas with poor prognosis (Fig. 1).4,5

Non-Estrogen-Associated Endometrial Cancer (Type II)
Women with type II EC are at high risk of relapse and metastatic disease. Type II EC is not 

estrogen driven and most are associated with endometrial atrophy (Fig. 2). Serous carcinoma is 
the most aggressive type of type II EC.42,43 Clear cell carcinoma is another type of type II EC.44 
About 40% of type II EC are mixed, with an endometrioid component.43 Histopathologic studies 

Table 2. Genetic differences between type I and type II EC

Parameter Type I EC Type II EC

K-ras Mutational activation —
C-myc, c-jun  Overexpression 
hTERT  Overexpression 

-catenin Gain of function mutations —
PTEN Loss of function mutations —
p53 Inactivating mutations  Inactivating mutations  
 (late event, 5-10%)  (early event, 80-90%)
BRCA — Mutation -> Increase of risk
MSI Yes Rare
EGF-R  Overexpression
HER-2/erb-B2 Overexpression (10-30%) Overexpression (45-70%)
IGF-R  Overexpression
ER-  Decrease of expression  Rarely expressed 
 to higher grade 
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suggest that the majority of serous carcinomas develop from a distinctive lesion termed endometrial 
intraepithelial carcinoma (EIC), which appears to represent malignant transformation of atrophic 
surface endometrium.4,45 In uteri containing serous carcinoma, the uninvolved endometrium is 
usually atrophic. It has been shown that when endometrial hyperplasia is identified in an uterus 
containing a carcinoma that is partly or exclusively serous, the hyperplasia and the carcinoma 
are usually topographically unrelated and appear distinct.4 Sherman et al found that obesity and 
exogenous hormone use were not related to risk for serous carcinoma.46 With advancing age, the 
probability of the accumulation of mutations leading to malignant transformation increases.47 

Figure 1. Carcinogenetic pathway of type I EC.

Figure 2. Carcinogenetic pathway of type II EC.
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Pelvic irradiation might also add to the accumulation of mutations. The declining competence 
of the immune system with advancing age has been suggested as a further possible reason.8,9,11 
Mutations in the p53 gene are well documented in type II EC and in its putative precursor EIC.2,45 
Tashiro et al found higher rates of loss of heterozygosity in serous carcinoma (100%) compared 
with EIC (43%) and suggested that loss of the wild-type p53 allele can result in EIC, whereas 
serous carcinoma develops after the loss of the second allele.48 Overexpression of HER-2/erb-B2 
is also discussed.2 The timing of the appearance of HER-2/erb-B2 mutations in the pathogenesis 
of type II EC is not known.

Uterine Carcinosarcomas (Malignant Mixed Müllerian Tumors)
The malignant mixed Müllerian tumor (MMMT) is a combination of carcinoma and sarcoma 

and is also termed uterine carcinosarcoma (UCS). MMMT’s have been traditionally regarded as a 
subtype of type II EC. These neoplasms are rare (1-2% of all malignancies of the uterine corpus), 
highly aggressive and with an extremely poor prognosis. They are usually arising in elderly post-
menopausal women and often presenting at an advanced stage.49 There is an increasing evidence 
(clinical and molecular) suggesting that MMMT’s are monoclonal malignancies, being derived 
from a single stem cell.49-56 Immunological studies have suggested a common epithelial origin 
of MMMT’s.51 In vivo studies using nude mice have demonstrated that carcinoma cells derived 
from a MMMT cell line can give rise to tumors that include both epithelial and mesenchymal 
components whereas sarcoma cells do not.52 In addition, the epithelial and mesenchymal com-
ponents frequently share identical patterns of X-inactivation, allelic loss and p53 mutations.53, 54 
This would be highly unlikely if both components were not derived from a single stem cell. This 
all provides indirect evidence for the monoclonal theory of carcinogenesis in MMMT’s with the 
carcinomatous component being the driving force and the sarcomatous component being derived 
from this as a result of dedifferentiation. Further molecular studies have shown that more than 
25% of MMMT’s have defects in their DNA mismatch repair system.57 There is increasing evi-
dence suggesting that MSI, a hallmark of defective DNA mismatch repair, is a common genetic 
change in MMMT and that defective DNA mismatch repair is a feature unique to the epithelial 
component of MMMT’s.58-60

Molecular Pathogenesis of Endometrial Cancer
Oncogenes
K-ras

The ras (retrovirus-assiciated DNA sequences) genes are a family of proteins that have GTPase 
activity and are involved in signal transduction and mediate pleiotropic effects, including cell pro-
liferation and migration. Ras genes are widely conserved among animal species. All of the genes 
have a similar structure and each gene encodes a 21-kDa protein. The C-terminus is necessary for 
full activation of downstream effectors such as Raf kinase and PI-3 kinase.61 Point mutations in the 
mutational hot-spot codons 12, 13 and 61 are frequently detected in human malignancies and in 
different types of experimentally induced tumors in animals.62-64 Ras mutations have been detected 
in different human cancers including endometrial cancer.65,66 K-ras mutations have been identi-
fied in 19% to 46% of type I EC, but not in normal endometrium.35,38,67-69 The frequency of K-ras 
mutations is higher in cancers with MSI.69 Although both K-ras mutation and estrogen receptor 
(ER) are associated with type I EC, the relationship of these two factors is unclear. Tu et al could 
demonstrate that ER is positively regulated by Ras signaling.70 Furthermore, the estrogen- and 
tamoxifen-induced transcriptional activity is enhanced by K-ras mutations.70,71 ER seems to be 
one of the effectors of Ras/Raf signal transduction, involved in the tumorigenesis of type I EC.70 
Alterations of K-ras are also found in endometrial hyperplasia at a similar rate to EC suggesting 
that mutation in the K-ras gene is an early event in tumorigenesis of type I EC.68 In type II EC 
MSI and K-ras mutations seem to be uncommon.72-74
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C-myc and C-jun
Estrogen treatment induces immediate and transient activation of a number of nuclear oncogens 

in the uterus, including c-fos, c-jun, junB, junD, N-myc and c-myc.75-78 Increased expression of these 
genes appears to be a direct effect of estrogen.76 Among such estrogen-inducible oncogenes, some 
are considered to contribute to malignant transformation in the endometrium.79 C-myc and c-jun 
are not only involved in normal growth, but may also play a role in the development of neoplasia.79 
Bai et al could demonstrate that overexpression and localization of the c-myc gene product may have 
an important role in the initiation, differentiation and progression of EC.80 Bircan et al suggested in 
a study analyzing the expression of c-myc, c-jun and ER-alpha in cyclic endometrium, endometrial 
hyperplasia and EC that estrogen may induce c-myc expression leading to neoplastic transformation 
in human endometrium.81 In addition, they found a positive correlation between c-jun expression 
and tumor grade in EC.81 The association between ER and c-jun and hormone-mediated signaling 
pathways in EC seems to be different from that of normal endometrium. However, the involvement 
of c-jun in initiation, differentiation, or progression of EC is discussed controversially. C-myc is 
overexpressed in between 3% and 19% of EC. In addition, it was shown that nuclear and cyto-
plasmic immunohistochemical staining of c-myc is an independent prognostic factor in EC.71,82,83 
Neither c-myc nor c-jun seem to have specific prevalence in type I or type II EC.

hTERT
Telomerase is a unique ribonucleoprotein responsible for adding the telomeric repeats back 

onto the 3’-end of chromosome before each cell division and plays an important role in cellular 
immortalization and carcinogenesis.84,85 Human telomerase reverse transcriptase (hTERT) is the 
catalytic part and therefore a key component of the telomerase.86 In most normal somatic cell 
types, telomerase activity is usually undetectable but not in the endometrium.87 This activity is 
dynamic throughout the menstrual cycle. It is high during the proliferative phase under influence 
of estrogen. In the secretory phase telomerase activity decreases under the influence of progester-
one.88 Overexpression of hTERT is involved in the development of cancer by causing telomere 
maintenance and potential cell immortalization.89 Kyo et al have shown that estrogen activates 
telomerase through direct interaction of ligand-activated ER with the estrogen responsive element 
(ERE) in the hTERT 5’ regulatory region of ER-positive endometrial cancer cells.90 Other sex 
steroids also directly or indirectly regulate the hTERT promoter.91,92 Wang et al demonstrated that 
the hTERT gene is a target of tamoxifen in a cell-specific manner.93 Tamoxifen exerted E2 antago-
nistic effects on hTERT transcription in breast cancer cells but an agonistic effect in endometrial 
cancer cells. The authors could further show that tamoxifen activates the MAPK cascade in the 
endometrial cancer cells, but not in breast cancer cells. The activation of hTERT mRNA expression 
was effectively blocked by a MEK inhibitor, suggesting that the MAPK pathway is involved in the 
tamoxifen-induced activation of hTERT.93 The effects of tamoxifen on abnormal endometrial pro-
liferation are complex, but induction of hTERT and subsequent telomerase activation may be one 
component of these effects. Patients undergoing a prolonged adjuvant tamoxifen therapy against 
breast cancer should therefore be monitored for endometrial telomerase activity.93 Recently Chen 
et al have shown that antisense oligonucleotides of hTERT effectively inhibit the growth of EC.94 
In a more recent study Zhou et al demonstrated that arsenic trioxide inhibits proliferation of EC 
cells through induction of apoptosis and by inhibition of telomerase activity and hTERT mRNA 
transcription.95 Inhibition of telomerase activity might be a new strategy for therapy or prevention 
of EC. However, further studies are necessary to establish the exact role of hTERT in EC.

-Catenin
Catenins are a group of cytosolic proteins which interact with the cytoplasmic domain of 

cadherins.96,97 Cadherins are essential to the formation of cell-cell contacts and the stabilization 
of tissue architecture.97 - and -catenin bind to the catenin-binding domain of cadherins and 
mediate the binding of the complex to -catenin.96,97 Besides - and -catenin are central players 
in the oncogenic Wnt signaling pathway.98 They are downstream transcriptional activators in 
the Wnt signal transduction in which their activity is closely controlled by the APC tumor 
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suppressor gene.99 In this context -catenin plays an important role in oncogenesis and is implicated 
in the development of EC.41 Mutations affecting the phosphorylation sites of the -catenin gene 
(CTNNB1) produce constitutively stable proteins in a variety of human cancers, including type 
I EC.100,101 Consequently, increased nuclear levels of -catenin induces a higher transcriptional 
activation through lymphoid enhancer factor/T cell factor (LEF/TCF).102 LEF/TCFs normally 
mediate Wnt signals in the nucleus by recruiting -catenin and its co-activators to Wnt response 
elements (WREs) of target genes. Overactive LEF/TCFs drive the cells to transform.103 Gain of 
function mutations of CTNNB1 are found in 25% to 38% of type I EC but none were observed 
in type II EC.39-41,104 CTNNB1 mutations and nuclear accumulation (activation) of -catenin 
have been also demonstrated in atypical hyperplasia suggesting that -catenin abnormalities arise 
early in the development of type I EC.105 Nuclear accumulation is also induced by abnormal Wnt 
signaling as found in some type I EC with MSI.106

Tumor Suppressor Genes
PTEN

The tumor suppressor gene PTEN (phosphatase and tensin homolog deleted on chromosome 
10) codes for a phosphatase that downregulates the phosphatidyinositol 3-kinase (PI3-K)/Akt 
signaling pathway of growth factor receptors.107-109 The PTEN gene is localized to 10q23, a chro-
mosomal region subject to frequent loss of heterozygosity (LOH).107 Decreased PTEN activity 
and therefore increased activation of Akt lead to increased cell proliferation and resistance to 
apoptosis.110,111 Inactivation of PTEN is the most common genetic defect in type I EC with rates 
ranging from 34% to 83%.28,32 When analyzed according to histological type, PTEN mutations 
are found almost exclusively in type I EC. In the normal endometrium no PTEN mutations were 
found. PTEN mutations are found at higher rates in tumors with MSI (up to 85%) and are also 
seen in endometrial hyperplasia with and without atypia.30,31 PTEN mutations occur at the earliest 
detectable stage of endometrial carcinogenesis.112 The PTEN defect observed most frequently is 
an inactivation of both alleles resulting in a complete loss of function. Even a hemizygous inactiva-
tion leading to a protein deficient state seems to be functionally significant when combined with 
defects of other genes within this pathway. Oda et al demonstrated that the PI3K/Akt pathway is 
extensively activated in EC and that a combination of defects in the catalytic subunit alpha of PI3K 
(PIK3CA) and PTEN plays an important role in the development of these tumors.113,114 The tumor 
suppressor gene PTEN is also involved in the regulation of telomerase activity by inhibition of Akt 
activation and a subsequent decrease of hTERT expression. Loss of PTEN may therefore allow 
endometrial cells to express high levels of telomerase activity, facilitating neoplastic transforma-
tion.115 Highly mitotic cells, such as normal estrogen-stimulated proliferative endometrial glands, 
contain abundant PTEN protein. Suppression of PTEN expression in a mitotically active estro-
genic environment (unopposed by progestins) may compromise growth control more than loss of 
PTEN protein in mitotically quiescent cells. Individual PTEN-negative glands in estrogen-exposed 
endometria represent the earliest recognizable stage of endometrial carcinogenesis, which is fol-
lowed by proliferation into dense clusters that form discrete premalignant lesions.5,28

p53
The p53 tumor suppressor gene is located on chromosome 17 and encodes a 53 kDa nuclear 

phosphoprotein that induces proliferative arrest or apoptosis through induction of p21Waf1/Cip1 and 
hMdm2 to prevent propagation of cells with damaged DNA.116 Mutations in p53 can introduce 
stop codons resulting in a truncated, nonfunctional protein. Since these truncations often involve 
the C-terminus, hMdm2 cannot bind to the p53 protein (TP53) and therefore nonfunctional 
TP53 accumulates in the cell. Almost 80% of p53 mutations are missense mutations leading to syn-
thesis of a TP53, lacking its specific DNA binding function and accumulation in the nucleus.117,118 
In addition, missense mutations in p53 often affect amino acids involved in post-translational 
modifications affecting the stability of TP53.119 p53 protein overexpression in EC is associated 
with high grade tumors, lymph node metastasis and myometrial invasion.67 In type I EC, TP53 
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overexpression is frequently observed, however, p53 mutations are rare and, if present, not related to 
TP53 overexpression.67,120 Most type I EC that harbor p53 mutations are large high-grade tumors, 
which suggests that p53 mutations in type I EC are more closely related with dedifferentiation, as 
in the case of other tumor systems.4,67 Aberrant accumulation of inactivated TP53 is found in ap-
proximately 5% of type I EC.67 A high level of inactivated TP53 is also an independent prognostic 
factor.121 Pijnenborg et al demonstrated that TP53 overexpression is predictive for recurrent type 
I EC and mostly not correlated with p53 mutations.122 Concomitant low expression of hMdm2 
and p21Waf1/Cip1 in tumors with TP53 overexpression suggests a dysfunction in this signal trans-
duction pathway.122 In type II EC, TP53 overexpression is also frequently present but associated 
with truncating p53 mutations.48 p53 mutations are found in 71% to 85% of the type II EC and 
in contrast to type I EC are early events in the development of type II EC.123-125

BRCA
Germline BRCA gene mutation carriers are found to have an increased risk of developing 

breast or ovarian cancer and to a lesser degree, colon cancer. Male BRCA mutation carriers are also 
inclined to an increased risk of breast, colon, or prostate cancer.126,127 Following the paradigm of 
tumor suppressor genes, one mutated allele of BRCA1 or BRCA2 is inherited and then somatic 
mutation occurs to alter the second allele, such that tumors invariably contain two mutant alleles. 
There are limited data regarding whether or not BRCA mutation carriers are also at increased 
risk for EC. Thompson and Easton have recently reported that BRCA1 mutation carriers have a 
2.7-fold increased risk to develop EC.128 Other studies suggest that BRCA mutation carriers have 
an increased risk of type II EC.129,130 Other groups did not find any correlation.131,132 In a prospec-
tive study Beiner et al did not find that BRCA mutations directly increase the risk of EC.133 They 
suggested that the main contributor to the increased risk of EC among these women was tamoxifen 
treatment of previous breast cancer or the preventive use of tamoxifen.133 Hornreich et al observed 
two sisters with advanced serous papillary carcinomas of endometrial and ovarian origin, carrying 
the same BRCA1 mutation.134 LOH analysis of the EC showed loss of the wild-type allele, sug-
gesting a causal relationship between the germline BRCA1 mutation and development of type II 
EC.134 However, whether or not germline BRCA mutations play a role in the development of EC 
remains unclear.

DNA-Mismatch Repair Genes
Type I ECs are characterized by defects in DNA mismatch repair, as evidenced by the microsat-

ellite instability (MSI) or replication error repair (RER) phenotype. Microsatellites are short seg-
ments of repetitive DNA bases that are scattered throughout the genome and found predominantly 
in noncoding DNA. MSI is the property to develop changes in the number of repeat elements as 
compared with normal tissue due to DNA repair errors made during replication. MSI is found in 
17 to 25% of sporadic type I EC but is rarely (<5%) present in type II EC.29,72,135 MSI was detected 
in atypical hyperplasia associated with carcinoma but not in atypical hyperplasia without associated 
carcinoma, suggesting that mismatch repair defects may occur in the transition between the two 
lesion.4,24 Somatic mutational inactivation of known mismatch repair genes does not account for 
the great majority of sporadic ECs with MSI. Instead, mismatch repair genes (i.e., MLH-1) are 
inactivated or silenced by gene promoter hypermethylation (epigenetic effect).136 This mechanism 
is not found in type II EC.136

Growth Factor Receptors
EGF Receptor

The role of epidermal growth factor receptor (EGF-R) in endometrial cancer is still disput-
able. The EGF-signaling pathways involve four known receptors (EGF-R, erbB2/HER-2/neu, 
erbB3 and erbB4) and various ligands, like e.g., epidermal growth factor (EGF), amphiregulin 
and transforming growth factor-alpha (TGF- ).137 The members of the erb-B family belong to 
transmembrane receptor tyrosine kinases and activation of these receptors generally requires 
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tyrosine phosphorylation of the cytoplasmatic tyrosine kinase domain.138,139 Most tyrosine kinase 
receptors are activated by ligand-induced dimerization. EGF and TGF-  stimulate homodimer-
ization of the EGF receptor, but, under certain conditions, heterodimerization with other family 
members like HER-2 also occurs. Activation of the EGF-R by its ligands induces activation of 
ras and phosphorylates further downstream substrates of the mitogen activated protein-kinase 
(MAP-kinase) family including extracellular signal-regulated kinases (ERK-1/2), c-jun N-terminal 
kinase ( JNK) and MAP-kinase p38 and activates EREs.137 EGF-R is expressed at comparable levels 
in normal and hyperplastic endometrium and may be overexpressed in invasive EC.140 Niikura 
et al, however, described in advanced disease increased co-expression of EGF-R and TGF- .140 
Overexpression of TGF-  was described in poorly differentiated EC and negatively correlates 
with ER expression.140-142 Jasonni et al found low levels of EGF-R expression in type I EC and 
high levels in EC with benign squamous metaplasia, whereas in mucinous and serous EC EGF-R 
and TGF-  expression was not found.143,144 In contrast, overexpression of EGF-R was found to 
be strongly correlated with tumor metastases and survival in patients with EC, independent of 
the histologic type.145,146 In a more recent publication EGF-R expression was described not to 
be increased in endometrioid EC compared to normal endometrium, but the authors found an 
increased expression of HER-4 and the EGF-R ligands TGF-  and heparin-binding epidermal 
growth factor-like growth factor (HB-EGF).147 EGF-R expression was also described in the ma-
jority of endometrial carcinosarcomas. Interestingly EGF-R was predominantly overexpressed in 
the sarcomatous components of the tumors, whereas HER-2 was predominantly overexpressed in 
the carcinomatous components.148 Taken together, EGF-R expression and expression of its ligands 
TGF-  and HB-EGF correlate with occurrence of myometrial invasion and/or metastases and 
poor prognosis in patients with EC. Negative correlation of ER expression and TGF-  expression 
in advanced disease indicates a conversion of formerly ER dependent growth to predominantly 
EGF-R mediated autocrine growth-regulation by alternative ligands like TGF-  and HB-EGF. 
Smith et al found a strong correlation of G-protein coupled receptor 30 (GPR30), a 7-transmem-
brane receptor for estrogen and EGF-R expression in patients with advanced EC, high grade 
and biologically aggressive histologic subtypes.149 GPR30 represents an alternative cytoplasmic 
estrogen-responsive receptor that is overexpressed in tumors where estrogen and progesterone 
receptors are down-regulated and in high-risk EC patients with lower survival rates. Activation 
of GPR30 by estradiol induces metalloproteinase activity, release of growth factors like HB-EGF 
by tumor cells and trans-activation of the EGF-R.150 In vitro experiments with specific EGF-R 
tyrosine kinase inhibitor gefitinib showed equal inhibition of EGF-R autophosphorylation and 
MAP-kinase activity in cells representing type I and II EC. In cells representing type II EC high 
basal phosphorylation of numerous signaling molecules that were not inhibited by gefitinib indi-
cated, that other growth factor pathways like PI3K/Akt/PKB signaling are active in addition to 
EGF-R.151,152 Further investigations to understand cross-talk mechanisms of the EGF-R and its 
potential role in targeted therapy of EC are necessary.

