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PREFACE

Breast cancer research has never been in such an exciting and hopeful phase as to-
day. From a clinical perspective, the discovery of genetic markers of risk in a pro-
portion of familial breast cancer cases has opened up new vistas for understanding
and ultimately preventing this disease. On the other hand, aggressive—even dar-
ing—therapies are being proven to be effective against advanced breast cancer. For
the breast cancer experimentalist, this is also a time of great advance. Although ani-
mal and cell culture breast cancer models have proven to be of great use, there are
now increasing opportunities to test the concepts developed in these models in ac-
tual clinical samples and cases. It is gratifying to see how well these concepts
“translate” into the clinical setting. A very active area of research that is linking the
laboratory to the clinic is the dissection of the biology and elucidation of the signifi-
cance of proliferative breast disease and the identification of true, “high risk” or
“preneoplastic” lesions within the previously ill-defined spectrum of fibrocystic or
benign breast disease. One anticipates that discoveries made here will also lead to
earlier detection, intervention and prevention of life-threatening cancer.

Even, however, as we look with optimism to the eventual eradication of breast can-
cer, we are once again forced to face the reality that we have not yet achieved our goal.
Thus, we are saddened by the much too premature death of Dr. Helene Smith from
breast cancer. Helene’s work was at the forefront of efforts to understand the biology
of human breast cancer at the molecular level. Her insight, open-mindedness, and re-
fusal to sacrifice relevance for convenience will continue to set the standard for all
breast cancer researchers. This volume is dedicated to her memory.

iX



X PREFACE

The authors of the chapters in this book were challenged to focus on the interface
between research and the clinic, to show how basic investigations may explain, and

hopefully improve, clinical outcome. We wish to thank them all for their thoughtful
and informative contributions.

Gloria Heppner
Guest Editor



DIFFERENTIATION AND BREAST
CANCER DEVELOPMENT

Jose Russo and Irma H. Russo

Introduction

Architecture of the Normal Breast

Influence of Age and Parity on the Development of the Human Breast
Architectural Pattern of the Abnormal Breast: Proliferative Breast Disease
Pathogenesis of Breast Cancer

The Cancer-Bearing Breast in Nulliparous and Parous Women
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INTRODUCTION

The breast is the source of the most frequent malignancy in the female population.
The knowledge that breast cancer risk is heavily influenced by both the degree of
gland development and the reproductive history of the individual (Russo, J. and
Russo, I.H., 1987a; Russo, J. and Russo, I.H., 1987b; De Waard and Trichopoulos,
1988; Russo, J. et al., 1992), requires a thorough understanding of how growth, pu-
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2 JOSE RUSSO and IRMA H. RUSSO

berty, pregnancy, lactation, and postmenopausal regression influence the development
of this organ (Dabelow, 1957; Russo, J. and Russo, LH., 1987a). Although the develop-
ment of the human breast starts during embryonic life, the main spurt of growth initiates
at puberty with lobule formation, but the completion of breast development and differ-
entiation occurs only at the end of a full-term pregnancy (Russo, J. and Russo, L.H,,
1987a). It has long been known that the risk of breast cancer shows a direct relationship
with early menarche and nulliparity and an inverse relationship with early parity (Mac-
Mabhon et al., 1970; Trapido, 1983; Vessey et al., 1985). However, case control studies
have demonstrated that breast cancer risk increases with the age at which a woman
bears her first child, indicating that the lengthening in the interval of time between men-
arche and the first pregnancy plays an important role for pregnancy to be protective.
The increase in risk has been reported to occur when this interval is lengthened over 14
years (DeStavola et al., 1993). Thus, to be protective, pregnancy has to occur before age
30—indeed women first becoming pregnant after that age appear to have a risk above
that of nulliparous women (MacMahon et al., 1970; Trapido, 1983; Vessey et al., 1985).
Although multiparity appears to confer additional protection, the protective effect re-
mains largely limited to the first birth. The protection conveyed by an early reproduc-
tive event persists at all subsequent ages, even until women become older than 75 years
of age (Vessey et al., 1985). Although the ultimate mechanisms through which an early
first full-term pregnancy protect the breast from cancer development are not known, a
likely explanation has been provided by studies performed in an experimental animal
model. The induction of rat mammary carcinomas with chemical carcinogens is inhib-
ited by full-term pregnancy. The inhibition of the carcinogenic process is mediated by
the differentiation of the mammary gland caused by the reproductive process. It can be
postulated that differentiation activates specific genes that imprint the breast epithelium
to respond differently to subsequent hormonal changes or to genotoxic influences. It is
likely that similar mechanisms mediate the protection that an early first full-term preg-
nancy confers to women. There is no explanation for the higher risk of developing ma-
lignancies to nulliparous and late parous women. The fact that experimentally induced
rat mammary carcinomas develop only when the carcinogen interacts with the undif-
ferentiated and highly proliferating mammary epithelium of young nulliparous rats
(Russo, J. etal., 1977; 1979; Russo, . H. and Russo, J. 1878; Russo, J. and Russo, LH.,
1978; Russo, ., 1993), suggests that the breast of late parous and of nulliparous women
might exhibit some of the undifferentiated and/or cell proliferative characteristics that
predispose the tissue to undergo neoplastic transformation. The correlation of our find-
ings in the experimental animal model with those obtained through the study of the de-
velopment of the human breast support this postulate.