HER-2/erb-B2
The HER-2/erb-B2/neu gene encodes a 185-kDa transmembrane receptor tyrosine kinase of 

the EGF-R/erb-B family. HER-2 functions as a preferred partner for heterodimerization with 
members of the erb-B family and induces ligand independent autosignaling via specific tyrosine 
kinase phosphorylation.153 HER-2 overexpression was described in about 10-30% of type I EC 
and in 45-70% of type II EC, respectively.83,154-157 However, more recent studies of large series 
of serous carcinomas found that only 18-43% of the tumors overexpressed HER-2.158,159 EGF-R 
and HER-2 co-expression is inversely correlated with grade of differentiation and with ER and 
PR content and predicted a poor prognosis in patients with EC.160 HER-2 overexpression and 
gene amplification correlate inversely with disease specific survival and progression-free survival 
in patients with EC.159,161 In a retrospective analysis Saffari et al could show that among patients 
with HER-2 overexpression of EC, adjuvant chemotherapy or radiation therapy after surgery were 
associated with an improved overall survival.162 HER-2 overexpression negatively correlates with 
expression of ER and PR and suggests the developmend of hormone-independent growth in a 
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subgroup of EC patients.160,163,164 Cross-talk mechanisms of HER-2 with other signal pathways (like 
PI3K/pAkt/PKB pathway) are comparable to those of the EGF-R. On the other hand, HER-2 
associated tyrosine phosphorylation acts by ligand-independent autosignaling via HER-2/HER-X 
heterodimerization.153 The extracellular domain of the HER-2 oncogene product p185 provides 
an attractive therapeutic target for treatment with the monoclonal antibody trastuzumab. In 
preclinical studies trastuzumab showed antiproliferative activity in ER positive and ER negative 
endometrial cancer cells.165,166 Treeck et al could show, though, that in endometrial cancer cells 
HER-2 signaling was inhibited by trastuzumab only in the absence of estradiol. In these cells es-
tradiol counteracted the inhibitory effects of trastuzumab by rapid phosphorylation of ERK-1/2, 
probably triggered by GPR30 and inhibitory effects of trastuzumab were restored by cotreatment 
with pure antiestrogen fulvestrant.167 These findings suggest that there is intensive cross-talk be-
tween hormone-dependent growth regulation and signal transduction of members of the erbB 
family leading to rapid resistance of single agent targeted therapies. Recently, trastuzumab showed 
encouraging activity in a few patients with HER-2 overexpressing advanced EC.168,169 Clinical trials 
to evaluate efficacy of trastuzumab with or without antiestrogen or chemotherapy combinations 
in patients with HER-2 overexpressing EC are currently ongoing.

IGF Receptor
The type I insulin-like growth factor receptor (IGF-R) is a transmembrane receptor tyrosine 

kinase composed of two  subunits and two  subunits.170 The activation of IGF-R requires bind-
ing to either of its ligands, IGF-I or IGF-II. As a result of ligand-dependent IGF-R activation via 
intracellular tyrosine phosphorylation of the  subunits multiple downstream signaling pathways 
are activated, including the MAP-kinase pathway and the phosphatidylinositol 3-kinase (PI3K). 
The latter activates Akt/protein kinase B and induces proliferation.171,172 PTEN negatively regulates 
PI3K activity by dephosphorylation of phosphoinositol triphosphate (PIP-3).111 Lower levels of 
phosphatase activity like loss of PTEN expression, leads to hyperactivation of the PI3K/pAkt 
pathway. IGF-R is expressed mainly in endometrial epithelial cells, its ligands IGF-I and IGF-II 
are expressed in endometrial stromal cells and their expression is associated with endometrial 
differentiation.173,174 Estrogen-dependent activation of ER-  can up-regulate the expression of 
IGF-R.175 McCampbell et al found increased IGF-R expression in biopsies from complex atypi-
cal hyperplasia and activated downstream components like increased pAkt levels independent 
of PTEN expression.176 Specific binding sites for IGF-I were increased in endometrial cancer 
and IGF-R overexpression was found in 67% of endometrial cancers, independent of histologic 
type.177-179 The role of autocrine IGF-R mediated growth regulation in endometrial cancer is 
still under discussion. In EC cells in vitro autocrine growth regulation was shown to be medi-
ated by TGF-  and IGF, but not by EGF.180 About 95% of IGF-I and IGF-II is associated with 
membrane-bound IGF binding proteins (IGFBP). Kleinman et al could show in endometrial 
cancer cells that IGF-R dependent stimulation of cell growth depends on IGF levels as well as 
levels of IGFBP subtypes. In these cells IGFBP levels were decreased and IGF-R levels increased 
by estradiol or tamoxifen stimulation.181,182 These findings were underlined by various serum levels 
in EC patients showing decreased levels of IGFBP subtypes and increased IGF-1 levels.183-187 Of 
note, obesity and diabetes mellitus are accepted risk factors for EC. It has been discussed whether 
increased insulin levels are associated with development of EC. High affinity binding-sites for 
insulin were demonstrated in EC cells and insulin stimulated cell growth.188 However, clinical 
evaluations of C-peptide levels showed modest support to the hypothesis that hyperinsulinaemia 
is a risk factor for endometrial cancer.189

Angiogenic Factors
Angiogenesis is a multistep process essential for tumor growth, invasion and metastatic spread.190 

Microvessel density has been widely used as a measure of tumor-associated angiogenesis. Various 
studies have shown that high intratumor microvessel density in EC is associated with advanced 
clinical stage, increased risk of recurrent disease and poor prognosis.191 In stage I endometrial car-
cinoma, greater depth of invasion and higher tumor grade are directly correlated with angiogenic 
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intensity.192 Vascular endothelial growth factor (VEGF) is the major stimulus for endothelial cell 
proliferation in EC and is, therefore, associated with high angiogenesis.193 VEGF is an independent 
predictor of poor prognosis, particularly within stage I endometrial disease.194 However, VEGF 
expression did not correlate with histological grade or the number of microvessels in the tumor 
area. Since the stimulating effect of VEGF on endothelial cells is basically dependent on the 
presence of VEGF receptors, i.e., flk-1, the detection of a functionally intact angiogenic pathway 
VEGF/flk-1 is a more reliable and independent prognostic parameter.195 The expression of another 
angiogenic factor, thymidine phosphorylase (TP), correlates with increased microvessel density 
in EC.196 TP expression is related to the adverse histopathological variables of the type II EC, 
such as high tumor grade, deep myometrial invasion and advanced stage of disease.195 Stefansson 
et al have recently examined the significance of vascular proliferation and the degree of pericyte 
coverage in a large and population-based series of EC with complete follow-up.197 They found that 
vascular proliferation is the strongest angiogenic marker independent of other prognostic factors. 
Decreased pericyte coverage was significantly associated with vascular invasion by tumor cells and 
reduced patient survival.197 Additionally, in the same study peritumoral lymphatic vessel density 
was shown to contribute to the clinical progress of EC.197

Hormone Receptors and Aromatase
Estrogen Receptor

The steroid receptors for estrogen (ER) are composed of six functional domains. The 
DNA-binding domain (DBD) is relatively conserved and targets the receptors to the estrogen 
responsive elements (EREs). The E region of the steroid receptors contains a multifunctional 
domain and is involved in ligand-binding, receptor dimerization, nuclear localization, nuclear 
coactivator/corepressor interaction and ligand-dependent activating function.198 The two main 
isoforms of the ER, ER-  and ER- , show structural differences resulting in distinct ligand af-
finities and physiologic properties. For example, tamoxifen exhibits partial agonist activities after 
binding to ER-  whereas it acts mainly as pure antagonist when bound to ER- .199 ER-  is the 
predominant ER isoform in endometrium.200 Both isoforms are capable of forming ER- /ER-  
heterodimers and thus influence each other function.201,202 In this context, ER-  has been shown 
to function as a dominant inhibitor of ER- .203 In addition, both ER-  and ER-  are represented 
by several isoforms resulting from alternative splicing and these splice variants can exhibit altered 
hormone-binding effects on EREs and/or transcriptional properties.204-206 Beside the described clas-
sic genomic activation of ER-  and ER- , both receptors have been shown to regulate transcription 
by nonclassic genomic activation of components of the activating protein-1 (AP-1) pathway.207 The 
nongenomic mechanism of ER action is cross-talk with the signal-transduction of growth-factor 
receptor cascades, for example via activation of MAP-kinase (ERK-1/2) and/or the PI3K/pAkt 
pathway.208,209 One possible critical step in estrogen-dependent tumorigenesis might be an imbal-
ance in ER-  and ER-  expression. Expression of ER-  decreases from hyperplastic and grade 1 
endometrioid EC to grade 3 tumors. ER-  is rarely expressed in type 2 EC.200,210,211 Expression levels 
of ER-  are low in normal endometrium and do not alter during tumor differentiation, suggest-
ing a shift to decreased ER- /ER-  ratio.212,213 Transcriptional splicing errors for ER-  and ER-  
have been described for EC, potentially leading to uncontrolled proliferation. Although there is 
no homogenous pattern in the development of EC for the described splice variants, some of them 
are found at increased levels in EC.214-218 Recent investigations evaluated expression of steroid 
receptor cofactors 1-3 (SRC) in EC. Balmer et al found increased expression of SCR3 member 
AIB1 (amplified in breast cancer-1) in hyperplastic endometrium and in EC. Expression of AIB1 
correlated with higher grade of carcinomas, potentially augmenting ER action in these tumors.219 
Kershah et al found increased levels of mRNA of SRC-1-3 in EC samples, whereas Uchikawa 
showed decreased levels of SCR-1 in EC topographically correlated with decreased ER expres-
sion, indicating sex steroid independent growth in these tumors.220,221 ER activation can also be 
mediated in a ligand-independent way. For example, PTEN loss in endometrium activates Akt and 



177Hormonal Heterogeneity of Endometrial Cancer

results in increased phosphorylation of ER- . ER-  phosphorylation even in the absence of ligand 
results in activation of EREs and transcription.222 Estrogen-dependent growth in EC might also 
be mediated through G-protein coupled GPR30, inducing MAP-kinase and Akt activation.150,223 
Overexpression of GPR30 was shown in EC with down-regulated expression of ER- /ER-  and 
PR and overexpression correlated with higher grade and lower survival.149 The mechanisms of 
estrogen-dependent growth and potential antiestrogenic therapeutic strategies in EC are complex 
and require more global understanding of cross-talk action patterns between ER and its SRCs, 
the alternative estrogen receptor GPR30 and the signal-transduction of growth factor receptors 
to define subgroups of estrogen-dependent EC.

Progesterone Receptor
The steroid receptors for progesterone (PR) exist in two isoforms, PRA and PRB. These two 

receptors are almost identical, except that PRB contains a third transcription-activating functional 
domain, AF-3.224,225 PRA has been shown to act in a dominant negative fashion and antagonizes 
the transcriptional activity of PRB and the ERs.226 On simple progestin-responsive elements 
(PREs) PRA and PRB display similar transactivational activity, but PRA’s transcriptional activity 
is more complex and cell and response element specific.227 Loss of the inhibitory effects of PRA 
and disruption of the PRA/PRB ratio is thought to be involved in estrogen-induced endometrial 
hyperplasia and EC.228-231 One factor for the disruption of the PRA/PRB ratio might be receptor 
gene polymorphism.232 Low PR expression was shown to be associated with increased risk for tu-
mor relapse, but in patients showing PR expression and PR gene polymorphism the risk was even 
higher.233 Regarding the prognostic value of both PRs, only decrease of PRB expression seems to 
reflect poor prognosis in patients with EC.234,235 PRB expression is found to be distributed in the 
cytoplasm in EC tissues, whereas PRA expression is only found in the nuclei, suggesting nonge-
nomic actions of PRB.236 Transfection of PRB and treatment with progestins in human endometrial 
cancer cells resulted in growth inhibition, inhibition of cyclin D1 expression, down-regulation 
of metalloproteases and down-regulation of cellular adhesion molecules.237,238 PRB-expression 
is inversely correlated with p53 gene mutation and tumor grading.235 Serial biopsies of patients 
with advanced type 1 EC treated with medroxyprogesterone showed no increased apoptosis but 
down-regulation of Ki-67 expression. Decreased Ki-67 expression was only observed in grade 1 and 
2 tumors with high PR expression.239 In EC cells ligand-bound PRB can inhibit the transcriptional 
activity of members of the AP-1 family and in particular, c-jun. Thus, progesterone might antago-
nize stimulatory effects of estrogens on AP-1.240 In addition, ligand-bound PRB can inhibit NFκB 
activity through transcriptional control in EC cells.241 Progestins are currently leading standard 
in the treatment of advanced type 1 EC. The PR isoforms, PRA and PRB, play important roles in 
growth control of EC and offer targets for novel therapeutic strategies. However, to understand 
the mechanisms of action of PRA and PRB in EC, especially regarding differences between type 
1 and 2 EC, further evaluations are required.

Aromatase
There is no consistent evidence of increased concentrations of circulating endogenous estrogen 

in women with EC, but local concentration of estradiol in EC tissues was reported to be higher 
than that in blood and in normal endometrium.46,242-246 These data suggest that endometrial cancer 
itself synthesizes estradiol as part of positive autocrine growth-regulation. CYP19 (aromatase) gene 
polymorphism has been discussed as potential risk factor in patients with EC. CYP19 genotypes 
containing the longest alleles A6 and A7 (A6A7/A6A6) were found to be over-represented in pa-
tients with EC and intratumoral aromatase activity was increased especially in patients with type II 
EC.247-249 Aromatase expression could be demonstrated in more than 65% of EC tissues by PCR and 
IHC and tumor aromatase expression did not correlate with ER/PR expression or prognosis.250-252 
Aromatase in stromal but not epithelial cells correlated positively with advanced surgical stage and 
poor survival.253 In addition, aromatase expression was also demonstrated in low-grade endometrial 
stromal sarcomas.254 Interestingly, very high intratumoral aromatase activity could be described pref-
erably in poorly differentiated endometrioid carcinomas and in type II EC tissues, whereas negative 
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aromatase activity could only be demonstrated in cases of low-risk type I EC.255-257 Thus, although 
type II EC is considered as hormone-independent, increased ability of this tumor type to estrogen 
biosynthesis through cancer cell aromatase activity may lead to the reconsideration of such conclu-
sion and warrants further investigation. Aromatase inhibitors showed moderate antiproliferative 
activity on endometrial cancer cells in vitro.258,259 Safety data from the ATAC trial of postmenopausal 
women with breast cancer treated with aromatase inhibitor anastrozole indicated a preventive role 
of aromatase inhibitors by reducing the risk of EC.260 A few case control studies and two phase II 
trials showed moderate activity of aromatase inhibitors in patients with advanced endometrial can-
cers.256,261,262 Berstein et al treated 23 patients 2 weeks with aromatase inhibitors in the neoadjuvant 
setting and found in serial biopsies down-regulated PR expression, which was more pronounced in 
type II EC patients.256 Burnett et al treated two obese premenopausal women with histologically 
confirmed grade 1 EC with a medroxyprogesterone/anastrozole combination up to six months 
leading to complete remission.263 Although response rates in the phase II trials were low, aromatase 
inhibitors in the treatment of subgroups of patients, probably especially in patients with type II EC, 
might be useful. To define potential subgroups predictive factors for response, for example the role 
of intratumoral aromatase activity, are required.

GnRH Receptor
A series of papers from different laboratories has demonstrated the expression of gonadotro-

pin-releasing hormone (GnRH, GnRH-I) in almost 100% of ECs and the expression of the GnRH 
receptor (GnRH-R, GnRH-I-R) in about 80% of ECs.264, 265 Recently, the expression of a second 
human GnRH (GnRH-II) was reported.266 The existence of a functional active type II GnRH 
receptor (GnRH-II-R) in the human being is under discussion, but there is an increasing evidence 
that a functionally active GnRH-II-R exists in human EC.265, 267-270 In EC, GnRH-I, GnRH-II and 
their receptors are parts of a negative autocrine regulatory system of cell proliferation.264, 267 Agonists 
of GnRH-I and GnRH-II inhibit the mitogenic signal transduction of growth factor receptors 
and related oncogene products associated with tyrosine kinase activity via activation of a phospho-
tyrosine phosphatase resulting in down-regulation of cancer cell proliferation.264, 267 Induction of 
apoptosis is not involved. The situation is different with GnRH-II antagonists. Treatment of human 
EC cells with GnRH-II antagonists induces apoptotic cell death via dose-dependent activation of 
caspase-3.271 The fact that treatment with GnRH-II antagonists resulted in an increase of caspase-3 
activity and a loss of mitochondrial membrane potential in cultured endometrial cancer cells sug-
gests that GnRH-II antagonists induce apoptosis in these cells at least in part through activation 
of the intrinsic apoptotic pathway. The antitumor effects of the GnRH-II antagonists could be 
confirmed in nude mice. GnRH-II antagonists inhibited the growth of xenotransplants of human 
EC in nude mice significantly, without any apparent side effects.271 Thus, GnRH-II antagonists 
seem to be suitable drugs for an efficacious and less toxic endocrine therapy for EC.

Future Perspective
Despite the great effort made to unravel the molecular alterations associated with endometrial 

cancer, tumors lacking MSI phenotype or mutations in any of the studied genes suggest the existence 
of unrecognized pathways in the development of EC. Hopefully, ongoing and future research will 
help to understand better the mechanisms leading to the formation of these cancers. New tech-
nologies such as the cDNA microarray technology for identifying differences in gene expression 
patterns in individual ECs will make more clear a distinctions in the biology and clinical outcome 
of these neoplasms. The increased knowledge of the molecular pathology of the individual EC 
will assist to develop techniques to identify premalignant diseases, improve disease management 
and treatment and invent specific target therapies based on molecular pathways.
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Chapter 12

Cell Cycle Machinery:
Links with Genesis and Treatment of Breast Cancer
Alison J. Butt, C. Elizabeth Caldon, Catriona M. McNeil, Alexander 
Swarbrick, Elizabeth A. Musgrove and Robert L. Sutherland*

Abstract

Loss of normal growth control is a hallmark of cancer. Thus, understanding the mechanisms 
of tissue-specific, normal growth regulation and the changes that occur during tumorigenesis 
may provide insights of both diagnostic and therapeutic importance. Control of cell pro-

liferation in the normal mammary gland is steroid hormone (estrogen and progestin)-dependent, 
involves complex interactions with other hormones, growth factors and cytokines and ultimately 
converges on activation of three proto-oncogenes (c-Myc, cyclin D1 and cyclin E1) that are rate 
limiting for the G1 to S phase transition during normal cell cycle progression. Mammary epithe-
lial cell-specific overexpression of these genes induces mammary carcinoma in mice, while cyclin 
D1 null mice have arrested mammary gland development and are resistant to carcinoma induced 
by the neu/erbB2 and ras oncogenes. Furthermore, c-Myc, cyclins D1, E1 and E2 are commonly 
overexpressed in primary breast cancer where elevated expression is often associated with a more 
aggressive disease phenotype and an adverse patient outcome. This may be due in part to overex-
pression of these genes conferring resistance to endocrine therapies since in vitro studies provide 
compelling evidence that overexpression of c-Myc and to a lesser extent cyclin D1 and cyclin E1, 
attenuate the growth inhibitory effects of SERMS, antiestrogens and progestins in breast cancer 
cells. Thus, abnormal regulation of the expression of cell cycle molecules, involved in the steroi-
dal control of cell proliferation in the mammary gland, are likely to be directly involved in the 
development, progression and therapeutic responsiveness of breast cancer. Furthermore, a more 
detailed understanding of these pathways may identify new targets for therapeutic intervention 
particularly in endocrine-unresponsive and endocrine-resistant disease.

Introduction
Loss of normal growth control, including aberrations in the homeostatic mechanisms that 

ensure integrity of cell cycle progression, is a hallmark of cancer.1 A pivotal regulatory pathway 
determining rates of cell cycle transition from G1 to S phase is the cyclin/cyclin-dependent kinase 
(CDK)/p16INK4A/retinoblastoma protein (Rb) pathway.2 Alterations to different components of 
this pathway through overexpression, mutation and epigenetic gene silencing are almost universal 
in human cancer.3 Interestingly, there appears to be a degree of tissue specificity in the particular 
genetic abnormalities within the Rb pathway in different cancers with aberrations in the expression 
of cyclins D1, E1 and the CDK inhibitor p27Kip1 common in breast cancer.

In the mammary gland the sex steroid hormones, estrogen and progesterone and their cognate 
receptors, ER and PR, are essential for normal development and physiological function. There 
is now an expansive literature documenting the molecular mechanisms through which these 
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hormones exert their mitogenic effects both in the normal mammary gland and in breast cancer. 
These data show that estrogen/progestin action converges on a number of molecules with pivotal 
roles in the regulation of the Rb pathway and thus, in the G1 to S phase transition of the cell cycle. 
These include the proto-oncogenes c-Myc, cyclins D1, D3, E1 and E2 and the CDK inhibitors, 
p21WAF1/Cip1 and p27Kip1. Furthermore, the expression of several of these molecules changes signifi-
cantly during breast tumorigenesis and is associated with distinct breast cancer phenotypes and 
patient outcome. Thus, aberrant expression and/or function of cell cycle regulatory molecules 
involved in the normal physiological response to sex steroid hormones is a common feature of 
breast cancer and may be intimately involved mechanistically in the disease process.

This review briefly summarizes contemporary literature addressing the functions of selected cell 
cycle regulatory genes in mammary epithelial cells and their potential roles in the development 
and progression of human breast cancer.

Cell Cycle Control Mechanisms and Their Regulation  
in Breast Cancer Cells 

Mechanisms of Cell Cycle Control
Cyclins are the regulatory subunits of holoenzymes whose catalytic subunit is a CDK. Cyclins 

share a sequence motif termed the ‘cyclin box’ that mediates binding to a similarly well-conserved 
region on the CDK.4 Members of this family of serine/threonine kinases were originally character-
ized by virtue of their roles in cell cycle control, although more recently identified cyclin-CDK 
complexes have roles in transcriptional control.5 In addition, cyclin D1 can act as a transcriptional 
cofactor, a function which is CDK-independent.6 As the name suggests, CDKs lack kinase activity 
in the absence of cyclin association and thus, regulation of cyclin abundance is an important, but 
not the only, control mechanism for CDK activation.4

Progress through the cell cycle is accompanied by sequential accumulation of different cyclins 
that is correlated with the activation of specific cyclin-CDK complexes: cyclin E-CDK2 at the 
G1/S phase boundary, cyclin A-CDK2 during S phase, cyclin A-CDK1 (CDC2) during G2 and 
cyclin B-CDK1 during mitosis (Fig. 1). The D-type cyclins (cyclins D1-3) are less profoundly 
regulated during the cell cycle but are strongly mitogen-dependent. Consequently, the CDKs 
formed by association of D type cyclins and CDK4 or CDK6 can be viewed as ‘mitogen sensors’, 
that act during G1 phase to link signals from the extracellular environment to other CDKs that 
comprise the ‘core cell cycle machinery’.7

Several substrates for the different CDKs have been identified. A prevailing concept has been 
that each cyclin-CDK complex has a distinct substrate preference and that this specificity is a de-
terminant in ordering cell cycle events. This is supported by several lines of evidence, for example 
the different spectra of cellular proteins phosphorylated by various recombinant cyclin-CDK 
complexes8 and the distinct consensus sequences for phosphorylation by cyclin D1-CDK4 and 
cyclin E-CDK2 or cyclin A-CDK2.9 However, the ability of cyclin E and cyclin D2 ‘knocked-in’ to 
the cyclin D1 locus to complement defects in mice lacking cyclin D1 and the ability of fibroblasts 
lacking all three D-type cyclins or both E-type cyclins to proliferate, argue for significant functional 
redundancy between the cyclins.10 Thus, an alternative view is that the spatial and temporal control 
of cyclin expression is a major determinant of specificity.11

The best-understood CDK substrate is Rb, the product of the retinoblastoma susceptibility 
gene. The importance of Rb as a CDK substrate is illustrated by the observation that cyclin D1 
is not required for G1 phase progression in cells lacking Rb.12 However, cyclin D1-associated 
CDKs are not the only Rb kinases; there are 16 possible consensus sites for CDK phosphoryla-
tion within Rb and the protein is progressively phosphorylated by different CDKs during cell 
cycle progression.2 Phosphorylation of Rb by cyclin D-CDK4 and/or cyclin D-CDK6 early in 
G1 phase displaces histone deacetylases from Rb and allows subsequent phosphorylation of Rb 
by cyclin E-CDK2 and cyclin A-CDK2.13 Phosphorylation by both sets of CDKs is necessary to 
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completely overcome the growth inhibitory effects of Rb, release E2F transcription factors and 
allow initiation of DNA synthesis (Fig. 1).13,14 Recent data also implicate another CDK, cyclin 
C-CDK3, in the phosphorylation of Rb during the transition from quiescence (G0) to G1.15

In addition to regulation of cyclin abundance there exist several other levels of regulation for 
CDK activity including a network of regulatory kinases and phosphatases,4 and two families of 

Figure 1. The eukaryotic cell cycle and phase-specific activation of cyclin-CDK complexes. 
A) the eukaryotic cell cycle involves the sequential action of cyclin-CDK complexes to 
move between the distinct phases of the cell cycle. The letters A, B, C, D and E denote 
each respective cyclin. B) The main features of G1 to S phase progression. Briefly, sequential 
phosphorylation of Rb by cyclin D1-CDK4/6 and cyclin E-CDK2 allows E2F-mediated tran-
scription of target genes including cyclin E and consequent progression into S phase. The 
distribution of the CDK inhibitors p21WAF1/Cip1 and p27Kip1 between these complexes provides 
an additional level of control over their activity. The levels of these CDK inhibitors are in part 



192 Innovative Endocrinology of Cancer

endogenous small molecular weight CDK inhibitory proteins.7 The INK4 family of CDK inhibi-
tors (p15INK4B, p16INK4A, p18INK4C, p19INK4D) specifically target CDK4 and CDK6.7 The Cip/Kip 
family inhibitors (p21WAF1/Cip1, p27Kip1, p57Kip2) target a wider spectrum of CDKs. They profoundly 
inhibit the activity of cyclin E-CDK2 and cyclin A-CDK2, but also function as assembly factors 
for cyclin D-CDK complexes.16 Like the cyclins, these inhibitors are mitogen-responsive. For ex-
ample, p27Kip1 expression provides a ‘threshhold’ that must be exceeded to allow CDK activation 
during mitogenic stimulation. One function of cyclin D1 appears to be sequestration of p27Kip1: 
alterations in cyclin D1 abundance not only directly affect the activity of CDK4 and CDK6 but 
can indirectly influence the activation of cyclin E-CDK2 by altering the availability of p27Kip1.7

Steroid Regulation of Cell Cycle Progression
In the mammary gland the majority of development occurs postnatally under the influence of 

the ovarian sex steroid hormones, estrogen and progesterone. Although several other hormones, 
growth factors and cytokines regulate normal mammary gland physiology, the sex steroid hor-
mones are required for mammary gland development, playing a pivotal role in side-branching 
and lobulo-alveolar development. These roles of the sex steroids carry over to breast cancer 
where estrogen action is essential for the development and maintenance of the majority of breast 
cancers17 and the synthetic analogs of progesterone, progestins, exert both growth stimulatory 
and inhibitory effects depending on the stage of the disease process and the cellular phenotype.18 
Furthermore, progestins increase breast cancer risk when administered in HRT regimens and a PR 
allele that leads to the preferential expression of PR-B is associated with increased breast cancer 
risk.19 Detailed analyses of the effects of sex steroids on breast cancer cell proliferation identify 
that both estrogens and progestins control this process by regulating the G1 to S phase transition 
in the cell cycle.20,21

The effects of estrogen and progestins are mediated through ligand-activated transcription 
factors belonging to the nuclear receptor superfamily. Two ERs have been characterized, ER  
and ER . Studies using ER knockout models have shown that ER  is the predominant mediator 
of the mitogenic effects of estrogen in the mammary gland,22 while ER  appears to mediate the 
drive to proliferation in breast cancer cells but ER  is growth inhibitory.23 Although only one PR 
gene has been identified, there are two distinct isoforms of the receptors, PR-B and PR-A, that 
are generated from different transcriptional start sites. These isoforms have differential effects on 
mammary gland development and the regulation of breast cancer cell proliferation and differenti-
ated function in vitro.18

Since both estrogens and progestins control G1 to S phase progression much work has focused 
on the links between steroid hormone receptor signaling and the cell cycle machinery. This is most 
developed in the case of estrogen stimulation of breast cancer cell proliferation. One of the earliest 
transcriptional responses in the mitogenic response to estrogen is increased MYC expression, which 
occurs within 15 min of estrogen stimulation.24 Similarly, acute downregulation of MYC expression 
is an early event in antiestrogen inhibition of breast cancer cells while downregulation of c-Myc 
with antisense oligonucleotides mimics the effect of antiestrogens on breast cancer cell cycle pro-
gression.25 The DNA binding region of ER  is required for MYC induction and the P2 promoter 
region of the MYC gene contains an atypical ERE region.26 Recently a strongly estrogen-inducible 
ER binding site 67 kb upstream of MYC has been identified which may also contribute to estrogen 
regulation of MYC, although its functional significance is yet to be characterized.27

The c-Myc protein is a nuclear transcription factor that has profound mitogenic effects on 
breast cancer cells through its ability to modulate regulators of cell cycle progression.28 Inhibition 
of c-Myc expression abrogates estrogen-stimulated breast cancer cell proliferation and blocks cell 
cycle progression leading to a G1 arrest.29 Furthermore, induction of c-Myc can mimic the effects 
of estrogen and induce antiestrogen-arrested cells to reinitiate cell cycle progression,30 implicating 
c-Myc as a prominent mediator of estrogen action in breast cancer cells. Numerous genetic targets of 
c-Myc activation and repression have been identified, including many cell cycle regulators (reviewed 
in ref. 31). Thus, a major mechanism governing c-Myc’s effects on cell cycle progression in breast 
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cancer cells is the activation of cyclin E-CDK2 via repression of the CDK inhibitor, p21WAF1/Cip1.30,32 
In this respect, c-Myc’s actions closely mimic those of estrogen,33 again emphasizing its potential 
role as a major mediator of estrogen action in breast cancer cells.

The effects of estrogen on cell cycle progression are also tightly linked to increased expres-
sion of cyclin D1. Cyclin D1 induction in breast cancer cells shortens G1 and can rescue growth 
factor-deprived and antiestrogen-arrested cells enabling them to complete the cell cycle.34 While 
estrogen rapidly induces cyclin D1 expresssion, antiestrogens have a converse acute inhibitory 
effect.33,35,36 Furthermore, abrogation of cyclin D1 activity by cyclin D1 antibodies or the Cdk4 
inhibitor p16INK4A blocks estrogen-induced G1-S phase progression,37 indicating that estrogen acts, 
at least in part, through upregulation of cyclin D1 expression. Like c-Myc, inducible cyclin D1 
expression can mimic the effects of estrogen allowing cell cycle re-entry in antiestrogen-arrested 
breast cancer cells.30,36

Estrogen also elicits rapid activation of cyclin E-CDK2 in breast cancer cells.33,38,39 The mecha-
nism governing this action is not fully elucidated, although it is known to involve estrogen-mediated 
inhibition of the CDK inhibitor, p21WAF1/Cip1.33,38 Overall, estrogen activation of cyclin D1 expres-
sion increases cyclin D1-CDK4 complex formation and sequestration of p21WAF1/Cip1 and p27Kip1 at 
the expense of cyclin E-CDK2 complexes, thus activating the latter enzyme. The cyclin E-CDK2 
complex binds hyperphosphorylated p130 in the absence of p21WAF1/Cip1 and p27Kip1 binding, which 
may prevent reassociation with CDK inhibitors.33 The activity of the cyclin E-CDK2 complex is 
further enhanced through upregulation of Cdc25A, which removes inhibitory phosphatases from 
the cyclin E-CDK2 complexes. Finally, p27Kip1 is relocalized from the nucleus to the cytoplasm 
by estrogen-induced ERK activation and simultaneously the degradation of p27Kip1 is increased 
through estrogen-mediated induction of Skp2.40 Cyclin D1 expression also elicits effects on the 
activation of cyclin E-CDK2 similar to those of c-Myc.30 However, in our MCF-7 model system 
overexpression of cyclin D1 did not induce c-Myc expression or vice versa, consistent with evi-
dence that both MYC and CCND1 are direct targets of the ER,27,41 and further, suggesting that 
estrogen-stimulated cell cycle progression is mediated initially by distinct c-Myc and cyclin D1 
pathways that converge on the activation of cyclin E-CDK2.30 A summary of estrogen regulation 
of breast cancer cell cycle progression is presented in Figure 2.

In contrast to the stimulatory actions of estrogen in breast cancer cells in vitro, progesterone 
has a biphasic effect on cell proliferation, where it initially accelerates cells from G1 to S phase 
but subsequently arrests cells in early G1 following mitosis.42 Progestins induce a similar effect to 
estrogen in the stimulatory phase of their action in that c-Myc and cyclin D1 are induced transiently 
within 2-3 hours of progestin treatment.20 After the transient induction of S phase, cell prolifera-
tion is inhibited following a reduction in cyclin E-CDK2 and cyclin D-CDK4 activity.20 This is 
mediated, in part, by a reduction in levels of cyclin D1 and cyclin E1, as well as increased expression 
of p18INK4c, which disrupts cyclin D-CDK4/6 binding and hence, contributes to inactivation of 
CDK4/6.43,44 The proportion of inactive cyclin E-CDK2 complexes bound by the CDK inhibi-
tors p21WAF1/Cip1 and p27Kip1 increases, due to both the upregulation of the CDK inhibitors and 
their redistribution from cyclin D-CDK4/6 complexes.20,44 Inducible overexpression of cyclin 
D1 in progestin-pretreated cells restores the activity of cyclin E-CDK2 complexes,44 emphasising 
the role of cyclin D1 abundance in regulating the availability of CDK inhibitors. A summary of 
these effects of progestins on the cell cycle machinery is presented in Figure 3.

Progestins regulate both proliferation and differentiation in breast cancer cells and there has 
been much interest in identifying progestin targets that may contribute to the co-ordination of 
these processes. One candidate is the HLH protein Id1, which is progestin-regulated and has 
roles in both the proliferation and differentiation of mammary epithelial cells. More recently, we 
have demonstrated a role for Wilms Tumor Protein 1 (Wt1) in mediating the growth inhibitory/
differentiation-inducing effects of progestin action in breast cancer cells.45 Progestin treatment of 
breast cancer cells leads to a rapid downregulation of Wt1 mRNA and protein. Conversely, over-
expression of Wt1 attenuates progestin-mediated growth inhibition and activation of lipogenesis, 
a marker of differentiation in these cells. This is accompanied by the sustained expression of cyclin 
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D1 despite progestin treatment and increased levels of Rb phosphorylation at sites targeted by 
cyclin D1-CDK4 (Ser249/Thr252). Furthermore, Wt1 overexpression only modulates the ef-
fects of progestins and not either antiestrogens or androgens. These results indicate that Wt1 is 
an important early target of progestins that may co-ordinate proliferation and differentiation in 
breast cancer cells.

Cell Cycle Control Genes as Putative Breast Cancer 
Oncogenes/Tumor Suppressor Genes

Evidence that c-Myc and the cyclins are potential oncogenes and that the CDK inhibitors are 
potential tumor suppressor genes in breast cancer comes from both experimental model systems 
and studies of human breast cancer tissue.