ARCHITECTURE OF THE NORMAL BREAST

The study of the normal breast requires a precise characterization of the source of
material used since the concept of normality of the breast can be tinted by age, re-
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productive history, and specific hormonal conditions. The breast tissues that most
fulfill the criteria of normality are those obtained by reduction mammoplasty per-
formed for cosmetic reasons. For these research purposes, human breast samples
obtained from bilateral or unilateral reduction mammoplasties performed in 33 pa-
tients were analyzed by quantitating the type of parenchymal structures present in
them. The morphological analysis of the human breast has allowed us to determine
that the mammary parenchyma is composed of lobular structures that have been
characterized by their basic level of branching or number of ductules per lobular
unit into four categories (Russo, J. and Russo, I.H., 1987a). Lobules type 1 (Lob 1),
also called terminal ductal lobular units (TDLU), or virginal lobules, because they
are present in the immature female breast before menarche, are the most undifferen-
tiated ones. They are composed of clusters of 6-11 ductules per lobule. Lobules
type 2 (Lob 2) evolve from the previous ones and have a more complex morphol-
ogy; they are composed of a higher number of ductular structures per lobule. They
progress to lobules type 3 (Lob 3), which are characterized by having an average of
80 ductules or alveoli per lobule; they are frequently seen in the breast of women
under hormonal stimulation or during pregnancy. A fourth type of lobule, lobule
type 4 (Lob 4) is present during late pregnancy and during the lactational period of
the mammary gland, but it is not found in the breast of nulliparous postpubertal
women. The Lob 4 is considered to be the maximal expression of glandular devel-
opment and differentiation (Figure 1; Russo, J. and Russo, [LH., 1987a).

350 —

Area (um?)
300 - | EEM Ductules/Lobule |
| | Sl Cells/Section

Numerical Values

Figure 1. Histogram showing the characteristics of the lobular structures in the human
breast based upon lobular area (in pm?), number of ductules per lobule, and number of
cells per section in lobulestype 1 (Lob 1), lobules type 2 (Lob 2), and lobules type 3 (Lob 3).
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We studies breast samples from 24 parous women ranging in age from 29 to 33
years and nine nulliparous women, ranging in age from 16 to 28 years. An average
of 100 grams of tissue were processed from every specimen. They were fixed in
10% neutral buffered formalin for a minimum of 24 h, defatted by submersion in
acetone for two days, hydrated in decreasing concentrations of ethanol, and rehy-
drated and stained in 0.025% toluidine blue solution (Russo, J. and Russo, I.H.,
1987a). A total of 652 slides consisting of an average of 12 slides per sample were
examined and a total of 28,437 structures were classified and counted. In every
specimen, the total numbers of Lob 1, Lob 2, and Lob 3 were counted and the rela-
tive percentage of every structure type was obtained (Figure 1).

In the overall population of breast tissues studied, Lob 1 constituted 22.45% of
the total structures present, a value significantly lower (p<0.04) than the percentage
of Lob 2 and Lob 3 (p<0.07), which represented 37% and 38%, respectively, of the
structures counted. (Table I).

INFLUENCE OF AGE AND PARITY ON THE DEVELOPMENT
OF THE HUMAN BREAST

The observations that in an experimental animal model the initiation of the neo-
plastic process is inversely related to the degree of differentiation of the mam-
mary gland, which in turn is a function of age and reproductive history (Russo, J.
and Russo, LH., 1987¢; Russo, J. et al., 1982; 1990), led us to postulate that the
protective effect of pregnancy in women is due to the degree of differentiation of
the breast (Russo, J. and Russo, LH., 1987; Russo, J. et al., 1982;
1988;1990;1993). The study of the architecture of the breasts of women of differ-
ent parity history revealed that the breasts of nulliparous women of all ages were
composed predominantly of Lob 1 (Table 1). The breasts of premenopausal pa-
rous women, on the other hand, were composed of a high concentration of Lob 3.,
whereas Lob 1 were in a very low percentage (Table 1; Russo, J. et al., 1992). Af-
ter the fourth decade of life in this group of women, the concentration of Lob 1
reached the same level observed in nulliparous women. The changes in the rela-
tive percentage of Lob 3 and Lob 1 observed with aging in the breast of parous
women is due to the regression of Lob 3 to Lob 1, whereas in nulliparous women,
Lob 1 never reached the degree of differentiation found in women who completed
an early pregnancy. Thus, in the breasts of parous women, there was a negative
correlation between the percentage of Lob 3 and aging (-0.90; Russo, J. et al.,
1992). This correlation was not observed in nulliparous women, whose breasts’
lobular composition remained unchanged with aging. The phase of the menstrual
cycle did not seem to affect the distribution of lobular structures in the breast.
These studies allowed us to determine that early parous women truly underwent
lobular differentiation, which was evident at a younger age, whereas nulliparous
women seldom reached the Lob 3 stage.
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Table 1. Lobular Architecture of the Breast: Comparison of Percentages of
Structures Found in Reduction Mammoplasties and Breast Biopsies®

Group No. Cases Age Lob 1 (%) Lob 2 (%) Lob 3 (%)
RM (All) 33 294+82 2245237 37.25+28.61° 38.41+3420°
RM (Nulliparous) 9 22967 458742740  47.17+2201  694%7.01
RM (Parous) 24 31.9+23 16.92 + 8.26 3545+3.14 47.86 334"
BB (Al 45 466+15 65.66 £34.15 2464 %2064 9.68+631°
BB (Nulliparous) 10 425+103 7099 +£333 2526+2474 37516

BB (Parous) 35 489+118  6525%373 21.10+807°  13.62+3.10"7

Notes: % The percentages of lobular structures, lobules type 1 (Lob 1), lobules type 2 {Lob 2), and lobules
type 3 (Lob 3) present in reduction mammoplasty (RM) specimens were compared with those
presentin breast biopsies (BB). "' Indicate the groups in which differences are statistically signifi-
cant: 1vs. 2 p <0.0000005; 3 vs. 4 p<0.04; 5 vs. 6 p<0.00009; 7 vs. 8 p<1x 107; 9 vs. 10
p<0.07, and 11 vs. 12 p<0.0003.

The proliferative activity of the breast epithelium was determined by immuno-
cytochemistry with the monoclonal antibody against the Ki67 nuclear antigen. The
number of cells exhibiting a positive immunocytochemical reaction was quanti-
tated and expressed as the percentage of the total number of cells composing Lob 1,
Lob 2, and Lob 3. The highest overall proliferative activity was observed in Lob 1
(2.15% 1.18) whereas it was intermediate in Lob 2 (0.22 £ 0.11) and lowest in Lob 3
(0.01 £ 0.01). In the menopausal breast, Lob 1 of nulliparous women exhibited a
two-fold higher proliferative activity than Lob 1 of parous women (Russo, J. and
Russo, L.H. 1997).

ARCHITECTURAL PATTERN OF THE ABNORMAL BREAST:
PROLIFERATIVE BREAST DISEASE

The pattern of breast development was studied in 45 breast biopsies performed be-
cause of mammographic abnormalities or the presence of clinically suspicious breast
masses. The patients ranged in age from 36 to 56 years, averaging 46.6 years of age
(Table 1). Thirty five of the women were parous and 10 were nulliparous. All tissues
were fixed in formalin, embedded in paraffin, sectioned at 5 pm thickness, and proc-
essed for light microscopy. An average of 12 histological sections per sample was ex-
amined. These histological sections were utilized for characterizing the type of
lobular structures and the number and type of of pathological lesions present by ap-
plying criteria previously described (Figure 1). Twenty-one of the samples consisted
of normal breast parenchyma with no signs of histopathological abnormalities; the
remaining 24 samples exhibited mild to moderate ductal hyperplasia (DH), blunt
duct adenosis (BDA), and/or sclerosing adenosis (SAD; Table 2). No significant dif-
ferences in age at the time of biopsy, percentage of lobular structures present in the
breast, and breast epithelial cell proliferation index were observed between nullipa-
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Table 2. Lobular Structures Found in Breast Biopsies®
Group Age n Lob 1 (%) Lob 2 (%) Lob 3 (%)
Normal Breast Control 42.28 £ 6.66 21 71.95x7.09 23.02+£547 S.11%3.17
Ductal Hyperplasia (DH)  44.06+ 11.37 15 87.76+3.16 11.85+3.10 024120954
BluntDuct Adenosis (BDA) 37.25+ 11.64 4 5839%1993 31571175 9.82+6.82
Sclerosing Adenosis (SAD) 37.00+£3.16 5 379241552 4895%1565 11.31+£997

Notes: * Percentages of lobular structures found in breast biopsies. The difference in the age of the patients in
each group was not statistically significant. In the Normal Breast or Control Group, lobules type 1 (Lob
1) were significantly different from lobules type 2 (Lob 2) and 3 (Lob 3; p<0.0008). The percentage of
Lob 2 was significantly different from that of Lob 3 (p<0.07). In the DH Group, the percentage of Lob 1
was significantly higher than the percentages of Lob 2 and Lob 3 {p<0.000001). The percentage of Lob
2 was also significantly higher than the percentage of Lob 3 (p<0.02). In both the BDA and SAD
Croups, the percentage of Lob 2 was significantly higher than in the Normal Breast or Control Group
(p<0.07) and the DH Group {(p<0.001). The percentage of Lob 3 was significantly higher in the SAD
Croup (p<0.05) and in the BDA Group (p<0.05) than in those breast tissues containing DH or Normal
Breast.

rous and parous women; therefore, the results of both groups were combined and par-
ity history was not taken into consideration in the final analysis of results. Thus, the
patient population was divided into four groups according to the histopathological
characteristics of the breast tissues examined: No pathology present (Normal Breast
or Control Group), ductal hyperplasia (DH Group), blunt duct adenosis (BDA
Group), and sclerosing adenosis (SAD Group; Figures 2 and 3).

In the breast tissues of the Normal Breast and DH Groups, Lob | represented the
highest percentage of all the structures counted (p<0.0008 and p <0.0001, respec-
tively; Figure 2). The breast tissues containing BDA and SAD were also character-
ized by having a higher percentage of Lob 1, whereas the SAD Group had a higher
percentage of Lob 2 (P<0.05; Table 2 and Figure 2). All the groups contained a sig-
nificantly lower percentage of Lob 3 (P<0.05), although the relative percentage of
Lob 3 was significantly lower in normal breast biopsies or in those diagnosed vith
DH than in the BDA and SAD groups (P<0.05; Figure 2).

The number of proliferating, or Ki67 positive epithelial cells, was maximal in
Lob 1, decreasing progressively in Lob 2 and Lob 3 (p<0.001). The pattern was
similar in the Normal Breast, DH, and SAD Groups (Figure 3). The differences in
proliferative activity between Lob 1 and Lob 2 in the SAD group, however, were not
significant, and in the BDA group, the rate of cell proliferation was higher in Lob 2
(P<0.01) than in Lob 1 (Figure 3). Although the proliferative activity was on aver-
age higher in Lob 2 than in Lob 3, the differences were not statistically significative
(Figure 3). Lob [ in the DH group had a significantly higher (p<0.01) proliferative
activity than Lob 1 in the Normal Breast Group; however, the differences with the
Lob I of the BDA and SAD groups were not significant. Lob 2 had a significantly
higher proliferative index in the DH, BDA, and SAD groups than in the Normal
Breast Group (P<0.01). Lob 3 had a significantly higher proliferative activity in the
BDA and SAD groups than in the Normal Breast and DH groups, respectively
(P<0.01; Figure 3).
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Data presented here indicate that those breast tissues obtained from biopsies per-
formed because of mammographic abnormalities or clinically suspicious masses
have an architectural pattern different from that of normal breast tissues obtained
from reduction mammoplasties. More important is the observation that even in
those cases in which no pathology or only benign lesions were diagnosed, the pat-
tern of breast development in tissues obtained by biopsy was more similar to those
of the cancer-bearing breast, rather than to the population not requiring a biopsy.
These observations support our previous observations (Russo, J. et al., 1990),
which indicated that DH originates from Lob 1, the structure most frequently found
in those breasts and the one with a significantly higher level of cell proliferation.
The observations that Lob 2 and Lob 3 with high rates of cell proliferation are more
frequently found in those breasts that also contain BDA and SAD might be an indi-
cation that these structures are the site of origin of these lesions. It is of importance
to clarify that in breast tissues containing ductal hyperplasias parity seemed not to
have influenced the pattern of development of the breasts because the lobular com-
position was more similar to that of the breasts of cancer-free nulliparous women or
of the cancer-bearing parous and nulliparous women (Russo, J. et al., 1994). Breast
tissues containing sclerosing adenosis and blunt duct adenosis, on the other hand,
contained more differentiated structures (i.e., Lob 2 and Lob 3). However, it was
difficult to evaluate the effect of parity because of the small number of cases stud-
ied.