Animal Models
c-Myc was one of the earliest characterised proto-oncogenes and the first oncogene demon-

strated to induce mammary carcinoma in transgenic mouse models.46 However, subsequent studies 
of various MYC transgenic mammary tumor models have demonstrated extended latencies and 
insufficiency of aberrant MYC expression alone to induce mammary tumorigenesis and have 
given support to the hypothesis that the acquisition of additional genetic lesions is a critical step 
in c-Myc-induced carcinogenesis. This may result from c-Myc-induced genomic destabilization 
through a dominant mutator phenotype and center upon suppression of the intrinsic apoptotic 
function of c-Myc. Indeed, transgene-mediated suppression of c-Myc-induced apoptosis (via expres-
sion of ras, neu/erbB2, bcl-2 or tgf- ) in bitransgenic mouse models, leads to a potent accentuation 
of mammary tumorigenesis (reviewed in ref. 47).

Overexpression of cyclin D1 in the mammary gland leads to hyperplasia and eventually to car-
cinoma.48 Similarly, cyclin E1 overexpression in mammary epithelium promotes tumor formation, 
but with low penetrance and long latency.49 Thus, cyclin D1 and cyclin E1 are oncogenic in mice, 
although weakly so and it is likely that they co-operate with other oncogenes to mediate this effect. 

Figure 2. Estrogen action on the cell cycle machinery. Estrogen binding to the estrogen re-
ceptor activates parallel pathways through c-Myc and cyclin D1, resulting in the inhibition 
of p21WAF1/Cip1. This leads to the activation of cyclin D1-CDK4 and cyclin E-CDK2 complexes 
and the subsequent phosphorylation of Rb, releasing E2F and allowing progression from G1 
to S phase. ER: estrogen receptor; D1: cyclin D1; E: cyclin E; P: phosphorylation.
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Given its role as a target of mitogenic signaling, it is not surprising that cyclin D1 is implicated 
in the oncogenic actions of ras and neu/erbB2. In the mouse mammary gland, tumors induced by 
either oncogene display increased expression of cyclin D1.50,51 Conversely, decreased cyclin D1 
expression blocks the growth of tumors formed by mammary cells expressing activated neu/erbB250 
and cyclin D1-null mice are resistant to tumor formation resulting from mammary-specific 
expression of ras or neu/erbB2.51 Interestingly, although cyclin D1 has also been implicated as a 
target of Wnt signaling, wnt-stimulated oncogenesis was not impaired in cyclin D1-null mice.51 
In support of conclusions drawn from in vitro studies c-myc also induces mammary carcinoma 
independent of cyclin D1.

The observations that overexpression of p15INK4b and p16INK4A, which target the cyclin 
D1-associated CDKs, can suppress ras-mediated transformation in vitro,52 and that p16INK4A 
expression blocks neu/erbB2-induced mammary tumor formation in mice,53 all indicate that the 
dependence on cyclin D1 is likely to be mediated by the ability of cyclin D1 to increase CDK 
activity, either by direct activation of CDK4 or by indirect activation of CDK2 through sequestra-
tion of CDK inhibitors. Although the formation of mammary tumors after expression of activated 
neu/erbB2 is impaired in cyclin D1-null mice, some tumors do develop and these are characterized 
by increased cyclin E expression.54 Similarly, mice that have cyclin E1 ‘knocked-in’ to the cyclin 
D1 locus develop neu/erbB2-induced mammary tumors at a rate similar to wild-type, indicating 
that cyclin E1 expression can compensate for the absence of cyclin D1 during oncogenesis.55 This 

Figure 3. Progestin action on the cell cycle machinery. Progestin-mediated cell cycle arrest 
requires repression of c-Myc and upregulation of the CDK inhibitors p21WAF1/Cip1 and p18INK4C. 
Downregulation of c-Myc then regulates the expression of numerous targets, including cyclin 
D1. Reduced cyclin D1 and increased p18INK4C expression then cooperate to inhibit the forma-
tion of cyclin D-CDK complexes. The loss of these complexes liberates sequestered p27Kip1 
which then cooperates with the induced p21WAF1/Cip1 to inhibit cyclin E-CDK2 complexes. 
Grey lines indicate positive regulation, black lines represent repression. Dotted lines signify 
proposed pathways. PR: progesterone receptor; D1: cyclin D1; E: cyclin E.
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is consistent with the idea that the requirement for cyclin D1 in mammary carcinoma reflects a 
need for CDK activity, or at least cell proliferation.

More recent experiments have addressed this issue directly. Development of neu/erbB2-induced 
mammary cancers is significantly impaired both in CDK4-null mice56 and in knock-in mice 
where endogenous cyclin D1 is replaced with a ‘kinase-dead’ cyclin D1 point mutant that binds 
CDK4 and sequesters CDK inhibitors but is unable to activate the CDK4 kinase.56,57 This does 
not simply result from failed mammary epithelial cell proliferation, since virgin CDK4-null mice 
display retarded mammary development but normal alveolar proliferation and differentiation 
occur during pregnancy and the ‘kinase dead’ cyclin D1 mutant is able to rescue the defects in 
pregnancy-associated mammary gland development in mice lacking cyclin D1. It is therefore clear 
that neu/erbB2-induced mammary oncogenesis requires active cyclin D1-CDK4, in contrast with 
mammary development, which is ‘CDK-independent’. The ability of cyclin E1 to substitute for the 
function of cyclin D1 in mammary development as well as oncogenesis55 suggests, however, that 
there is no absolute requirement for cyclin D1 and that the CDK independent function required 
for mammary development is likely to be sequestration of p27Kip1 rather than the ability of cyclin 
D1 to regulate transcription.

The necessity for cyclin E1 in transformation has not been tested in vivo. However, in in vitro 
assays, fibroblasts lacking both cyclin E1 and E2 do not form foci in response to c-Myc or to Ras 
in combination with either c-Myc or dominant-negative p53. Although these fibroblasts display 
defects in cell cycle re-entry from quiescence, once proliferation is initiated it is only modestly 
impaired compared to controls with wild-type cyclin E, suggesting a specific requirement for cyclin 
E in oncogenic proliferation.58 Thus, there is an emerging body of evidence, which is perhaps the 
most compelling for cyclin D1, that c-Myc and cyclins D1 and E1 are important for mammary 
tumorigenesis.

Deregulation in Breast Cancer
Studies of gene expression in human breast cancer tissue have provided substantial evidence 

for aberrant expression of c-Myc, several cyclins and p27Kip1 in human breast cancer (Table 1). 
In clinical cohorts, MYC gene amplification is associated with the transition from in situ to in-
vasive carcinoma, markers of an aggressive disease phenotype and poor prognosis in general.59-61 
MYC gene amplification occurs in approximately 15-20% of patients with breast cancer60 but 
overexpression of MYC mRNA and c-Myc protein occurs more frequently, generally 30-50%, 
particularly in high-grade tumors.60,62,63 Immunohistochemical studies have generally failed to 
demonstrate an association between c-Myc protein expression and outcome64 but this may be 
due, in part, to difficulties in assessing c-Myc expression by immunohistochemistry with currently 
available antibodies. While some studies show an association between c-Myc overexpression and 
negative prognostic factors such as poor differentiation and high proliferation index,62 at present 
it is difficult to draw definite conclusions regarding the prognostic significance of c-Myc protein 
overexpression in breast cancer.

Cyclin D1 protein is overexpressed in 45 % of breast cancers, predominantly in the ER-positive 
phenotypes.65 The expression of cyclin D1 protein mirrors stages in the progression model of 
breast cancer, being expressed at low levels in normal breast, then at increasing levels in hyperplasia 
and ductal carcinoma in situ.65 Amplification of the CCND1 gene, as part of the 11q13 locus, 
partially accounts for the observed overexpression being present in 13% of breast cancers. The 
overexpression of cyclin D1 protein in the remaining 30% of breast cancer cases is probably due 
to alterations in transcriptional regulation and/or protein stabilisation that may in turn be due to 
deregulation of upstream mitogenic signaling pathways.

In contrast to cyclin D1 and cyclin D3 that are highly expressed,66 cyclin D2 is not expressed 
in most cultured breast cancer cell lines or in breast cancer due to the cyclin D2 promoter being 
highly methylated.67 The relationship of cyclin D3 expression to clinicopathological parameters 
has only been examined in a small series of studies. These indicate that cyclin D3 is overexpressed 
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in 10% of breast cancers,68 is not associated with gene amplification or ER status but often cor-
relates with cyclin D1 overexpression.

Cyclin E1 is overexpressed in 30% of breast cancers,69 predominantly the ER-negative phe-
notype and is correlated with disease stage and markers of proliferation, i.e., Ki-67, PCNA and 
mitotic index.70,71 Low molecular weight forms of cyclin E1 have been detected in breast cancer 
and were proposed as indicators of poor patient outcome.72 Functionally, these isoforms may act 
through increased binding to CDK2 and decreased affinity for p21WAF1/Cip1 and p27Kip1,73 as well 
as differential regulation by full-length cyclin E1. However, recently the relevance of these low 
molecular weight forms has been questioned since these isoforms were also identified in normal 
mammary epithelial cells in a similar ratio to that found in breast cancer tissue.74

Data concerning the role of the more recently described cyclin E2 in breast cancer, is less evolved. 
Some of the earliest publications on cyclin E2 documented its overexpression in breast cancers, but 
these were restricted to small numbers of samples with limited clinicopathological data. Transcript 
profiles of larger series of breast cancers have identified cyclin E2 as a component of several gene 
expression signatures associated with reduced survival.75-77 Cyclin E2 is the only gene present in all 
three prognostic signatures and was among 60 genes associated with poor outcome in ER-positive 
patients.76 These data prompted two recent qRT-PCR studies of the potential role of cyclin E2 
as an individual prognostic marker compared with cyclin E1.78,79 Although cyclin E2 levels were 
similar in ER-positive and -negative cancers, cyclin E1 was more highly expressed in ER-negative 
cancers while cyclin E2 was significantly associated with both grade and ER-positivity.

Of the Cip/Kip family of CDK inhibitors, p27Kip1 has the strongest association with the 
disease process while there is conflicting evidence on the importance of p21WAF1/Cip1 expression in 
breast tumorigenesis. p27Kip1 is normally expressed at high levels in epithelial cells, but undergoes 
profound downregulation in breast cancer where it is strongly correlated with ER-negativity, high 
tumor grade and poor outcome. The downregulation of p27Kip1 does not appear to occur through 
genetic mutation or loss of heterozygosity. Instead p27Kip1 is downregulated through a combina-
tion of mechanisms including decreased stability of nuclear p27Kip1 through the amplification of 
processes responsible for its degradation.80 Both Skp2 and Cks1, which form part of the SCFSkp2 
complex that targets nuclear p27Kip1 for degradation, are amplified or overexpressed in breast 
cancer,81 and Skp2 overexpression correlates with low p27Kip1 expression.82

Dysregulated signaling through growth factor pathways also decreases nuclear p27Kip1 levels 
via cytoplasmic relocalisation and degradation. p27Kip1 is targeted for phosphorylation and subse-
quent degradation by the ErbB2 and EGFR MEK/MAPK and Ras signaling pathways, leading to 
degradation.83 Since these pathways are frequently altered in breast cancer, they are also likely to 
affect p27Kip1 activity through upregulation of c-Myc and cyclin D183 leading in turn to decreased 
p27Kip1 expression and increased levels of cyclin D-CDK4 complexes that sequester p27Kip1 with 
resultant increased cyclin E-CDK2 activity. Finally, the PI3K/PKB pathway, which is also acti-
vated via ErbB2 and Ras, targets p27Kip1 for cytoplasmic relocalization from the nucleus through 
phosphorylation of T157.83 The activation of PI3K is opposed by PTEN, which also downregu-
lates Skp2. PTEN is downregulated in breast cancer and is associated with low p27Kip1 levels.84 

Table 1. Aberrations of cell cycle regulators in breast cancer 

 Frequency Range (%) Mean (%)

MYC amplification 4-52 19
c-Myc overexpression 11-70 38
11q13 amplification 9-17 13
Cyclin D1 overexpression 28-81 45
Cyclin E overexpression 28-35 32
Decreased p27Kip1 expression 50-63 57
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While cytoplasmic p27Kip1 is often degraded, it has been suggested that the presence of low levels 
of undegraded cytoplasmic p27Kip1 may also provide an oncogenic feedback loop. Wu et al have 
identified that cytoplasmic p27Kip1 enhances the assembly of cyclin D1-CDK4 complexes, as well 
as increasing AKT kinase levels.85

Of the INK4 family of inhibitors, only p16INK4A is altered in breast cancer predominantly 
through promoter hypermethylation in 20-30% of cases.86 p16INK4A inhibits cell cycle progres-
sion by disrupting cyclin D-CDK 4/6 complexes such that Rb phosphorylation is inhibited. 
Given that Rb is not usually directly mutated in breast cancer, the inactivation of p16INK4A may be 
important to overcome cell cycle arrest. Several recent reports have identified p16INK4A promoter 
methylation in normal breast and in early benign lesions, suggesting that p16INK4A downregula-
tion may not associate with breast carcinogenesis.86-88 However, there is compelling evidence that 
it is a subpopulation of normal breast cells that have p16INK4A methylation.86 When cultured in 
vitro, this population escapes senescence and bear other characteristics of early carcinoma that 
are dependent on the p16INK4A methylation status, including upregulation of further methylation 
events and downregulation of p53.

Despite the importance of p16INK4A promoter methylation, it is actually the overexpression of 
p16INK4A that has been reported to be of prognostic significance in breast cancer. This has been 
examined in only a small series of studies, where overexpression of both p16INK4A mRNA and pro-
tein is associated with poor outcome.89,90 In two studies, the high levels of p16INK4A protein have 
been observed to be primarily cytoplasmic, perhaps indicating functional inactivation through 
cytoplasmic sequestration, or oncogenic cytoplasmic functions of p16INK4A.87,91

Thus, aberrant expression of several cell cycle regulatory genes is a common feature of breast 
cancer and often cosegregates with features of the pathophysiology of the disease e.g., disease 
phenotype and patient outcome. However, further work is required to determine if any of these 
will become biomarkers with clinical utility in the routine management of breast cancer.

Relationship of Cell Cycle Deregulation to Patient Outcome 
and Response to Endocrine Therapy

While there have been many studies in which archival tissue from breast cancer cohorts has 
been analyzed for expression of various cyclins, their relationship to response to endocrine therapy 
is not well defined. Thus, it is in cell culture systems that the evidence for the involvement of c-Myc 
and cyclins in the response to endocrine therapy, predominantly antiestrogens, is most compel-
lingly demonstrated (Fig. 4).

The role of c-Myc in the proliferative response to estrogens is discussed above and importantly, 
provides evidence that c-Myc may play a role in the development of antiestrogen resistance. 
Inhibition of ER by estrogen withdrawal, aromatase inhibition, or treatment with tamoxifen or 
faslodex (ICI 182780), all downregulate MYC mRNA, which in turn induces cell cycle arrest.25 
Conversely, the acquisition of estrogen independence in MCF-7 cells maintained in estrogen-de-
prived medium is associated with the upregulation of selected estrogen-regulated genes including 
ER and MYC.92 Furthermore, overexpression of c-Myc alone is capable of partially reversing the 
growth suppressive effects of antiestrogens in MCF-7 cells.30,93

The amplification of growth factor receptor signaling cascades can also converge on activation 
of c-Myc, thus potentially influencing endocrine responsiveness. High levels of ErbB2/ErbB3 
signaling are frequently observed in breast cancer and lead to persistent Ras and Akt activity via 
amplification of the MAPK and PI-3 kinase signaling pathways. Ras phosphorylates c-Myc at 
serine-62 leading to protein stabilization and activation of the PI-3 kinase pathway stimulates 
translation of MYC mRNA and protein stabilization.94,95 Furthermore, c-Myc protein levels are 
reduced by an ErbB2 inhibitor (PD153035) and this effect is reversed by ectopic expression of 
MYC.96 This is consistent with the clinically observed antiestrogen resistance seen in breast cancers 
overexpressing ErbB2. A synergistic interaction between deregulated c-Myc and EGFR signaling 
has also been seen in mammary carcinomas in transgenic mice.97 It is notable that co-amplification 
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of NEU/ERBB2 and MYC is associated with poorer survival in several clinical cohorts98 although 
data are conflicting in this regard.61

At a clinical level, the impact of MYC amplification and expression on response to endocrine 
therapy is less clear than might be expected from in vitro studies and there are few data evaluating 
the relationship between MYC amplification and response to endocrine therapy. In a cohort of 
181 patients with node-negative disease MYC amplification predicted recurrence but no differ-
ences were detected in the response to tamoxifen treatment among patients with and without 
gene amplification.61 In another study, those patients with MYC amplification tended to have a 
slightly longer progression-free survival on endocrine therapy.99 However, it is difficult to draw 
conclusions regarding the role of c-Myc from these small cohorts particularly because of the dis-
crepancy between MYC amplification ( 19%) and c-Myc protein overexpression ( 38%). Further 
elucidation of the relationship between c-Myc overexpression and response to endocrine therapy 
must await more reliable immunohistochemical assessment in large cohorts of patients treated in 
the context of randomized treatment trials.

Similarly, in clinical cohorts the role of the c-Myc target gene and cell cycle regulator p21WAF1/Cip1 
in predicting overall outcome and response to antiestrogen therapy remains the subject of debate. 
Some investigators show that p21WAF1/Cip1 expression predicts responsiveness to antiestrogens,100 
while others have shown no prognostic benefit in multivariate analyses.101,102 In contrast, other 
investigators have shown a negative association between cytoplasmic p21WAF1/Cip1 expression and 
outcome.103,104 These conflicting data may reflect the fact that p21WAF1/Cip1 function in breast cancer 

Figure 4. Overexpression of c-Myc, cyclin D1 or cyclin E1 modulates the response to anties-
trogens. A), Western analysis of c-Myc, cyclin D1 and cyclin E1 expression in breast cancer 
cells stably transfected with empty vector, or human cDNAs for c-Myc, cyclin D1 or cyclin 
E1. B), Acute effects of c-Myc, cyclin D1 and cyclin E overexpression on the response to 
the pure antiestrogen, ICI 182780. After treatment of proliferating cells with ICI 182780 at 
the concentrations shown, cells were harvested and stained with ethidium bromide. The S 
phase fraction was determined by flow cytometry and represented relative to vehicle treated 
controls. Data points indicate mean of duplicate experiments ± S.D.
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can also be influenced by p53 status, titration by cyclin-CDK complexes and intracellular localiza-
tion which were not accounted for in these studies.

Like c-Myc, evidence demonstrating the role of cyclins in mediating the proliferative effects of 
estrogen, suggest they may also be involved in the development of endocrine resistance. Sustained 
expression of cyclin D1 is seen in breast cancer cells during their acquisition of tamoxifen-resis-
tance.105 In these cells ER expression and function remained intact and the pure antiestrogen, ICI 
164,384 retained its anti-proliferative effects via suppression of cyclin D1. This is consistent with 
the clinical observation that patients with tamoxifen-resistant disease are able to derive benefit 
from second line therapy with ER downregulators.106 Interestingly, overexpression of cyclin D1 
confers complete resistance to the growth inhibitory effects of progestins.107 Cyclin D1 can also 
potentiate the transcriptional activity of the ER independently of estradiol, with some evidence 
that this effect is not inhibited by antiestrogens.108,109 This suggests a further mechanism by which 
the overexpression of cyclin D1 in breast cancers could lead to sustained ER signaling and endo-
crine resistance.