PATHOGENESIS OF BREAST CANCER

One important concept that emerged from our study of breast development is that
the TDLU, which had been originally identified by Wellings et al. (1975) as the site
of origin of the most common breast malignancy, the ductal carcinoma, corre-
sponds to a specific stage of development of the mammary parenchyma, the Lob 1.
This observation is supported by comparative studies of normal and cancer-bearing
breasts obtained at autopsy. It was found that the nontumoral parenchyma in
cancer-associated breasts contained a significantly higher number of hyperplastic
terminal ducts and atypical Lob 1 and ductal carcinomas in situ originating in LLob 1
than those breasts of women free of breast cancer, indicating that the Lob 1 is af-
fected by preneoplastic as well as by neoplastic processes (Russo, J. et al, 1990).

More differentiated lobular structures have been found to be affected by neo-
plastic processes as well, although they give rise to tumors in which malignancy is
inversely related to the degree of differentiation of the parent structure (Russo, J. et
al., 1990; 1994; Russo, J. and Russo, I.H., 1987b; 1993; 1994). These observations
led us to conclude that each specific compartment of the breast gives origin to a spe-
cific type of lesion. The finding that the most undifferentiated structures originate
the most undifferentiated and aggressive neoplasms acquires relevance in the light
that these structures are more numerous in the breast of nulliparous women who
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are, in turn, at a higher risk of developing breast cancer. We concluded thatthe Lob 1
found in the breast of nulliparous women never went through the process of differ-
entiation, whereas the same structures, when found in the breast of postmenopausal
parous women, did (Russo, J. and Russo, .H., 1987a).

THE CANCER-BEARING BREAST IN NULLIPAROUS AND
PAROUS WOMEN

The analysis of nontumoral breast tissues removed by lumpectomy or mastectomy
after a diagnosis of cancer has been made revealed that, in nulliparous women, the
architecture of the breast did not differ from that of nulliparous women free of
mammary pathology, since in both populations the predominant lobular structure
present was the Lob 1 (Russo, J. et al., 1994), In parous women, however, although
the pathology-free population contains predominantly Lob.3 and has the lowest
percentage of Lob 1, in those women who had developed breast cancer, Lob 1 is the
predominant structure, appearing more similar to the breast of nulliparous women.
These results support our hypothesis that the degree of breast development is of im-
portance in the susceptibility to carcinogenesis, and that parous women who de-
velop breast cancer might exhibit a defective response to the differentiating
influence of the hormones of pregnancy (Russo, J. and Russo, I.H., 1987a; 1994),
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BACKGROUND

In 1996, the breast was the most common site of newly diagnosed cancer in women,
with an estimated 184,000 new cases reported. Also that year, approximately
44 000 women died as a result of the disease. Until recently, breast cancer was the
leading cause of cancer deaths in women; now, it is second only to lung cancer
(American Cancer Society, 1997). What is perhaps more alarming than the number
of cancers, however, is the underlying trend. Over the past forty years, the incidence
of breast cancer has steadily climbed by approximately 1% annually (Marshall,
1993). While some of this increase is more apparent than real, because the wide-
spread use of mammography is detecting cancers earlier than previously possible,
there is nevertheless a slow upward climb in incidence. Furthermore, the mortality
rate for women diagnosed with breast cancer has remained virtually unchanged for
over forty years, although there has been a recent slight decrease. In other words, a
woman diagnosed with breast cancer today has roughly the same likelihood of dy-
ing of the disease as her grandmother nearly half a century ago.

The limited success of treating tumors with traditional approaches such as sur-
gery, radiation, and chemotherapy has fueled a search for a more basic understand-
ing of the molecular basis of the disease in the hope that more effective therapies
can be devised. The molecular regulators of cell growth known as growth factors
are attractive targets for novel therapies because a great deal of evidence indicates
that they play a central role in the regulation of cell growth in both normal and can-
cerous tissues. One mechanism by which a cell may become cancerous, it is hy-
pothesized, is through the unregulated expression of these factors. In breast tissue,
the action of growth factors and their cellular receptors may mediate, at least in part,
the mitogenic effects of the hormone estrogen, and the aberrant expression of these
proteins may contribute to a diminished reliance on estrogen to promote cell
growth. In addition to promoting cell growth, growth factors may be involved in the
induction of angiogenesis, the process of new blood vessel growth within the tumor
that provides both nourishment for the tumor cells and a pathway for metastatic
spread of the disease. There is much interest, therefore, in gaining a better under-
standing of the precise role of growth factors in controlling cell growth.

Mitogenesis in breast tissue is mediated in part through the interaction of the
steroid hormone estrogen, denoted E2 or 17-B-estradiol, with an intracellular pro-
tein, the estrogen receptor (ER). The E2-ER complex acts as a transcription factor
to induce expression of specific genes. Hormone-dependent breast cancers express
ER and are stimulated by E2, which acts in these cells at least in part through induc-
tion of genes coding for polypeptide growth factors that in turn promote cell
growth. The E2-mediated growth stimulation of these cells has led to the use of anti-
estrogenic drugs to inhibit the growth of these tumors. Hormone-independent
breast cancers are not stimulated by E2 and may have no detectable ER expression
and are therefore insensitive to antiestrogen treatment. These tumors often express
growth factors at high levels. This inverse correlation between ER and overexpres-
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sion of growth factors suggests that the expression of such proteins in an unregu-
lated manner by hormone-dependent breast cancer may contribute to its growth in
the absence of E2, and it has led to the hypothesis that the constitutive expression of
growth factors by a hormone-dependent cancer may contribute to the development
of hormone independence. Itis the general thesis of this review that amplification of
the endogenous growth-factor receptor signaling pathway through overexpression
of polypeptide growth factors or their cognate receptors is sufficient to diminish or
overcome the requirement for E2 stimulation of growth. If this is true, it follows that
disruption of these growth signals may present an effective target for future thera-
pies directed against hormone-independent cancers.