The situation is less clear when in vitro hypotheses derived from in vitro experiments are tested 
in a clinical setting. A large number of studies have examined the prognostic influence of changes 
in cyclin D1 expression and several show that a poor outcome is associated with amplification at 
the 11q13 locus.110 Subsequent studies demonstrated a shortening of relapse-free survival in as-
sociation with CCND1 amplification.111 However, many other studies have reported conflicting 
relationships between cyclin D1 overexpression and clinical outcome. Variation in methodolo-
gies, adjuvant treatment, ER assessment, size of the study cohort and the heterogeneity inherent 
in human populations may account for some of this variability. Certainly it is difficult to draw 
definitive conclusions about the relationship between cyclin D1 expression and prognosis from 
these studies.

When the more specific question of the potential role of cyclin D1 in endocrine responsiveness 
in the clinical setting is addressed, the data are again conflicting. There are reports of increased 
expression of cyclin D1 mRNA associated with a reduced response to tamoxifen treatment.112,113 
However, others have shown a trend towards superior response to tamoxifen in metastatic 
ER-positive tumors that overexpress cyclin D1.114 Thus, the true impact of cyclin D1 on the response 
and resistance to antiestrogens in a clinical setting remains the subject of debate and is urgently in 
need of further study in large cohorts of known therapeutic responsiveness.

It is clear from the earlier discussion that cyclin E-CDK2 complexes are also crucial in mediat-
ing estrogen-induced progression through the G1-S phase of the cell cycle and, as is the case for 
c-Myc and cyclin D1, there exist in vitro data supporting a role for cyclin E1 in the development 
of antiestrogen resistance. Studies in MCF-7 cells demonstrate that a three-fold overexpression of 
cyclin E1 can abrogate tamoxifen-mediated growth arrest.115 Cyclin E1 overexpression also confers 
partial resistance to the acute, inhibitory effects of ICI 182,780, although to a lesser extent than 
that observed with cyclin D1 (Fig. 4).116 Nonetheless, in clonogenic survival assays overexpression 
of both cyclin D1 and cyclin E1 confer significant resistance to the growth inhibitory effects of 
ICI 182,780.116

Cyclin E1 is overexpressed in 30% of breast cancers (Table 1) and studies of protein expres-
sion in breast cancer tissue show that cyclin E1 levels correlate strongly with disease-specific and 
overall survival. In addition, the production of low-molecular weight isoforms of cyclin E1 confers 
resistance to the effects of the CDK inhibitors p21WAF1/Cip1 and p27Kip1 and to the effects of anties-
trogens in MCF-7 cells.117 It has also been noted that in experimental systems, overexpression of 
the low molecular weight isoforms of cyclin E1 is associated with a defect in progression through 
S phase with concomitant accumulation of chromosomal instability.117 Importantly, the study on 
the role of full-length and low molecular weight isoforms of cyclin E1 demonstrated that cyclin E1 
outperformed other independent clinical and pathological risk factors of recurrence and death and 
is consistent with the data from several other clinical studies showing adverse outcome in associa-
tion with cyclin E1 overexpression.72 However, on multivariate analysis a number of other clinical 
studies have failed to show any association between cyclin E1 expression and outcome.70,118 There is 
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some evidence that cyclin E1 expression is associated with poor relapse-free survival specifically in 
patients treated with endocrine therapy.119 Other studies have shown that antiestrogen treatment 
has no influence on disease-specific survival among ER-positive cyclin E1 overexpressors, suggestive 
that cyclin E1 confers resistance to antiestrogens.72 Again, more definitive conclusions on the role 
of cyclin E1 in endocrine resistance must await data from large, randomized treatment trials.

Conclusion
Female sex steroid hormones are essential for normal mammary gland development and physi-

ological function through their regulation of cell proliferation, cell differentiation and cell death. 
These effects, which are retained in neoplastic breast tissue, are mediated, in part, by regulation of 
cell cycle regulatory molecules including cyclins, CDKs and CDK inhibition. There is compelling 
evidence that aberrant expression and regulation of these molecules accompanies the oncogenic 
process in breast tissue and may have a causative role in breast cancer development and progression. 
This, in turn, raises the possibility that cell cycle regulatory molecules may provide useful markers 
of disease progression and response to therapy and be targets for future therapeutic intervention. 
While there is strong preliminary data to support these concepts, more research is required to 
determine whether such goals are a likely clinical reality.
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Abstract

The majority of breast cancers are estrogen receptor (ER) positive and depend on estrogen 
for growth. Therefore, blocking estrogen mediated actions remains the strategy of choice for 
the treatment and prevention of breast cancer. The selective estrogen receptor modulators 

(SERMs) are molecules that block estrogen action in breast cancer but can still potentially maintain 
the beneficial effects of estrogen in other tissues, such as bone and cardiovascular system. Tamoxifen, 
the prototypical drug of this class has been used extensively for the past 30 years to treat and pre-
vent breast cancer. The target of drug action, ERs alpha and beta, are the two receptors which are 
responsible for the first step in estrogen and SERM action. The SERM binds to the ERs and confers 
a unique conformation to the complex. In a target site which expresses antiestrogenic actions, the 
conformation of the ER is distinctly different from estrogen bound ER. The complex recruits protein 
partners called corepressors to prevent the transcription of estrogen responsive genes. In contrast, 
at a predominantly estrogenic site coactivators for estrogen action are recruited. Unfortunately at 
an antiestrogenic site such as breast cancer, long term SERM therapy causes the development of 
acquired resistance. The breast and endometrial tumor cells selectively become SERM stimulated. 
Overexpression of receptor tyrosine kinases, HER-2, EGFR and IGFR and the signaling cascades 
following their activation are frequently involved in SERM resistant breast cancers. The aberrantly 
activated PI3K/AKT and MAPK pathways and their cross talk with the genomic components of 
the ER action are implicated in SERM resistance. Other down stream factors of HER-2 and EGFR 
signaling, such as PI3K/AKT, MAPK or mTOR pathways has also been found to be involved in 
resistance mechanisms. Blocking the actions of HER-2 and EGFR represent a rational strategy for 
treating SERM resistant phenotypes and may in fact restore the sensitivity to the SERMs. Another 
approach exploits the discovery that low dose estrogen will induce apoptosis in the SERM resistant 
breast cancers. Numerous clinical studies are addressing these issues.

Introduction
selective estrogen receptor modulators (SERMs) are molecules which bind to estrogen 

receptors (ERs) and confer either estrogen-agonistic (estrogen-like) or estrogen-antagonistic 
(antiestrogen-like) actions in various estrogen target tissues and cells. In other words, the same 
SERM molecule can be estrogen agonistic in some tissues, as well as estrogen antagonistic in others, 
in the same organism at the same time. This pharmacology is unique and has allowed the SERMs 
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to be not only valuable tools to dissect the subcellular action of estrogen but also has opened the 
door to important therapeutic applications. However, SERMs did not appear suddenly as a new 
drug group but were originally referred to as nonsteroidal antiestrogens1 that have continuously 
evolved and been evaluated for different clinical application during the past 50 years.

Nonsteroidal antiestrogens were originally investigated as agents to modulate reproductive 
functions.2 They were effective as post coital contraceptives in rats3 but actually induced ovula-
tion in subfertile women.4 The failure of antiestrogen to become antifertility agents throughout 
the 1960’s resulted in a decline in interest by the pharmaceutical industry in developing the drug 
group. Nevertheless, the molecules were of pharmacological interest and became important tools 
in endocrine research to decipher the actions of estradiol (Fig. 1). As a drug group, the nonsteroidal 
antiestrogens were noted to block estrogen binding to its target tissues e.g., uterus, vagina and some 
breast cancers5-7 because they were competitive inhibitors of estradiol binding to ER.8,9

One compound ICI 46,474 was studied extensively because fashions in research changed sig-
nificantly during the 1970s. There was a new focus on cancer research which, in this case, built on 
the prior experience with reproductive endocrinology.10 ICI 46,474, the failed contraceptive was 
reinvented to become tamoxifen (Fig. 1), the first antiestrogen for the treatment of breast cancer.11 
This in turn caused an evaluation of the molecular mechanisms of its antitumor action. During 
1970s a treatment strategy was developed in the laboratory so that tamoxifen was subsequently 
targeted to the patients with ER positive tumors, administered as a long term adjuvant therapy in 
early stage disease which resulted in a significant advance in cancer therapy with survival advantages 
for hundreds of thousands of patients.12

In the laboratory, the discovery that tamoxifen needed to be hydroxylated to 4-hydroxytamoxi-
fen to achieve high binding affinity for the ER13,14 created an important laboratory tool to examine 
antitumor actions in vitro, to study structure function relationships1,15 and ultimately to discover 
the actual molecular mechanisms of antiestrogen action at the ER level.16 Overall the SERMs have 
played a pioneering role in cancer treatment both as laboratory tools and targeted agents in cancer 

Figure 1. Chemical structures of 17-  estradiol, tamoxifen and raloxifene.
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therapeutics. This chapter will trace their continuing development and current role in deciphering 
the complex signaling pathways that occur with the evolution of antihormonal drug resistance.

Estrogen, Tamoxifen and Cancer
As early as 1896, Dr. George Thomas Beatson noted that ablation of the ovarian stimulus (es-

trogen) restricted the growth of breast cancers.17 Unfortunately only limited numbers of the breast 
cancer responded to the ablative surgery. More than 50 years later, the studies by Elwood Jensen,18 
that initially defined the target site specificity of estrogen action, helped further in understanding 
the requirement of the ER for the estrogen dependent growth of breast cancers.19 The potential 
of tamoxifen (known as an anti-estrogen, at that time) to be used as an anti-breast cancer agent 
was recognized when it was reinvented from a failed contraceptive to become the first targeted 
drug for the treatment of breast cancer (see above).11 Numerous studies using laboratory animals 
demonstrated the anti-tumor effects of tamoxifen. Early studies using a carcinogen-induced 
rat mammary tumor model revealed that tamoxifen was able to inhibit the growth as well as 
the tumor initiation.20-24 However, long term therapy was stated to be the correct clinical strat-
egy for the adjuvant treatment of breast cancer.25,26 Similar findings were subsequently noted in 
xeno-transplanted ER positive breast cancer cells in the athymic (immuno-deficient) mice model. 
Tamoxifen was able to inhibit the estrogen-induced growth of the ER expressing breast tumors 
(MCF7 and ZR75) but not of ER negative (MDA-MB 231) tumors.27,28 Overall these studies 
clearly indicated the anti-tumor effects of tamoxifen in ER positive breast cancers. The knowledge 
from the laboratory experiments, that tamoxifen could be used as a therapeutic agent to treat ER 
positive breast cancers, were successfully translated to clinical trials.29,30 An early overview study 
combining 40 adjuvant tamoxifen trials noted highly significant benefits in both disease-free and 
overall survival.31 A subsequent overview of randomized trials relevant to tamoxifen indicated 
that longer (5 years) duration treatments with tamoxifen are beneficial than shorter (1-2 years) 
treatments. Significant reduction in mortality was also observed with 5 years of treatment than 
shorter treatments.12 Unfortunately treatment duration more than five years do not produce further 
benefits,32 however, effective continuing reduction in breast cancer recurrence is noted for more 
than a decade after the termination of tamoxifen therapy.12,33 The clinical trials for tamoxifen as 
an adjuvant therapy for breast cancer also revealed that 5 years of tamoxifen therapy reduces the 
recurrence of breast cancer and also the incidences of contralateral second primary breast tumors 
by fifty percent.12,34 This led to the possibility that tamoxifen has potential as a chemo-preventive 
agent. However, the chemosuppresive actions of tamoxifen was already established earlier in ex-
periments done in laboratory animals.20,35 Several studies have now established that tamoxifen can 
significantly reduce the number of ER positive breast cancers in high risk group of both pre and 
post-menopausal women,33,36-39 and is currently in use for therapeutic prevention of ER positive 
breast cancers in high risk population.

The idea that SERMs could be multifunctional medicines was based on the laboratory observa-
tions that a failed breast cancer drug keoxifene40 (LY156758) actually maintained bone density in 
ovariectomized rats41 and the same doses prevented mammary cancer in rats.42 Most importantly, 
keoxifene was less estrogenic than tamoxifen in the rodent uterus43 and was shown less active at 
stimulating human endometrial cancer growth in laboratory animals.44 The publication of the 
idea35,45 that nonsteroidal compounds of the same class as tamoxifen could be used to prevent 
osteoporosis in postmenopausal women but prevent breast cancer at the same time directly led to 
the subsequent re-examination of the pharmacology of keoxifene and the renaming of the com-
pound into raloxifene (Fig. 1). The clinical investigation that a SERM could be used to prevent 
osteoporotic fractures but at the same time reduce the incidence of breast cancer46 created a new 
dimension in chemoprevention.47 Raloxifene was advanced for testing against the veteran tamoxifen 
to reduce breast cancer incidence in high risk postmenopausal women in the study of tamoxifen 
and raloxifene or STAR trial. Recent reports48 demonstrate that raloxifene is equally effective as 
tamoxifen in preventing breast cancers in post-menopausal women. The study also showed lower 
incidence of endometrial cancer associated with raloxifene treatment than in case of tamoxifen. 
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Therefore, the clinical foundation to discover the ideal SERM has now been established. The 
SERM should prevent breast and endometrial cancer but increase bone density and reduce frac-
tures. The challenge of molecular medicine for the future is to decipher the endocrine mediated 
control mechanisms for reversing or slowing the development of atherosclerosis, reducing hot 
flashes and defining the importance of estrogen regulated CNS function. To achieve these goals 
there is now a focused effort to understand the molecular modulation of estrogen action using 
SERMs as laboratory tools in estrogen target tissues and to understand SERM-stimulated drug 
resistance to optimize cancer control.

Molecular Mechanism of SERM Action
Mechanism of SERM action depends upon several factors. Essentially, SERMs bind to ERs 

 and/or  subtypes and confer a unique conformation to the ER. The complex further recruits 
coregulators and other accessory proteins at the estrogen-responsive elements of the promoters of 
specific genes to activate or repress transcription.49 To completely understand the individual roles 
of these factors, we will discuss them separately.

Estrogen Receptors
Two sub-types of ERs  and  are responsible for the estrogen or SERM mediated effects. 

Different binding affinities of SERMs to these receptors and differential expression of these two 
sub-types in various target cells may account for selective modulation in some tissues.50 In addition, 
hetero-dimerized ERs  and  may induce unique effects on estrogen- and tamoxifen-dependent 
gene expression.51 A recent report also indicates that ER  mediates the effects on ER  induced 
transcription in ER positive breast cancer cells.52

Structurally, ER protein can be subdivided into six domains based on the function controlled 
by that region. The A/B domain contains one of the two transcriptional activation functions 
(AFs), known as AF1 which is largely involved in estrogen-independent activation of transcription. 
Another activation function domain, AF2, is located in the E domain which also harbors the ligand 
binding domain (LBD) and is involved in estrogen/ligand-dependent activation.53 The structural 
studies of LBD of ERs  and  complexed with a SERM reveal that reorientation of the AF2 helix 
(helix 12) after the binding of the SERM to the hydrophobic pocket of the LBD and the interaction 
of amino acid asp351 of ER  with the alkylaminoethoxyphenyl side chain of tamoxifen are crucial 
for the corepressor recruitment to the surface of SERM-receptor complex.16,54,55 Due to the usage of 
different mutants of ER  for the amino acid asp351 it is known that shielding and neutralization 
of asp351 by the side chain of raloxifene is critical in defining the antiestrogenicity of this SERM.56 
The involvement of the asp351 is further exemplified by changing the aspartate to glycine which 
abolishes the estrogen-agonist activity of tamoxifen, while retaining its antagonistic property.57 
AF2 region of the agonist-bound receptor is particularly important for the interactions of steroid 
receptor coactivators (SRCs 1-3) via the interacting amino acid motif LxxLL. Recruitment of these 
co-activator(s) to the promoters of estrogen responsive genes is also responsible for facilitating the 
activation of transcriptional machinery by chromatin remodeling. Additionally, SERMs may also 
show differential AF1 activity mediated by corepressor binding.58 Using ERE-reporter constructs, 
it has been shown that AF1 domain of ER  is actively involved in agonist-induced gene expression 
whereas AF1 domain of ER  is involved very weakly.59

The activated ER binds to the specific estrogen responsive elements (ERE), found within the 
promoter region of responsive genes. Significantly, the nature of these DNA sequences also influ-
ences the recruitment of the coregulator proteins to the ER at the promoters. Using various ERE 
containing DNA sequences, it has been found that liganded ER  and  regulate the interaction 
of the coregulators depending upon the type of ERE, to which the receptor is bound.60

Coregulators
Interaction of particular coregulators (co-activators and corepressors) with the liganded estro-

gen receptors modulates the transcription of the responsive genes. Around 200 coactivators are 
currently known, which are associated with 48 nuclear receptors.61 The coactivators undoubtedly 
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play defining roles in the activity of SERMs by cell or tissue specific expression pattern of genes. 
Studies have indicated that the relative abundance of a co-activator, SRC1 (steroid coactivator 1) in 
uterine cells is responsible for the agonistic activity of tamoxifen in those cells, whereas tamoxifen 
acts as an estrogen antagonist in breast cancer cells where the SRC1 levels are low.62 However, 
raloxifene, another related SERM, does not recruit SRC-1 even in the uterine cells,62 underscoring 
the fact that the SERM induced conformation of estrogen receptor is crucial for the interaction 
of coregulators. Consistent with these findings, earlier studies have reported tamoxifen-induced 
growth of endometrial cancer cells but not of breast cancer cells in athymic mice63 and also that 
raloxifene (keoxifene) is less estrogenic to endometrial cancer cells.44 These finding translate to 
clinical experience.48 Furthermore, SERMs can also increase the stability of the co-activators 
(SRC1 and SRC3) and thereby enhance the transcriptional capability of other nuclear recep-
tors.64 In addition to transcriptional regulation, relative abundance and stability of co-activators, 
post-translational modifications particularly, different phosphorylation and sumoylation states of 
the co-activators can also drastically influence the capacity to interact with ER and other members 
of the transcriptional complex and regulate the gene activation.65,66

Corepressors proteins, on the other hand are functional counterparts of co-activators, which 
are associated with transcriptionally inactive promoters and thus help repress the expression of 
genes.67 There are fewer corepressors known than the co-activators. In the case of ER, the co-
repressors are known to interact with the unoccupied and antagonist bound receptor. Nuclear 
receptor corepressor (NCoR) and silencing mediator of retinoic acid and thyroid hormone 
receptor (SMRT) are the two most extensively studied corepressors in connection with ER. The 
ER bound to raloxifene or 4-hydroxytamoxifen (a potent antagonist metabolite of tamoxifen) is 
known to recruit NCoR and SMRT to the promoters of estrogen responsive genes and repress 
transcription.62,68,69 It has been shown that inhibition of NCoR or SMRT by using antibodies can 
enhance the agonistic property of 4-hydroxytamoxifen.70 Moreover, using fibroblasts from NCoR 
null mice, 4-hydroxytamoxifen was shown to be relatively potent ER  agonist.71 The critical role 
of NCoR and SMRT in 4-hydroxytamoxifen-induced arrest of cell proliferation of ER  positive 
breast cancer cells was illustrated when 4-hydroxytamoxifen-stimulated cell cycle progression was 
noted in the breast cancer cells deficient in NCoR and SMRT.72 However this study also found 
that not all estrogen responsive genes were activated by 4-hydroxytamoxifen in NCoR and SMRT 
deficient cells, clearly indicating that other molecules may also be important in SERM-induced 
repression of estrogen responsive genes. Indeed, there are several other corepressor proteins known 
for ER. Metastasis associated protein 1 (MTA 1) is a corepressor found to mediate the ER tran-
scriptional repression.73 Another corepressor, known as repressor of estrogen action (REA) was 
able to potentiate the inhibitory effects of anti-estrogens including 4-hydroxytamoxifen. It was 
also found that REA interacted with ER and competed with the co-activator SRC1 for binding to 
the estrogen bound ER.74,75 This again emphasizes the fact that the relative levels of coregulators 
may be important in deciding the outcome of the SERM action. The proteasomal regulation of 
NCoR is another factor which may influence the SERM action. Degradation of NCoR by 26S 
proteasome is known and is mediated by seven in absentia homologue 2 (Siah2).76 Interestingly, 
estrogen mediated up-regulation of Siah2 in ER positive breast cancer cells has been implicated in 
proteasomal degradation of NCoR and subsequent de-repression of NCoR regulated genes.77

In addition to acting as a “transcriptional adapter” between the receptors and the transcrip-
tional machinery, the coregulator itself or its complex possess various enzymatic activities such 
as acetylation, phosphorylation, methylation or deacetylation by which they are able to modify 
the local chromatin structure such as to make the environment conducive for gene expression or 
repression. Intrinsic histone acetyl transferase activity was found to be associated with co-activator 
SRC1 which helps in the activation of transcriptional expression.78 In contrast, the 4-hydroxy-
tamoxifen bound ER complex which recruits the corepressors NCoR and SMRT is associated with 
histone deacetylases and other chromatin modifying enzymes. The deacetylase activity promotes 
transcriptional repression.62,79 Interestingly, another enzyme in the coactivator complex, CARM1 
(coactivator associated arginine methyltransferase 1) has recently been implicated in modifying 
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the coactivator itself and inducing the degradation of the complex.80 This suggests the ability of 
the enzymes in the complex to modify other proteins of its own complex apart from modification 
of the chromatin.