The poorer prognosis associated with tumors that do not express ER also sug-
gests that growth stimulation independent of E2 may result in more aggressive be-
havior by the tumor. In this sense, use of a growth factor-mediated pathway results
not only in the ability to overcome dependence on estrogen but also the develop-
ment of a more malignant phenotype. Therapies directed at growth factors might
therefore not only restore some sensitivity to antiestrogen therapies in hormone in-
dependent cancers that retain ER expression, but also diminish the ability of the tu-
mor cells to invade and metastasize.

BREAST CANCER, ESTROGEN, AND ESTROGEN RECEPTOR

Although environmental influences such as diet (Lipsett, 1975) are believed to be
important, the primary tumor-promoting agent in breast cancer is thought to be E2
itself (Figure 1; Menedez-Botet and Schwartz, 1993). Prolonged exposure of breast
tissue to E2, whether as aresult of early menarche or late menopause, as well as late
age at first pregnancy, which leaves the breast in a hyperproliferative, but not fully
differentiated, state, increase the relative risk of developing breast cancer (Hulka, et
al., 1994). A role for E2 exposure in promoting breast cancer is supported by the ob-
servations that women who undergo bilateral oophorectomy before age 40 have a
significantly reduced incidence of breast cancer when compared to women who ex-
perience normal menopause (Feinleib, 1968; Hirayama and Wynder, 1962) and that
the incidence of breast cancer among men is only 1% of that in women (Kinne,
1990).

The progression of mammary epithelium from normal to malignant is thought to
occur in several steps. An increase in the number of cells contained within the duct
is termed hyperplasia or proliferative disease, and this may be present with or with-
out cellular atypia. Further changes in cellular morphology may progress to ductal
carcinoma in situ (DCIS), a term applied to cells determined to be cancerous but
contained within the myoepithelial cell layer. Evidence suggests that some, but not
all, DCIS will progress to fully invasive cancer (Harris et al., 1980). Studies of alle-
lic loss of heterozygosity (LOH) within these various cells suggest that the less ad-
vanced lesions, proliferative disease without atypia and atypical ductal hyperplasia,
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Figure 1. Molecular structure of estrogen and antiestrogens. Estrogen (E2) is an
18-carbon steroid hormone derived from cholesterol. It is synthesized primarily in the
ovaries and contains an aromatized A ring. Tamoxifen and its metabolite 4-hydroxy
tamoxifen are nonsteroidal antiestrogens that compete with E2 for binding to the
estrogen receptor (ER). Both compounds exhibit partial agonist activity addition to
antagonist activity. 1C1 164, 184 and {CI 182,784 and 1C1 182,789 are considered “pure”
steroidal antiestrogens because they do not possess agonist activity. These drugs also
compete with E2 for binding to the ER.

as well as DCIS, may give rise to later cancers because the more advanced lesions
share significant patterns of LOH with the less malignant cells (Allred et al. 1993;
O’Connell et al. 1994; Smith et al., 1993). Tumors in which the cells have invaded
the basement membrane are classified as infiltrating ductal carcinoma, and repre-
sent the most common form of the disease at diagnosis.

Infiltrating ductal carcinomas may contain or lack estrogen receptors (ERs). E2
stimulates the growth of both normal breast tissue and a subset of breast cancers,
and expression of ER is an important indicator of likelihood of response to treat-
ment with antiestrogens (Wittliff, 1984). Not every tumor that expresses ER is in-
hibited by antiestrogens, however, and many tumors that do initially respond
subsequently recur and are no longer sensitive to hormone ablation, possibly as are-
sult of selection pressure in favor of cells that develop hormone-independent
growth. At the time of diagnosis, approximately Y2-% of breast cancers are consid-
ered estrogen receptor positive (ER+; Jensen, 1981). ER+ tumors respond to hor-
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mone ablative therapy 55% of the time, and this response rate is raised to 80% if
only ER+/PR+ tumors are considered (Wittliff, 1984), as presence of progesterone
receptor (PR) is an indicator of a functional ER. In addition to predicting response
to antiestrogen therapy, estrogen receptor positive (ER+) tumors tend to be more
differentiated and less malignant in behavior, whereas estrogen receptor negative
(ER-) tumors typically have an undifferentiated and more malignant phenotype
(Silfversward et al., 1980). ER expression has also been used along with factors
such as size of the primary tumor, presence of tumor cells in surrounding lymph
nodes, and histological grade of the tumor cells to predict overall survival. Patients
with more advanced ER+ disease have a better prognosis than patients with less ad-
vanced ER-disease, indicating the utility of ER expression in the further classifica-
tion of patients already stratified by tumor staging (Godolphin et al., 1981). This
suggests that continued ER expression may be a marker for a less aggressive tumor
and that loss of ER expression may indicate the development of a more malignant
phenotype.

Much of our current understanding of the molecular basis of growth control in
breast cancer cells has been gained from study of human breast cancer cell lines.
First isolated from patients, the majority of these cell lines were established from
metastases or pleural effusions and subsequently adapted to grow in culture. These
cell lines display a wide range of phenotypic behavior and molecular characteristics
that reflect some of the changes believed to occur during progression of breast can-
cer (Engel and Young, 1978). For example, MCF-7 cells are ER+ and E2 responsive
in vitro and are strictly dependent on E2 for growth in vivo; however, they are
poorly tumorigenic in vivo even in the presence of E2 (Seibert et al., 1983). In con-
trast, ER- cell lines such as MDA- MB-231 and MDA-MB-468 grow equally well
in vitro in the presence or absence of E2 and many are quite aggressive in vivo. In-
vestigation of the mechanisms underlying the failure of ER-breast cancer cell lines
to express ER indicates that, while these cells retain ER DNA sequences (Yaich et
al., 1992), there is no detectable mRNA transcribed or protein made from the gene
(Barrett-Lee et al., 1987; Piva et al., 1990; Weigel and deConinck, 1993; Zhang et
al., 1991). The 5' promoter region of the ER gene in MDA-MB-231 cells contains
hypermethylated CpG dinucleotides (Ottaviano et al., 1994), suggesting methyla-
tion as a possible regulatory mechanism (Bird, 1986). Treatment of these cells with
S-azacytidine, an analog of cytosine used to generate DNA without methylation, in-
duces ER expression, and the ER is functional based on its ability to induce expres-
sion of both PR and a reporter gene (Ferguson et al., 1995). It should be noted,
however, that treatment with 5-azacytidine nonspecifically allows expression of
many genes, and the possible role of other unknown gene products in this effect is
not known.