Evolution of SERM Resistant Breast Cancers
The preventive and therapeutic efficacy of SERMs for breast cancers is limited by the develop-

ment of resistance for the SERMs. Initially, the development of SERM resistance was considered 
as overgrowth of ER negative cell population, over the growth arrested ER positive cells, by the 
antiestrogen (SERM) treatment.81 However, we now know that there are various forms of SERM 
resistant breast cancer and studies of these resistant forms have led to novel therapeutic approaches. 
In general terms, SERM resistant breast cancers can be divided into two categories (a) de novo 
resistance and (b) acquired resistance. De novo resistance is defined as ER positive breast cancers 
which are nonresponsive to SERM therapy from the very beginning. De novo resistance can be 
demonstrated in the laboratory when ER positive MCF-7 breast cancer cells are stably trans-
fected with the HER-2/neu gene. Tumors form very rapidly even during tamoxifen treatment.82 
Acquired resistance, on the other hand show those ER positive breast cancers which initially 
respond to SERM therapy, but do not continue to respond during long term therapy81 (Fig. 2). 
This concept is illustrated in the laboratory if wild type MCF-7 breast cancer cells are inoculated 
into ovariectomized athymic mice and treated with tamoxifen. Initially most tumors do not grow 
but some tumors start to grow in the presence of the antiestrogen after about a year. If the growing 
tumors are transplanted into other athymic mice they will grow in response to either estrogen or 
tamoxifen.83 Functional ER expression is still maintained in these SERM resistant cells. SERM 
resistance is unique because when the SERM is complexed with ER there is SERM stimulated 
growth. Examination of this form of SERM resistance in the clinic demonstrates that SERM 
resistant tumors can still respond to fulvestrant, a pure ER antagonist or the aromatase inhibitors 
which block the peripheral synthesis of estrogen in postmenopausal women.84 This form of drug 
resistance i.e., SERM stimulated growth is referred to as phase I drug resistance (Fig. 2). Models 
for tamoxifen and raloxifene resistance are well described in the literature.83,85

Mechanism of SERM Resistance
Although the precise molecular mechanism for the SERM resistance is not completely under-

stood, several genomic and extra-genomic factors are being shown to be involved in imparting 
resistance to SERMs or play a role in SERM induced growth of breast cancer cells. However, it 
is highly unlikely that any one particular mechanism is responsible for the SERM resistance in 
all patients. It could be possible that a combination of several factors may be responsible for the 
SERM resistance but for the sake of clarity these factors are discussed here individually.

Role of Epidermal Growth Factor Receptors (EGFRs)  
in SERM Resistant Breast Cancers

Signaling cascades originating from the cell surface of the cancer cells may drastically influ-
ence the genomic actions mediated by ER. One of the most prominent and well studied signaling 
pathway is the EGFR2, also known as HER-2/neu. HER-2, a receptor tyrosine kinase, is a member 
of the EGFR family and its amplification or overexpression is frequently associated with an ag-
gressive phenotype of cancers.86-88 Indeed, overexpressing HER-2 in ER positive MCF-7 breast 
cancer cells prevents the cells from responding to tamoxifen.82,89 The mechanism by which HER-2 
overexpression confers tamoxifen resistance and switches tamoxifen bound ER to an agonistic 
configuration has recently been described90 (Fig. 3). An increased cross-talk between HER-2 and 
estrogen signaling pathways coupled with high SRC3 levels are responsible for subverting the abil-
ity of the tamoxifen bound ER to recruit corepressors. Instead the tamoxifen ER complex recruits 
coactivator SRC3.90 Consistent with this conclusion, another study recently reported resensiti-
zation to tamoxifen by silencing the SRC3.91 Additionally, in cells that overexpress HER-2, the 
agonistic activity of tamoxifen was reverted to an antagonist action by using inhibitors of HER-2 
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signaling.82,90 This being the case, it is therefore important to understand the underlying mecha-
nism of HER-2 initiated signaling cascades so that new therapeutic strategies can be formulated. 
Phosphatidylinositol-3-kinase (PI3K)/AKT and mitogen-activated protein kinases (MAPK) are 
the two critical signaling pathways which are activated aberrantly, in cells that overexpress HER-2.92 
Indeed, activation of AKT in ER positive breast cancer patients predicts decreased overall survival 
in tamoxifen treated patients.93,94 Estrogen can rapidly activate AKT via the HER-2 pathway in cells 
expressing low levels of HER-2 and 4-hydroxytamoxifen can block this activation.95 However, in 
breast cancer cells overexpressing HER-2, 4-hydroxytamoxifen can also activate AKT pathway in 

Figure 2. Diagram depicting different phases of SERM resistant breast cancers.

Figure 3. Schematic representation of cross talk between HER2 and estrogen signaling pathways. 
High HER2 expression activates AKT and MAPK pathways which can phosphorylate estrogen 
receptor (ER) and steroid coactivator 3 (SRC3). Phosphorylated ER can activate transcription 
independent of ligand. Tamoxifen bound phosphorylated ER can recruit phosphorylated SRC3 
instead of corepressors and act as an estrogen agonist.
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a HER-2 dependent manner,90 exemplifying the conversion of 4-hydroxytamoxifen to an agonist. 
Both AKT and MAPK pathways can phosphorylate ER as well as the coactivator AIB1 (SRC3). 
Serine 167 residue of ER can be phosphorylated by AKT,96 whereas serine 118 residue of ER can 
be phosphorylated by the MAPK pathway, both resulting in ligand-independent activation of 
estrogen receptor.97,98 Not surprisingly, breast cancers with high levels of SRC3 along with HER-2 
over-expression are associated with worse outcome following tamoxifen therapy, indicating 
resistance.99 A recent study have also reported that specific phosphorylation of ER can modify 
the binding ability of ligands and also modulate its capacity to interact with co-activators.100 In 
addition to HER-2, elevated level of EGFR/HER-1, another member of the EGFR family, is also 
correlated with poor prognosis and has been implicated in SERM resistant breast cancers.101,102 
Different members of EGFR family can dimerize, autophosphorylate and activate different sig-
naling pathways. Long term treatment with tamoxifen, resulting in resistance, is also associated 
with increased translocation of ER  out of the nucleus and enhanced interaction with EGFR.103 
Similarly, high levels of HER-2 were found to increase the relocalization of ER  from nucleus to 
cytoplasm.104 It is therefore evident from these findings that aberrant signaling cascades initiated 
by over-expressing EGFR and HER-2, particularly involving PI3K/AKT and MAPK pathways, 
are critically involved in cross talk with the genomic components of ER responses. All of these 
events may merge to create resistance to SERM treatment.

Other Factors Involved in SERM Resistant Breast Cancers
In addition to aberrant activation of AKT and MAPK pathways in SERM resistant breast 

cancers, several other factors have also been reported. The mammalian target of rapamycin 
(mTOR), which is a downstream target of PI3K/AKT and MAPK pathway,105,106 is found to be 
involved in estrogen induced proliferation of ER positive breast cancer cells.107,108 Furthermore, 
specific inhibitors of the mTOR pathway restore sensitivity to tamoxifen in a tamoxifen resistant 
cell line, both in vitro and in vivo.109

Another downstream target of EGFR and HER-2, is c-Src which phosphorylates p27 and 
impairs its inhibitory action on cyclin dependent kinase 2 (Cdk2) resulting in increased mitogenic 
activity. This mechanism is also implicated in tamoxifen resistance, as inhibition of c-Src was found 
to restore tamoxifen sensitivity.110

A rather novel approach to reversing tamoxifen resistance is to use disulfide benzamide (DIBA) 
that disrupts the zinc fingers of ER DNA binding domain and prevents the association of coactiva-
tors with 4-hydroxytamoxifen bound ER. DIBA was able to restore the tamoxifen sensitivity in 
several different tamoxifen resistant cells. However, this effect was achieved without altering the 
phosphorylation statuses of HER-2, MAPK, AKT and AIB1 in these cells.111 It is possible that 
the use of DIBA with an inhibitor of phosphorylation would be a reasonable strategy for long 
term therapeutic use.

Therapeutic Options for SERM Resistant Breast Cancers
Since EGFR and HER-2 mediated signaling events play important roles in SERM resistant 

phenotype of breast cancers, blocking these pathways represent a logical approach in combating 
SERM resistance. Indeed, several laboratory studies have used selective inhibitors of HER-2 
and/or EGFR in SERM resistant cells and reported beneficial outcomes, including reversal of 
SERM resistance.90 A recent study112 demonstrates that using a combination of three drugs, all 
targeting the HER2 by different mechanisms, along with tamoxifen or estrogen deprivation could 
effectively block the growth of HER2 overexpressing ER positive breast cancer in athymic mice. 
In another study using raloxifene resistant breast cancer cells, blocking of HER-2 activation by 
trastuzumab (humanized monoclonal antibody against HER-2) was found to decrease the growth 
of the resistant tumors in laboratory animals.85 This approach was particularly effective in pre-
venting the growth of tamoxifen stimulated endometrial cancers.113 Clinical efforts are therefore 
directed towards using either small molecule inhibitors against EGFR and HER-2 or humanized 
monoclonal antibody against HER-2 as a monotherapy or in combination with other therapies 
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including SERMs, in patients not responding to endocrine therapies.114 As mentioned earlier 
aromatase inhibitors or fulvestrant are equally effective at treating breast cancer patients who are 
already resistant to tamoxifen. However, laboratory studies115 now show that the initial inhibition 
of tumor growth, by either fulvestrant or estrogen deprivation is quickly followed by resistance 
and all the resistant tumors exhibit elevated levels of phosphorylated AKT and MAPK.115 Tumor 
control by fulvestrant or estrogen deprivation is enhanced when this approach is combined with 
therapy that inhibits the EGFR/HER-2 signaling. These findings further underscore the idea that 
inhibiting the downstream targets of AKT and MAPK pathway, like mTOR, may be of significant 
importance in attenuation of SERM resistance.109

Resistance to Long Term Antihormone Therapy
The laboratory models and mechanisms discussed so far really represent the early stages of drug 

resistance to SERMs. The models replicate treatment of metastatic breast cancer with tamoxifen 
and do not replicate the strategy of long term adjuvant therapy with 5 years of tamoxifen. To ad-
dress this deficiency tamoxifen-stimulated breast tumors have been repeatedly transplanted into 
tamoxifen-treated athymic mice to replicate micrometastases that grow in a tamoxifen environment 
for years. Remarkably, the signal transduction pathways in tumor cells become reconfigured so 
that estrogen is no longer a survival signal but triggers apoptosis in phase II resistant breast cancer 
cells116-118 (Fig. 2).

Estrogen Induced Apoptosis
Phase II tamoxifen stimulated tumors are dependent upon tamoxifen for growth and are cross 

resistant with raloxifene.119 Indeed the converse is also true. Raloxifene-resistant breast cancer cells 
can be grown into tumors in athymic mice by treatment with either raloxifene or tamoxifen.118 
However, it is the dramatic antitumor effect of estrogen as a major factor in breast tumor cell 
survival that is intriguing. High dose estrogen therapy was originally used as a palliative treatment 
for postmenopausal metastatic breast cancer before tamoxifen, an antiestrogen, was developed 
during the 1970’s.11 Alexander Haddow120 reported that high doses of synthetic estrogens would 
produce a 30% response rate in unselected patients and the responses would last about one year. 
Despite the fact that treatment with high dose estrogen therapy has slipped into disuse with the 
ubiquitous use of tamoxifen and new aromatase inhibitors, recent laboratory studies indicate that 
low dose, rather than high dose, estrogen could again find a place in the treatment paradigm of 
metastatic breast cancer. The first indication that this was true occurred when the findings that 
physiologic level of circulating estradiol could cause tumor regression in long term tamoxifen re-
sistant tumors (phase II).116,117 The idea is now being advanced to the clinic as there is every reason 
to believe that the concept will translate as a treatment for antihormone resistant breast cancer. It 
is already known that high dose estrogen produces a 30% response rate in patients whose tumors 
are refractory following exhaustive antihormonal therapy.121

Additionally the paradoxical effect of estrogen to induce apoptosis is not limited to SERM 
resistant breast cancer cells, but has also been observed in estrogen deprived breast cancer cells.122,123 
Although the precise mechanism of estrogen induced apoptosis is under intense investigation, 
studies have indicated the involvement of mitochondrial pathway of apoptosis in estrogen deprived 
cells,124 and a different mechanism in raloxifene resistant cells.118 Most importantly, laboratory 
studies have shown that the breast cancer cells that become resistant to estrogen induced apoptosis 
regain the sensitivity for SERM therapy.117 Therefore, it is possible that cyclical treatments with 
SERM and estrogen may help to control breast cancer growth for a prolonged period.125

Conclusion
Currently, tamoxifen, the prototypical SERM, can be used to treat all stages of ER positive 

breast cancers and for chemoprevention in high risk women. The effectiveness of this class of drugs 
is based on selectively blocking the estrogen mediated effects in the breast cancer. The fact that the 
ER is such an important target and that majority of breast tumors are ER positive has made ER 
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blockade such a significant therapeutic success. This clinical success has led to the development 
of other SERMs in the group, like raloxifene, with fewer undesirable effects. However, despite 
significant advances the use of long term SERM treatment is ultimately associated with acquired 
breast cancer resistance. Nevertheless, studies during the past decade have identified specific signal-
ing pathways that are involved in the cross talk with ER signaling, thereby creating resistance to 
SERMs. Although encouraging results and strategies are being developed to employ inhibitors of 
phosphorylation pathways it may be that the tumors develop too many signaling options to use a 
single approach to block resistance. In this regard the novel finding that estrogen will eventually 
induce apoptosis in SERM resistant breast cancer cells merits further detailed study for its wider 
therapeutic use. It may be that the skill of the ER to activate apoptosis can be used to identify an 
apoptotic trigger to kill cancer cells selectively.
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Abstract

The treatment of breast cancer with selective estrogen receptor modulators such as tamoxi-
fen and with aromatase inhibitors represents a major advance in cancer chemotherapy. 
However, there are large variations among patients in both the therapeutic efficacy and side 

effects of these drugs. Pharmacogenomics is the study of the role of inheritance in this variation 
and genetic variation in tamoxifen response represents one of the most striking examples of the 
potential clinical importance of pharmacogenomics. Tamoxifen requires “metabolic activation” 
catalyzed by cytochrome P450 2D6 (CYP2D6) to form hydroxylated metabolites—4-hydroxy-
tamoxifen and endoxifen (N-desmethyl-4-hydroxytamoxifen)—both of which are much more 
potent than is the parent drug. However, CYP2D6 is genetically polymorphic. Approximately 
5-8% of Caucasian subjects are CYP2D6 “poor metabolizers” on a genetic basis and, as a result, are 
relatively unable to catalyze tamoxifen hydroxylation. These same subjects appear to have poorer 
outcomes when treated with tamoxifen than do CYP2D6 “extensive metabolizers”. These data 
led the US Food and Drug Administration (FDA) to hold public hearings in 2006 on the inclu-
sion of this pharmacogenomic information in tamoxifen labeling. However, a series of important 
questions still remains to be addressed with regard to tamoxifen pharmacogenomics. There have 
also been preliminary attempts to study the pharmacogenomics of aromatase inhibitors, including 
the application of a genotype-to-phenotype research strategy designed to explore the nature and 
extent of common DNA sequence variation in the CYP19 gene that encodes aromatase. Those 
results—together with our current level of understanding of tamoxifen pharmacogenomics—will 
be reviewed in this chapter and both will be placed within the context of the overall development 
of pharmacogenomics.

Introduction
Pharmacogenomics is the study of the role of inheritance in individual differences in drug 

response.1 The therapy of breast cancer with selective estrogen receptor modulators (SERMs) 
such as tamoxifen and with aromatase inhibitors represents a major advance in the drug therapy 
of cancer.2 That advance is part of a “therapeutic revolution” which occurred during the latter half 
of the twentieth and continues into the twenty-first century.3 The convergence of that revolution 
with the dramatic advances that occurred at the same time in human genomics4,5 makes it possible 
to apply the techniques of modern genomic science in an attempt to understand the contribution 
of inheritance to variation in drug response phenotypes. That variation can range from adverse 
drug reactions at one end of the spectrum to lack of the desired therapeutic effect at the other. 
Pharmacogenomics is a major component of efforts to “individualize” medicine and one of the 
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most striking examples of the potential of pharmacogenomics to influence clinical practice involves 
the use of tamoxifen to treat breast cancer.