There is in fact much evidence that factors other than the appropriate receptor
alone are required for cellular responsiveness to E2. In experiments also done in
MDA- MB-231 cells, expression of a recombinant ER results in growth inhibition
in the presence of E2 (Garciaetal., 1992; Jiang and Jordan, 1992; Zajchowski et al.,
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1993). Ectopic expression of ER in other ER- cells has also shown that expression
of ER alone is insufficient to result in E2-responsive growth (Levenson and Jordan,
1994). In mouse fibroblasts transfected with the human ER, addition of E2 has no
growth-promoting effect (Gaben and Mester, 1991). Transfection of ER into HeLa
cells, a human adenocarcinoma cell line of cervical origin, results in cells whose
growth is inhibited by E2 in a manner that is dependent on ER expression levels, al-
though it is not clear whether this growth inhibition is a result of induction of
growth-inhibitory genes or a more nonspecific effect of ER overexpression (Ma-
minta et al., 1991). These results indicate that expression of ER alone does not ren-
der cells responsive to E2 or simply re- create the ER+ state in breast cancer.

The ER is a member of a family of DNA-binding proteins that act as transcription
factors. Other members of the steroid hormone receptor superfamily include recep-
tors for other steroids, thyroid hormone, retinoic acid, and vitamin D (O’Malley,
1992). Mature steroid receptors are divided into five subdomains (Figure 2), and the
function of each of the domains is separable; replacing the DNA-binding domain of
the glucocorticoid receptor with that of the ER results in a hybrid receptor that acti-
vates E2-responsive genes in the presence of glucocorticoids but not E2 (Berg, 1989).
The three primary functions of the ER, ligand binding, sequence-specific DNA bind-
ing to an estrogen response element (ERE), and transactivation, take place in the E, C,
and A/B domains of the protein, respectively. The A/B domain of the estrogen recep-
tor is located at the N terminus and is the regulatory region of the receptor. The A/B
domain also contains the transcriptional activating function 1 (AF-1) of the ER, are-
gion that promotes transcription of genes in a ligand-independent manner. This activ-
ity, however, is dependent on both cell type and promoter context; for example, AF-1
activates transcription efficiently in chicken embryonic fibroblasts but poorly in
HeLa cells (Tora et al., 1989). In addition, deletions of the A/B domain, including
AF-1, have no effect on activation of a vitellogenin ERE but severely impair activa-
tion of the human pS2 promoter (Kumar et al., 1987). The C region of the ER is com-
possed of the DNA binding domain, two zinc finger motifs folded to form a single
structural unit termed a class II zinc-binding motif (Harrison, 1991). Most of the abil-
ity of this DNA-binding region to discriminate among the DNA sequences of the vari-
ous steroid response elements is determined by three amino acids within the first zinc
finger (Mader et al., 1989). The DNA-binding domain also contains a weak dimeriza-
tion signal (Kumar and Chambon, 1988). Region E appears to be the most complex in
terms of both structure and function. This region, in addition to mediating hormone
binding, contains sequences responsible for nuclear localization (Guiochon-Mante et
al., 1989; Picard and Yamamoto, 1987) and interactions with heat shock proteins
{Chambraud et al., 1990), as well as a stronger dimerization signal than found in the
DNA-binding domain (Fawell et al., 1990a; Kumar and Chambon, 1988; Salomons-
sonetal., 1994). This region also contains the AF-2 function, which is similar to AF-1
in the A/B domain; however, AF-2 is active only in the presence of hormone (Webster
et al., 1988). In the intact receptor, AF-1 and AF-2 act together to produce full tran-
scriptional activity (Danielian et al., 1992).
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Figure 2. Functional domains of the human estrogen receptor. The ER is divided into
six subdomains. The A/B domain is involved in transactivation of target genes, the C
domain mediates binding to a specific DNA sequence present in the regulatory region of
E2-responsive genes, and the E domain mediates hormone binding. Numbers above the
receptor correspond to amino acid position of the domain boundaries.

The ER, like all steroid receptors, is a phosphoprotein, and evidence suggests that
transcriptional activation may coincide with an increase in phosphorylation of the re-
ceptor. In a mouse mammary tumor model, ER isolated from hormone-independent
breast tumors is hypophosphorylated compared to that in hormone-dependent tumors
(Migliaccio et al., 1992), although the biological significance of this difference is not
clear. A kinase purified from calf uterus phosphorylates the human ER on a tyrosine
residue at a site within or near the hormone-binding domain (Migliaccio et al., 1989),
and this phosphorylation promotes binding of hormone to the ER (Koffman et al,,
1991; Migliaccio et al., 1991). Src-family tyrosine kinases can phosphorylate tyrosine
537 in the ER hormone-binding domain independently of estrogen treatment (Arnold
et al,, 1995b), and phosphorylation of this residue facilitates subsequent dimerization
and binding of the hormone-ER complex to an ERE (Amold et al., 1995b).

In contrast to these reports of tyrosine phosphorylation, other groups report
phosphorylation of ER exclusively on serine (Denton et al., 1992; Washburn et al.,
1991). Discrepancies exist, however, as to the number of phosphorylation sites and
the identity of the individual residues. In both mouse uterus and MCF-7 breast can-
cer cells, E2 treatment increases the serine phosphorylation of ER (Denton et al.,
1992; Washburn et al., 1991). In mouse ER, multiple sites of serine phosphorylation
have been reported upon estrogen binding (Lahooti et al., 1994); similar patterns
have been observed in humans (Al et al., 1993). Serine residues at position 104,
106, and 118 in the A/B domain of the ER are phosphorylated in vivo (Le Goffetal.,
1994). Mutation of these residues inhibits induction of a reporter gene (Le Goff et
al., 1994), suggesting that phosphorylation is important for full receptor activation.
Other studies, however, have found only a single site of serine phosphorylation in
the ER, either at position 118, which lies within the AF-1 domain (Ali et al., 1993;
Joel et al., 1995) or position 167 (Arnold et al., 1994). Kinases implicated in the
phosphorylation of ER at these sites include casein kinase I (Arnold et al., 1994), a



18 DAVID L. MILLER and FRANCIS G. KERN

DNA-dependent protein kinase (Arnold et al., 1995c), and MAP kinase (Arnold et
al., 1995a; Bunone et al., 1996; Kato etal., 1995). Although agents that activate pro-
tein kinase A or C result in ER phosphorylation (Le Goff et al., 1994), neither of
these enzymes directly phosphorylates the ER (Arnold et al., 1995¢), which sug-
gests an indirect mechanism or an intermediate kinase.