Pharmacogenomic effects are often classified as those that alter factors which influence the 
concentration of drug reaching its target, so-called “pharmacokinetic (PK)” factors and those that 
involve the drug target itself, “pharmacodynamic (PD)” factors.1 When a drug such as tamoxifen 
is administered to a patient, it must be absorbed, distributed to its site of action, interact with its 
target(s), undergo metabolism and, finally, be excreted.6 Absorption, distribution, metabolism 
and excretion can all influence “PK”—the concentration of drug or, in the case of tamoxifen, the 
concentrations of active metabolites of the drug, that finally reach the target. Genetic variation 
can also occur in the drug target itself or in signaling cascades downstream from the target, in this 
case involving “PD” factors. Historically, pharmacogenomic studies began with the observation of 
variation in phenotype, for example, the occurrence of an adverse drug reaction and then moved 
from clinical phenotype to biochemical cause, e.g., inherited lack of a drug-metabolizing enzyme 
and, ultimately, to the genome, in a “phenotype-to-genotype” progression. However, in today’s 
post-genomic world, application of a genotype-to-phenotype research strategy is also possible. 
In the subsequent discussion of the endocrine therapy of breast cancer, both approaches will be 
illustrated.

The therapy of breast cancer patients with tamoxifen, as mentioned previously, represents a 
striking example of the potential clinical importance of pharmacogenomics—and the develop-
ment of our knowledge of tamoxifen pharmacogenomics will be outlined subsequently. Studies 
have also been initiated of the pharmacogenomics of aromatase inhibitors, although they are not 
as well developed as is tamoxifen pharmacogenomics. Some of those latter studies began with an 
attempt to define common variation in the sequence of the aromatase gene (CYP19), the gene 
that encodes the target for aromatase inhibitors. In subsequent paragraphs, the observations 
and insights that resulted in our present understanding of tamoxifen pharmacogenomics will be 
described, followed by a brief overview of initial efforts to study the pharmacogenomics of aro-
matase inhibitors. Finally, both of these efforts involving the endocrine therapy of breast cancer 
will be considered within the context of the development of pharmacogenomics as a discipline, 
developments that promise to soon make it possible to query the entire human genome in order 
to better individualize drug therapy.

Tamoxifen Pharmacogenomics
Tamoxifen therapy of breast cancer patients represents one of the most striking and clinically 

relevant examples of the application of pharmacogenomics in an attempt to “personalize” phar-
macologic therapy. It also illustrates the way in which knowledge of drug metabolism, a topic 
often regarded by students and practitioners alike as arcane or even “boring”, provided important, 
clinically relevant insights. Although tamoxifen is itself a SERM, it is also a “pro-drug” that can 
be metabolized to form 4-hydroxy and N-desmethyl-4-hydroxy metabolites that are much more 
potent than is the parent compound (Fig. 1).7 During the past decade, a series of events converged 
that resulted in the hypothesis that genetic variation in the CYP2D6-catalyzed hydroxylation of 
tamoxifen might represent a major factor responsible for individual variation in clinical response to 
that drug. Those events included a great deal of work which indicated that the selective serotonin 
reuptake inhibitors (SSRIs) used to treat depression were also effective in treating “hot flashes” 
induced by tamoxifen therapy;8-10 the realization that many of those agents were—like tamoxi-
fen—metabolized by CYP2D6; the characterization of a novel active metabolite of tamoxifen 
(endoxifen),11-13 and clinical epidemiologic data in support of the hypothesis that CYP2D6 
genotype was associated with tamoxifen efficacy.14-16 In the text that follows, each of these topics 
will be addressed in turn—and presently unanswered questions with regard to tamoxifen phar-
macogenomics will also summarized.

Hot flashes are a common side effect of tamoxifen therapy, occurring in 50-70% of patients 
treated with this drug, but it is obviously not possible to treat this side effect in breast cancer patients 
with exogenous estrogens.17 Therefore, when anecdotal reports appeared that hot flashes might 
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respond to treatment with the SSRI drugs used to treat depression, those reports were followed 
by a series of clinical trials in which specific SSRIs were used to treat hot flashes. Included among 
the drugs studied in that fashion were venlafaxine, fluoxetine and paroxetine.8-10 For example, 81 
women were randomized to 20 mg of fluoxetine or placebo in one study and the “hot flash score” 
decreased by 50% in the fluoxetine arm versus 36% in the placebo arm.9 In a similar study of 191 
women treated with venlafaxine, hot flash scores were reduced 27% in the placebo arm and 61% 
in the 150 mg of venlafaxine arm.8 It was a study of this type using paroxetine that led to the rec-
ognition of a potent active metabolite of tamoxifen and focused attention squarely on CYP2D6 
and its pharmacogenomic variation as a potentially important factor in variation in response to 
tamoxifen therapy among patients with breast cancer.7,10

At that time, it was believed that the most therapeutically relevant tamoxifen metabolite 
was 4-hydroxytamoxifen—which was approximately 100 times as potent as the parent drug in 
its effect on the estrogen receptor.18,19 Two studies published by Stearns and coworkers in 2003 
were designed to test the hypothesis that paroxetine might be useful in the treatment of hot 
flashes in patients treated with tamoxifen.7,10 The approach taken in those studies utilized a “drug 
metabolism perspective”, with the use of HPLC assays of tamoxifen and its metabolites based, in 

Figure 1. Tamoxifen (TAM) metabolism. Cytochrome P450 (CYP)3A4/5 catalyzes the forma-
tion of N-desmethyltamoxifen, while the generation of 4-hydroxytamoxifen and endoxifen 
are catalyzed predominantly by CYP2D6.46 It has also been suggested that SULT1A1 may 
play a role in endoxifen clearance. The relative importance of each reaction is indicated by 
the size of the arrows (modified from Jin Y, Desta Z, Stearns V et al. J Natl Cancer Inst 2005; 
97(1):30-39).22
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part, on the hypothesis the SSRIs might compete for and inhibit CYP2D6-catalyzed tamoxifen 
hydroxylation. Those investigators observed a metabolite that resulted from both 4-hydroxylation 
and N-demethylation—a metabolite that they named “endoxifen”.7 As shown in Figure 1, the 
formation of 4-hydroxytamoxifen and endoxifen is catalyzed predominantly by CYP2D6, while 
the N-demethylation step is catalyzed by CYP3A4/5. These were important observations because 
CYP2D6 is one of the most genetically polymorphic and one of the most intensively studied 
drug-metabolizing enzymes in all of pharmacogenomics.20

The gene encoding CYP2D6 includes functionally significant single nucleotide polymorphisms 
(SNPs); but the gene can also be deleted and it can undergo amplification, with up to 13 active 
copies.20 Prior to the cloning and characterization of the CYP2D6 gene, its genetic variation was 
explored by the use of “pro-drugs” such as the antihypertensive agent debrisoquine. In those stud-
ies, debrisoquine would be administered to a group of subjects and its CYP2D6-catalyzed 4-hy-
droxylation was monitored by assaying urinary 4-hydroxydebrisiquine and expressing the results 
as a “metabolic ratio”, in which the parent drug concentration was divided by the concentration 
of the metabolite. Figure 2 shows debrisoquine “metabolic ratios” for 1,011 subjects studied at 
the Karolinska Institute.21 At the far-right of the frequency distribution histogram the metabolic 
ratios for “poor metabolizers” (PMs)—subjects who either have inactive enzyme or the deletion 
of the CYP2D6 gene—are shown, with a group of “extensive” metabolizers (EMs) in the center 
and, at the far-left, are data for ultra-rapid metabolizers (UMs)—some of whom have multiple 

Figure 2. CYP2D6 pharmacogenetics. The figure shows the ratio of urinary debrisoquine to 
its metabolite, 4-hydroxydebrisoquine, in 1011 Swedish subjects. The formation of 4-hy-
droxydebrisoquine is catalyzed by CYP2D6. “PM” is “poor metabolizer”; “EM” is “extensive 
metabolizer”; and “UM” is “ultrarapid metabolizer”. “Cutoff” is the demarcation between 
PMs and EMs (Reprinted by permission from Macmillan Publishers Ltd: Bertilsson L, Lou YQ, 
Du YL et al. Clin Pharmacol Ther 1992; 51:388-397.)
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copies of the CYP2D6 gene. The next question addressed for tamoxifen was whether endoxifen 
was an active metabolite and whether its formation could be inhibited by other CYP2D6 sub-
strates such as the SSRIs.

Stearns et al not only detected significant concentrations of endoxifen in the blood of patients 
treated with tamoxifen,7 but this same group of investigators also showed that circulating endoxifen 
concentrations were reduced by paroxetine treatment.7,22 Later studies demonstrated that plasma 
endoxifen concentrations were decreased by the administration of other SSRIs (Fig. 3)—in direct 
proportion to their metabolism by CYP2D6, i.e., these drugs could inhibit the formation of ac-
tive metabolites of tamoxifen.23 It was also demonstrated that endoxifen was an active metabolite 
that inhibited estradiol-stimulated MCF-7 cell proliferation.7 Subsequent expression array studies 
showed that endoxifen had effects on global expression patterns in MCF-7 cells that were similar 
to those of 4-hydroxytamoxifen.13 In addition, endoxifen concentrations in women treated with 
tamoxifen were approximately an order of magnitude higher than were 4-hydroxytamoxifen 
concentrations—indicating that endoxifen and not the 4-hydroxylated compound, might be the 
major active metabolite.7,23 However, the formation of both 4-hydroxytamoxifen and endoxifen 
required CYP2D6. That fact raised a critical question with regard to the therapeutic efficacy 
of tamoxifen in the 5-8% of the Caucasian population who are relatively unable to catalyze the 
reaction required to form these active metabolites.20 That question was addressed in a study of 
94 patients on tamoxifen therapy who were genotyped for common variant CYP2D6 alleles. 
Those genotype-phenotype correlation data are depicted graphically in Figure 4 which shows 
the relationship between CYP2D6 genotype and circulating endoxifen concentrations.23 Patients 
without CYP2D6 genes capable of encoding active enzyme has decreased endoxifen levels. The next 

Figure 3. Effect of drugs that are CYP2D6 inhibitors on plasma endoxifen concentrations after 
4 months of tamoxifen (20 mg/d). Bars represent mean ± SD. From left to right, the groups are 
composed of CYP2D6 EM/EMs who were taking neither CYP2D6 inhibitors nor venlafaxine, 
EM/EMs who were receiving venlafaxine, EM/EMs who were treated with drugs that are CYP2D6 
inhibitors, EM/EMs who were receiving “potent” CYP2D6 inhibitors and PM/PMs who were 
not taking any CYP2D6 inhibitors (Reprinted by permission from Macmillan Publishers Ltd: 
Borges S, Desta Z, Li L et al. Clin Pharmacol Ther 2006; 80(1):61-74.)
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Figure 4. CYP2D6-endoxifen genotype-phenotype correlation. (A) Association of CYP2D6 
genotype with endoxifen/N-desmethyltamoxifen ratio in 94 breast cancer patients after 4 
months of tamoxifen treatment (20 mg/d) without concomitant CYP2D6 inhibitors. Genotype 
groups are ranked on the basis of their mean values, from lowest (top) to highest (bottom). 
Genotypes represented by only one patient were excluded from group comparisons. Triangles 
indicate patients without any fully functional CYP2D6 allele (mean, 0.04 ± 0.02), circles indi-
cate patients carrying only one fully functional CYP2D6 allele (mean, 0.09 ± 0.04), diamonds 
indicate patients with two or more copies of any functional or dysfunctional CYP2D6 allele 
(mean, 0.18 ± 0.09) and squares indicate patients excluded from the group comparisons. 
* = P < .001. (B) Association of CYP2D6 genotype with endoxifen concentration in the same 
breast cancer patients pictured in (A). Triangles indicate patients without any fully functional 
CYP2D6 allele (mean, 21.9 ± 6.8 nmol/L), circles indicate patients with only one fully func-
tional CYP2D6 allele (mean, 64.2 ± 38.2 nmol/L), diamonds indicate patients with two or 
more copies of any functional or dysfunctional CYP2D6 allele (mean, 88.6 ± 39.6 nmol/L) 
and squares indicate patients excluded from the group comparisons. * = P < .05 (Reprinted 
by permission from Macmillan Publishers Ltd: Borges S, Desta Z, Li L et al. Clin Pharmacol 
Ther 2006; 80(1):61-74.)
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question to be addressed was whether there might be a relationship between CYP2D6 genotype 
and clinically relevant endpoints such as disease-free survival after the treatment of breast cancer 
with tamoxifen.

It would have taken years to complete prospective trials to test the hypothesis that tamoxifen 
response in patients with breast cancer might be influenced by CYP2D6 genotype. Fortunately, 
paraffin block breast cancer tissue from which DNA could be extracted was available from previous 
tamoxifen clinical trials—many of which were initiated in the mid- or late-1980s. As a result, a 
series of retrospective studies was performed using that type of material. The results of the first of 
those studies, a study based on an NCI North Central Cancer Treatment Group (NCCTG) trial 
initiated in the 1980s, showed that patients with the most common “loss of function” CYP2D6 
allele, CYP2D6*4, had less favorable outcomes than did patients with the “wild type” genotype 
(Fig. 5).14 Those results were confirmed by data for a small group of patients included in the Italian 
Tamoxifen Trial.15 A recent follow-up study of these same NCCTG patients indicated that women 
who were treated with drugs that could compete for CYP2D6-catalyzed metabolism, drugs 
such as fluoxetine, also had a higher frequency of disease recurrence.16 These reports stimulated 
a flurry of editorial comment,24-27 review articles28-30 and, in October 2006—US Food and Drug 
Administration (FDA) public hearings on the possible inclusion of CYP2D6 pharmacogenomic 
data in tamoxifen labeling.25

After those public hearings, the Clinical Pharmacology Subcommittee of the FDA Advisory 
Committee for Pharmaceutical Science recommended that tamoxifen labeling should inform 
prescribers that patients who are CYP2D6 “poor metabolizers” have an increased risk for disease 
recurrence.25 They also recommended that the label should warn that certain antidepressants can 
inhibit a patient’s ability to metabolize tamoxifen to form active metabolites.25 It should be noted 
that these original positive studies were retrospective and that their results remain the subject of 
controversy. That is true because two retrospective studies published by a Swedish group reported 
not only that CYP2D6*4 was not a risk factor for breast cancer recurrence, but that this genotype 
was actually protective—although the results were not statistically significant.31,32 In addition, a 
retrospective study from the United States failed to observe a relationship between CYP2D6 
genotype and clinical outcome in breast cancer patients treated with tamoxifen.33 However, a 
very recent study from Germany that genotyped additional CYP2D6 alleles which are associated 
with decreased enzyme function confirmed and extended the original observations that genotypes 
with lower CYP2D6 enzyme activity are associated with poorer clinical outcomes in breast cancer 
patients treated with tamoxifen.34

In summary, tamoxifen illustrates the potential clinical importance of pharmacogenomics—as 
well as the challenges involved in “translating” this type of biomedical research into the clinic. 
It also raises a series of important questions. First, all of the present clinical data for tamoxifen 
pharmacogenomics were obtained (for obvious practical reasons) from retrospective studies, so 
this area of research cries out for a carefully designed prospective study. Second, all of the clinical 
data available thus far were obtained from Caucasian subjects and there are many examples of 
ethnic variation in pharmacogenomic response,1 so studies in additional ethnic groups will be 
required. Not surprisingly, there have already been publications in which the ethical aspects of 
genomic testing for CYP2D6 have been examined,35 and this entire discussion needs to be placed 
within a context in which the development of aromatase inhibitors presents a practical alternative 
to tamoxifen therapy—at least in postmenopausal women. That is, have these pharmacogenomic 
results appeared too late in the “life span” of tamoxifen to be of any practical value or clinical rel-
evance?26 No matter what the answers to these questions might be, the tamoxifen “story” serves to 
demonstrate both the potential clinical importance of pharmacogenomics and the many challenges 
that we face if this aspect of personalized medicine is to move to the bedside—for even a single 
gene. It also brings us to the topic of aromatase inhibitors. What is known with regard to possible 
pharmacogenomic variation in clinical response to this class of drugs?
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Aromatase Inhibitor Pharmacogenomics
The third generation aromatase inhibitors are much newer drugs than is tamoxifen.36,37 

Therefore, less is known with regard to the possible influence of inheritance on the pharmacokinet-
ics or pharmacodynamics of letrozole, anastrozole and exemestane than is known with regard to 
tamoxifen. Although aromatase inhibitors, like tamoxifen, undergo biotransformation catalyzed 
by a variety of cytochromes P450,36 there is currently no information with regard to the possibility 
that inherited variation in their metabolism or transport, i.e., their pharmacokinetics, might result 
in clinically relevant variation in their clinical effect. As in the case for tamoxifen, the question 
of greatest importance is whether inherited variation might influence outcomes relevant to the 
treatment of breast cancer (e.g., disease-free survival) and that type of study would require years 
to complete. In addition, these drugs are very potent and are used to treat postmenopausal women 
who already have very low circulating estrogen levels. Therefore, although there are data which 
indicate that individual differences in drug effect (inhibition of estrogen biosynthesis) occurs, no 
comprehensive studies of the effect of inheritance on the ability of third generation aromatase 
inhibitors to alter hormone levels have been published. However, as a step toward studies of the 
possible effects of inheritance on aromatase inhibitor “pharmacodynamics”, resequencing of the 

Figure 6. Human CYP19 genetic polymorphisms. The figure shows a schematic representation 
of the CYP19 gene structure, with arrows indicating the locations of polymorphisms in 60 DNA 
samples each from African-American (AA), Caucasian-American (CA), Han Chinese-American 
(HCA) and Mexican-American (MA) subjects. Orange rectangles represent the open reading 
frame and light blue rectangles represent untranslated regions. Red arrows represent minor 
allele frequencies (MAFs) greater than 10%; dark blue arrows frequencies from 1 to 10% and 
black arrows polymorphisms with MAFs of less than 1%. “I/D” indicates an insertion/dele-
tion event. The GT and TTC I/D polymorphisms and the variable number of tandem repeat 
(TTTA)n polymorphism, as well as amino acids changes resulting from nonsynonymous 
cSNPs, are also indicated (modified from Ma CX, Adjei AA, Salavaggione OE et al. Cancer 
Res 2005; 65(23):11071-11082.)
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gene encoding the target for these drugs, CYP19, aromatase, has been performed.38 Specifically, 
CYP19 was resequenced using 60 DNA samples (120 alleles) each from African-American, 
Caucasian-American, Han Chinese-American and Mexican-American subjects (Fig. 6). A total 
of 88 genetic polymorphisms, including four nonsynonymous coding single nucleotide polymor-
phisms (SNPs) that altered the encoded amino acid sequence, were identified.38

These CYP19 gene resequencing studies were intended as a first step toward a determination 
of whether genetic variation in the target for these drugs might influence response to treatment 
with aromatase inhibitors. There is already a precedent for thinking that that type of effect can 
occur. That precedent involves the oral anticoagulant warfarin, a widely prescribed but potentially 
dangerous drug with a narrow therapeutic index, i.e., the difference between the therapeutic and 
toxic dose is small. Inherited variation in the gene encoding the target for warfarin and other 
coumarin-based anticoagulants, vitamin K oxidoreductase C1 (VKORC1), has been shown to 
have a striking effect on the dose of this drug required to achieve a target INR (the international 
normalized ratio, the universally used measure of the anticoagulant effect of this class of drugs).39 
Up to now, genetic polymorphisms in the aromatase gene, CYP19, have been genotyped predomi-
nantly to test their possible association with risk for diseases such as breast cancer, but they have 
not been studied systematically for a possible association with variation in response to treatment 
with aromatase inhibitors. The example provided by pharmacogenomic studies of tamoxifen and 
warfarin, among others, will undoubtedly serve as a “roadmap” for similar studies designed to test 
the hypothesis that individual variation in the sequence or structure of genes encoding proteins 
involved in the metabolism or transport of aromatase inhibitors—or in the gene encoding the 
target for these drugs—might contribute to variation in aromatase inhibitor response. The drug 
response phenotypes that might display individual variation include not only measures of drug 
efficacy, but also adverse drug reactions, in the case of aromatase inhibitors osteoporosis or mus-
culoskeletal symptoms.36,37

Conclusions and Future Directions
Tamoxifen provides a striking example of the potential clinical relevance of pharmacogenomics. 