The classical model of transcriptional control by steroid hormone receptors in-
volves dimerization of the receptor in the presence of ligand, followed by DNA-
binding at a specific hormone response element and the enhancement of transcrip-
tion due to the recruitment of accessory proteins to the initiation complex of RNA
polymerases at the promoter. In the absence of hormone, the ER is localized to the
cell nucleus but is not tightly associated with DNA (Greene et al., 1984; Welshons
etal., 1988) and exists in a complex with heat shock proteins (Landel et al., 1994).
Hormone binding induces a conformational change in the receptor that results in di-
merization (Wang et al., 1995b) and binding of dimerized receptors to DNA at a
specific sequence termed an estrogen response element (ERE). DNA-binding is
mediated through interactions of the zinc fingers of the C domain and the major
groove of the DNA double helix (Schwabe et al., 1993), resulting in transcriptional
activation of target genes (Kumar and Chambon, 1988).

Other proteins, apart from the basal transcription factors, are also associated with
activation of E2-responsive genes. A number of coactivator and corepressor mole-
cules have recently been described that modulate the extent of transcriptional activa-
tion mediated by nuclear receptors (Horwitz et al., 1996). A protein called steroid
receptor coactivator-1 or SRC-1 specifically interacts with several steroid receptors
including ER in a ligand- dependent fashion and increases the degree of transcription
induction (Onate et al., 1995). In ER+ MCF-7 breast cancer cells, the hormone-
binding domain of ER specifically interacts with a 160 kDa protein in the presence of
E2, and mutant ERs unable to activate transcription can not bind this protein (Hala-
chmi et al., 1994). In ER+ ZR-75-1 breast cancer cells, treatment with E2 causes
receptor-interacting proteins (RIPs) of 180, 160, and 80 kDa to interact with the
hormone-binding domain of the ER. These proteins do not interact with an ER com-
plexed with antiestrogens, and ER hormone-binding domains that are defective in
transcription activation due to mutation of AF-2 do not assoctate with these RIPs (Ca-
vailles et al., 1994). Subsequent cloning and characterization of the 140-kDa RIP re-
veal that this protein interacts in vitro with the AF-2 region of the ER and seems to
play adualrole in ER activation. When expressed at low levels relative to ER, RIP140
stimulates ER-mediated transcription of a reporter gene two-fold; however, when ex-
pressed at high levels, RIP140 almost completely abolishes ER-mediated transcrip-
tion (Cavailles et al., 1995). Because RIP140 is induced by estrogen in ZR-75-1 cells
(Cavailles et al., 1994), these results suggest RIP140 may act to both promote the ini-
tial activation of the ER and subsequently act as a feedback inhibitor of the ER. These
results indicate that specific interactions with other proteins coincide with ligand
binding and transcriptional activation and suggest that these events may influence re-
ceptor activity in both the presence and absence of hormone.
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ANTIESTROGENS, TAMOXIFEN RESISTANCE, AND
HORMONE-INDEPENDENT GROWTH

As early as 1896, surgical removal of the ovaries was used to induce remission in
premenopausal women with advanced breast cancer (Beatson, 1896); today, how-
ever, hormone ablation is effected chemically through the use of antiestrogenic
drugs. The most commonly used antiestrogen is tamoxifen, which may be con-
verted in vivo to 4- hydroxy tamoxifen (Figure 1), a metabolite that has a 10-fold
higher affinity for the ER (Furr and Jordan, 1984). Both are nonsteroidal antiestro-
gens that compete with E2 for binding to ER (Jordan et al., 1977; Jordan and Koer-
ner, 1975) and inhibit gene transcription due to the presence of a side chain (Jordan
et al., 1988). Tamoxifen exhibits both weak agonist as well as antagonist activity
(Jordan, 1984) that is both species- and tissue-specific; in mice, tamoxifen virtually
acts as a complete agonist (Terenius, 1970) but can still inhibit the growth of ER+
xenografts (Langdon et al., 1994; Osborne et al., 1995); in humans, doses of ta-
moxifen that induce remission in mammary tumors produce estrogenic changes in
vaginal tissues (Ferrazzi et al., 1977). The antagonist activity of tamoxifen is
thought to arise from its inability to induce AF-2 function on promoters that require
this region for transcription and its agonist properties from activation of promoters
where AF-1 action alone is sufficient for gene transcription (Berry et al., 1990;
Tzukerman et al., 1994).

Because tamoxifen possesses activity as a partial agonist, antiestrogens that do
not possess this activity and therefore act as complete antagonists have been synthe-
sized. These so-called “pure” steroidal antiestrogens include ICI 164,184 and ICI
182,780, which each contain a side chain attached to the B ring of the steroid (Fig-
ure 1); the effectiveness of these compounds as antiestrogens depends on this side
chain (Bowler et al., 1989). Because the clinical usefulness of ICI 164,184 is lim-
ited due to its hydrophobicity, a fluorine-substituted analog with greater solubility
was generated: ICI 182,780 (Figure 1); this drug has the further advantage of having
aslightly higher affinity for the ER (Wakelingetal., 1991). Both ICI compounds are
believed to inhibit ER activation by inhibiting E2 binding and subsequent dimeriza-
tion of the receptor (Fawell et al., 1990b; Parker, 1993). Addition of either ICI com-
pound to cells decreases the levels of ER by reducing the half-life of the protein
(Dauvois et al., 1992).