Although significant questions remain to be addressed with regard to tamoxifen pharmacoge-
nomics and although the clinical application of genotyping for CYP2D6 prior to the initiation 
of tamoxifen therapy remains controversial, there is a growing consensus, supported by a US FDA 
review panel, that genotyping might contribute to therapeutic decisions with regard to the adjuvant 
therapy of breast cancer. There is also a clear consensus that the treatment of patients on tamoxifen 
with drugs that are inhibitors of CYP2D6 should be discouraged.25

Tamoxifen is one of only four drugs for which the FDA has held public hearings with regard 
to the possible inclusion of pharmacogenomic information in labeling (see http://www.fda.gov). 
The first hearings involved thiopurine drugs such as 6-mercaptopurine and genetic variation in 
the thiopurine S-methyltransferase (TPMT) gene. TPMT polymorphisms are associated with 
life-threatening myelosuppression after exposure to “standard” doses of these drugs.40 The second 
hearings involved another cytotoxic antineoplastic agent, irinotecan. The active metabolite of this 
anticancer drug is metabolized by glucuronidation catalyzed by UGT1A1 and the UGT1A1*28 
variant allele that is associated with Gilbert’s syndrome results in decreased irinotecan metabolism 
and increased toxicity, particularly diarrhea and myelosuppression.41 The third example selected 
for public hearings was warfarin and genetic variation in both the warfarin-metabolizing enzyme 
CYP2C9 and the drug target, VKORC1. In the case of warfarin, the focus was on preventing 
both drug toxicity, hemorrhage and lack of the desired therapeutic effect. The fact that the FDA 
included tamoxifen among this highly select group of drugs is telling. It is also important to note 
that three of these four examples of the potential clinical relevance of pharmacogenomics involve 
drugs used in the treatment of cancer and all three involve polymorphisms in germline DNA. It is 
necessary to emphasize that fact because a bias exists in some quarters that the only genetic varia-
tion of importance in the treatment of cancer is variation involving somatic DNA in the tumor. 
Obviously, the tumor genome is important but, as demonstrated by this list, so is germline DNA, 
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at least with regard to variation in drug response. It should also be emphasized that tamoxifen is 
the only member of this group for which the focus was squarely on genetic variation in efficacy 
rather than risk for toxicity, although pharmacogenomics might also provide insight into the 
possible contribution of inheritance to risk for the occurrence of serious tamoxifen side effects 
including thromboembolism or risk for endometrial cancer. Finally, the fact that the warfarin 
example involves two genes, CYP2C9 on the pharmacokinetic (PK) side and VKORC1 involving 
pharmacodynamics (PD), is a hint of possible future directions for pharmacogenomic studies of 
drugs used to treat breast cancer.

Pharmacogenomics, as a discipline, is rapidly moving beyond studies of single genes like 
CYP2D6 to focus on entire pathways, pathways that include both PK and PD, as well as to 
genome-wide association studies. When genome-wide association studies have been applied to 
complex phenotypes such as risk for diseases like diabetes42-44 and breast cancer,45 multiple genes 
that could not have been anticipated are found to be associated with individual variation in disease 
risk. A similar approach is currently being applied to drug response phenotypes and is certain 
to be applied to complex therapeutic situations such as the endocrine therapy of breast cancer. 
Within that context, the “story” of tamoxifen and CYP2D6 represents only a first step toward 
truly individualized endocrine therapy of this important neoplastic disease.
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Chapter 15

Prevention of Breast Cancer  
Using SERMs
Trevor J. Powles*

Abstract

The development of breast cancer is dependant in part on oestrogen. Suppression of ovarian 
function or use of anti-oestrogens will reduce the incidence of breast cancer. Many trials 
have now been done involving tens of thousands of healthy women evaluating the use of 

selective oestrogen receptor modulators to reduce the risk of breast cancer in healthy women. 
Tamoxifen will reduce the early incidence of breast cancer in pre and postmenopausal women 
by about 40% but causes vasomotor symptoms, thromboembolism and gynaecological toxicity 
including polyps, endometrial atypia and rarely cancer. In long follow up trials the risk reduction 
for breast cancer extends beyond the treatment period out to at least 15 years appearing to get 
larger with time indicating a true long term prevention effect. The toxicity of tamoxifen is for the 
most part confined to the treatment period. Raloxifene also has similar breast cancer risk reduction 
activity to tamoxifen but has less toxicity with no evidence of an increased risk of endometrial 
atypia or cancer. Tamoxifen is licensed for breast cancer risk reduction in the USA and raloxifene 
has also recently been approved by the FDA for such use.

Introduction
Of all of the common cancers, breast cancer has provided one of the best opportunities for 

prevention because of the important involvement of oestrogen in its development. Early ovarian 
failure can substantially reduce the incidence of breast cancer,1 but this is associated with the 
many associated problems of an early menopause. Another approach is to use a selective oestrogen 
receptor modulator (SERM) such as tamoxifen or raloxifene. Tamoxifen, used as adjuvant treat-
ment in women with operable breast cancer has been clearly shown to reduce the incidence of 
second breast cancers2 and tamoxifen has been shown to prevent oestrogen dependant tumours 
in rats.3 Clinical trials of tamoxifen started in 1986 and raloxifene in 1994 followed by trials of 
other SERMs such as arzoxifene and lasoxifene. Nearly 100,000 healthy women have now been 
randomized into these trials. The results have been variable.

Tamoxifen Trials
The NSABP1 Trial

This trial included healthy pre and postmenopausal women with a risk of breast cancer of 
>1.65% over 5 years based on the Gail model,4 randomized to tamoxifen 20 mg per day or pla-
cebo. Hormone replacement therapy (HRT) was not allowed for entry and women who started 
HRT were withdrawn from the trial and their data censored at that time. After a median follow 
up of 54 months a very significant 49% (p = 0.00001) reduction in the incidence of in invasive 
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breast carcinoma was reported, this reduction only occurring for oestrogen receptor (ER) positive 
cancers.5 On the basis of this result the trial was unblinded in 1998 and participants on placebo 
offered tamoxifen. Analysis of further follow up showed a 43% reduction although this result may 
have been compromised by the unblinding.6

The IBIS1 Trial
This trial recruited healthy women at increased risk of breast cancer usually because of a family 

history. Participants were randomized to tamoxifen 20 mg per day or placebo but allowed HRT 
during the trial. After a median follow up of 50 months, there was a risk reduction of 32% but for 
invasive cancers this was not significant.7 A recent update of this trial now shows a 27% reduction 
(p = 0.004) in all breast cancers. There was no benefit for oestrogen receptor negative (ER –ve ) 
cancers but for ER +ve invasive cancers there was a 34% reduction which extended out to at least 
10 years indicating a spillover benefit after the medication period.8 This benefit was not apparent 
for women who used HRT during the trial.

The Italian Trial
The Italian National trial recruited women who were not at special risk of breast cancer but 

who had had a hysterectomy and also for the most part bilateral ovariectomy. Participants were 
randomized to tamoxifen 20 mg per day or placebo for 5 years. Use of HRT was allowed. The 
initial report after a median follow up of 81.2 mo showed no risk reduction with tamoxifen.9 The 
trial remained blinded and after an average follow up of over 11 years, the incidence of all invasive 
and ER +ve invasive cancers was similar for the two treatment groups. There was a reduction for 
women who had not had ovariectomy and for those who received HRT indicating that loss of 
ovarian function before entry into the trial compromised the risk reduction effect of tamoxifen 
unless the women received HRT.

The Royal Marsden Trial
The Royal Marsden trial started in 1986 recruiting healthy women with a strong family history 

of breast cancer to tamoxifen 20 mg per day or placebo for 8 years. The participants in the Royal 
Marsden trial were generally younger and at higher risk than the other tamoxifen prevention tri-
als. Most were premenopausal at entry most of whom became postmenopausal during the trial 
follow up period. HRT was allowed. The trial was originally a pilot trial to evaluate the feasibility 
of using tamoxifen in a placebo controlled trial in healthy high risk women. Satisfactory accrual, 
compliance and toxicity allowed the trial to develop into a single centre trial which accrued 2,500 
women.10 The first efficacy analysis of this trial after 70 events in 1998 showed no reduction in 
breast cancer incidence.11

The trial has remained blinded and now has 20 years (median over 13 years) of follow up and 
over 200 breast cancers have occurred. Recent analysis shows now a significant 39% reduction in 
ER +ve cancers (HR = 0.61, 95% CI 0.43-0.86 P = 0.005). This risk reduction was not significant 
during the 8 year treatment period (Tamoxifen n = 30; Placebo n = 39; HR = 0.77 CI 0.48-1.23 
p = 0.3) but highly significant in the post treatment period (Tamoxifen n = 23; Placebo n = 47; 
HR = 0.48 CI 0.29-0.79 p = 0.004). There was no evidence of any interaction between HRT use 
during the trial and the observed post treatment risk reduction with tamoxifen.

Risk reduction during treatment reported from the NSABP-P1 trial after an average period 
of about 4 years on treatment is likely to be treatment of occult primary cancers some of which 
may be curable with tamoxifen. In the Marsden trial we saw no on treatment effect which may 
be related to the high risk characteristics of the population of participants in the Marsden trial. 
The risk reduction confined to the post treatment period, with this long duration of follow up 
and with the effect appearing to increase with longer follow up would seem to indicate a true 
prevention effect.
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Status of Tamoxifen for Prevention
In 1998, the FDA approved the use of tamoxifen for risk reduction of breast cancer in women 

at a risk of greater than 1.65% over 5 years on the Gail score based principally on the data from 
the NSABP-P1 trial. Following this, tamoxifen use for breast cancer risk reduction in healthy high 
risk women has been poor in the USA probably in part because of toxicity and in part because of 
conflicting results from the 4 trials. A meta-analysis of all four trials in 2003 showed that tamoxifen 
caused about a 40% reduction in early breast cancer risk, together with a significant reduction in 
osteoporotic fractures and serum cholesterol. This meta-analysis confirmed that tamoxifen caused 
significant toxicity including an increased risk of thromboembolism, vasomotor symptoms and 
gynaecological problems including vaginal discharge, uterine fibroids, endometrial atypia, polyps 
and cancer and the overall need for hysterectomy.12

These data were not sufficiently compelling to encourage the licensing of tamoxifen for breast 
cancer risk reduction in healthy women in Europe.

Raloxifene Trials
The MORE Trial

The results from the tamoxifen breast cancer prevention trials encouraged the evaluation 
in 1994 of another SERM, raloxifene as an antiosteoporotic agent in the Multiple Outcomes 
Relevant to Evista trial (MORE). Two doses of raloxifene versus placebo were evaluated in 7700 
postmenopausal women with osteoporosis. The results after about 3 years follow up indicated 
a significant reduction in the risk of vertebral fractures (RR 0.7; 95% CI 0.5-0.8 for 60 mg/day 
raloxifene, RR 0.5; 95% CI 0.4-0.7 for 120 mg/day raloxifene) but not in the risk of non vertebral 
fractures (RR 0.9; 95% CI 0.8-1.1).13 A secondary outcome in the trial was breast cancer incidence 
which was reduced by 72% at 4 years.14 Because this was not a primary outcome in the trial, it was 
not considered acceptable as support for the licensing of the drug for breast cancer risk reduction 
in healthy women. An extension of the MORE trial was therefore proposed with breast cancer 
as the primary outcome.

The CORE Trial
The extension of the MORE trial, the Continuing Outcomes Relevant to Evista trial (CORE), 

with breast cancer as a primary outcome continued raloxifene 60 mg/day or placebo in 4400 of the 
original participants according to their original randomization. The results indicated a 66% breast 
cancer risk reduction after 8 years of follow up.15 Overall toxicity was low with some evidence of 
an increase in the risk of thromboembolism but no evidence of any increase in gynaecological 
toxicity including endometrial polyps, atypia or carcinoma.

The RUTH Trial
Another placebo controlled raloxifene trial in non cancer volunteers, the Raloxifene Use 

for the Heart trial (RUTH) has been reported. This trial randomized 10101 postmenopausal 
women at high risk of cardiac events to raloxifene 60 mg/day or placebo. The results indicated a 
significant reduction in the incidence of invasive breast cancer (HR 0.56 95% CI 0.38-0.83) and 
clinical vertebral fractures (HR 0.65 95% CI 0.47-0.89) but no effect on the incidence of heart 
events. The toxicity profile was similar to the MORE and CORE trials. There was no difference in 
overall risk of death or the risk of death from cardiovascular causes. There was no difference in the 
overall risk of stroke although there was a reported increased incidence of fatal stroke (59 vs 39; 
HR 1.44; 95% CI 1.06-1.95).16 There was no effect of raloxifene on the incidence of stroke in the 
MORE trial and it is possible that this increase in the incidence of fatal stroke in the RUTH trial 
is a chance observation. There has been previous reports of increased risk of stroke with tamoxifen 
similar to the increased risk of stroke with HRT.
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The NSABP P2 Trial
The NSABP P2 trial started in 1999, randomized a total of 19,747 post menopausal women 

with a moderately high risk of developing invasive breast cancer (Gail risk >1.65% at 5 years) to 
tamoxifen 20 mg/day or raloxifene 60 mg/day for 5 years. The overall mean Gail score for these 
women was 4.03% ± 2.17%.17

The results showed the same incidence of invasive breast cancer for tamoxifen and raloxifene 
(RR 1.02; 95% CI 0.82-1.28) indicating that both are equally effective at reducing breast cancer 
risk. However for non invasive breast cancer the incidence is higher for women on raloxifene 
than tamoxifen signifying a possible lesser risk reduction benefit for this condition. The toxic-
ity data confirmed the previous reports of low uterine toxicity for raloxifene with a significant 
reduction in the incidence of endometrial hyperplasia, atypia and the requirement for hysterec-
tomy. Endometrial cancer was less for raloxifene than tamoxifen (RR 0.62; 95% CI 0.35-1.08) 
confirming the previous indirect comparisons from placebo controlled trials showing no increase 
in endometrial cancer risk with raloxifene. Other toxicities were significantly less with raloxifene 
versus tamoxifen including thromboembolic events (HR 0.70; 95% CI 0.54-0.91) and cataracts. 
There was no difference in the incidence of ischaemic heart disease, stroke, osteoporotic fractures, 
other cancers or death.

Summary of SERM Breast Cancer Risk Reduction Trials
The toxicity of tamoxifen, particularly the gynaecological problems limited its clinical use for 

breast cancer risk reduction in healthy women. Raloxifene has significantly less thromboem-
bolic and gynaecological toxicity and is as equally effective as tamoxifen at reducing the risk of 
invasive breast cancer and osteoporotic vertebral fractures. It is therefore an attractive alternative 
to tamoxifen as a risk reducing agent for invasive breast cancer and vertebral fractures in post-
menopausal women.

For prevention agents such as SERMs for use in healthy women, the toxicity profile must be 
very low, multiple benefits are needed and women at high risk for more than one benefit may be 
needed in order to achieve a balance of overall benefit. Raloxifene has two clinical benefits for 
healthy women by reducing the risks of breast cancer and osteoporotic fractures which may be of 
special benefit for women at high risk of breast cancer for example because of a strong family history 
who also are at high risk of vertebral fractures, because of previous fractures, family history or low 
BMD. An algorithm of risk and clinical characteristics needs to be developed so that the benefits 
with use of SERMs for breast cancer risk reduction can be maximised. More clinical research is 
needed to better identify those women at special risk of developing endocrine sensitive invasive 
breast cancers and women at high risk of developing vertebral fractures.

Conclusion
The results of the clinical trials of SERMs in healthy women to prevent breast cancer are 

encouraging. The meta-analysis of the tamoxifen trials has shown a 40% risk reduction over the 
first few year whilst still on treatment and the longer blinded follow up of the IBIS and the Royal 
Marsden trials has shown a post treatment risk reduction which appears to be getting larger with 
longer follow up. Furthermore the IBIS trial shows that most of the toxicity occurs while on treat-
ment indicating that the therapeutic benefit is likely to substantially improve with longer follow up. 
Other therapeutic benefits from SERM therapy, particularly reduction in osteoporotic fractures 
may add to the therapeutic benefit. It is possible that a relatively short intervention with a SERM 
may give a long lasting, possibly a lifetime of breast cancer risk reduction.
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General Conclusion

Innovative Endocrinology of Cancer, edited by Lev M. Berstein and Richard J. Santen.  
©2008 Landes Bioscience and Springer Science+Business Media.

Now we have come to the conclusion of this book.  
What kind of thoughts were brought on by finishing this book? Was it a sigh of relief or 
on the contrary, some sense of scientific satisfaction? 

Believing in the latter, we think about future pathways along which tumor endocrinology will 
achieve improvement and perfection. Some of these tracks are shared with principles and further 
goals of general oncology and endocrinology—and others are more specific to the endocrinology 
of cancer. The more we understand the causes of hormone-associated cancers and mechanisms of 
tumor developments under the action of steroidal and peptide hormones, the greater the chance 
that earlier and more efficient diagnostics and targeted treatment of these carcinomas (both based 
on high-tech achievements including nanotechnological approaches) will occur. Comprehensive 
and comparative analysis of the evolutionary aspect of the problem will start a new era in the 
progress of this discipline. Last but not least, ‘An ounce of prevention is worth a pound of cure’—a 
phrase attributed to Benjamin Franklin—is considered in medicine without exception as a real 
truth. Consequently we await commentary on advancements in the prevention of endocrine-related 
cancer and how these methods will be elaborated in the future.

In closing, we have high hopes for the new developments and new innovations in endocrinol-
ogy of cancer.

Lev M. Berstein and Richard J. Santen
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