Because the molecular mechanisms underlying the acquisition of resistance to
antihormone therapy in breast cancer are poorly understood, ER+ breast cancer cell
lines have been studied in vitro and in vivo in many model systems that attempt to
re-create changes in tumor behavior seen in patients in response to hormone abla-
tion. Such manipulation has successfully generated E2-independent or
antiestrogen-insensitive cell lines from ER+ precursors, but most retain ER expres-
sion. Variant sublines of ER+ MCF-7 cells have been selected either by in vitro
growth in E2-depleted medium (Katzenellenbogen et al., 1987; Welshons and Jor-
dan, 1987) or by serial passage through nude mice in vivo in the absence of E2 and
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subsequent isolation of rare spontaneous tumors (Clarke et al., 1989b). Cells thus
selected grow as well under steroid-free conditions as do normal cells in the pres-
ence of E2 but cannot be further stimulated to grow in vitro by E2; they also exhibit
elevated ER levels, but retain the ability to induce E2-responsive genes upon hor-
mone addition (Katzenellenbogen et al., 1987; Welshons and Jordan, 1987).

In the E2-independent MCE-7 subline selected in nude mice, in vivo tumor for-
mation can still be enhanced by E2, suggesting that E2 may induce host factors that
stimulate the tumor cells in a paracrine fashion (Clarke et al., 1989b). Characteriza-
tion of an in vitro cell line established from these cells selected in vivo reveals many
of the same changes observed in cells originally selected in vitro, including reten-
tion of both ER expression and sensitivity to antiestrogens (Briinner et al., 1993a).
Because of the failure of E2 withdrawal from ER+ breast cancer cells to induce loss
of ER and resistance to tamoxifen, these E2-independent cells were further selected
for growth in the presence of tamoxifen in vitro. Although the subsequent
tamoxifen-resistant cells continue to express ER, the ability of ER to induce PR ex-
pression is diminished; however, this cell line remains sensitive to the steroidal anti-
estrogen ICI 182,780 (Briinner et al., 1993b). In a reciprocal study, ER+ breast
cancer cells selected for resistance to either ICI 164,384 or ICI 182,780 continue to
express ER, retain sensitivity to tamoxifen, and become stimulated for in vivo tu-
mor formation by E, (Lykkesfeldt et al., 1995).

Acquisition of resistance to antiestrogen therapy has also been modeled by in vitro
selection of ER+ ZR-75-1 breast cancer cells in the presence of antiestrogens and 5-
azacytidine. Although these cells acquire hormone independence, expression of ER
is lost and an increase in expression of transmembrane tyrosine kinase growth-factor
receptors is observed (van Agthoven et al., 1994b). This result suggests that, in both
the absence of E2 and the presence of an agent that promotes expression of previously
silent genes or prevents the silencing of active genes, cells emerge that utilize alter-
nate mitogenic pathways that may still result in loss of ER expression.

Although some tumors that arise after adjuvant tamoxifen treatment of patients
with tumors that were originally ER+ exhibit an ER- phenotype, the majority of tu-
mors that initially respond to tamoxifen continue to express functional ER when
they acquire resistance to the drug (Johnston et al., 1995; Johnstonet al., 1997). The
failure of most cells lines selected for E2-independent and tamoxifen-resistant
growth to lose ER expression also indicates that mechanisms of hormone-
independent growth and resistance to tamoxifen do not necessarily require loss of
ER. Increased resistance to the antiestrogenic effects of tamoxifen without altera-
tions in ER expression could be affected through diminished uptake or intracellular
accumulation of the drug. Evidence for such a mechanism is found in nude mice
bearing MCF-7-derived tumors, where 10- fold lower levels of tamoxifen are seen
in tumors resistant to tamoxifen compared to levels of the drug circulating in serum
(Osborne etal., 1991). Furthermore, loss of ER expression in response to tamoxifen
treatment would not explain the response of some ER+ cells selected for tamoxifen
resistance that are actually stimulated by the drug. One tamoxifen-stimulated tumor
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has been found to express an ER containing a point mutation in the ligand-binding
domain that is presumably responsible for the tamoxifen- stimulated growth of
these cells (Wolf and Jordan, 1994), and other mutations within the hormone-
binding domain of the ER have been shown to convert tamoxifen and ICI 164,384 to
complete agonists (Mahfoudi et al., 1995). It should be noted, however, that muta-
tions of the ER are rare in patients with tamoxifen-resistant tumors (Karnik et al.,
1994). Mitogenic effects of tamoxifen may also arise from altered metabolism of
the drug, as both elevated levels of isomers of tamoxifen that are less potent anties-
trogens as well as increases in estrogenic metabolites of the drug are found in some
tumors (Johnston et al., 1993; Osborne et al., 1991; Wiebe et al., 1992).

Not all breast cancer therapy, however, utilizes antiestrogenic drugs directed at
the ER, and consequently not all attempts to isolate variant cells have selected for
hormone-independent growth. One such cell line 1s derived from ER+ MCF-7 cells
selected for resistance to the chemotherapeutic drug adriamycin, an intercalating
agent that inhibits the replication and transcription of DNA. These cells known as
MCF7/Adr® have acquired drug resistance due to amplification of the multidrug re-
sistance gene (MDR); interestingly, these cells have also lost expression of ER and
acquired the ability to form tumors in nude mice in the absence of E2 (Vickers et al.,
1988). Although exposure to cytotoxic drugs can decrease ER expression (Clarke et
al., 1986; Yang and Samaan, 1983), long-term passage of the cells following selec-
tion in drug-free medium does not cause ER to reappear. The 5' promoter region of
the ER gene in MCF-7/Adm® cells is hypermethylated (Ottaviano et al., 1994), a
phenomenon reminiscent of the ER gene in MDA-MB-231 cells, suggesting meth-
ylation may be a common mechanism for loss of ER expression. MCF-7/Adr* cells
also possess 100-fold higher levels of the transmembrane tyrosine kinase epidermal
growth factor receptor (EGFR). Recent evidence indicates that acquired overex-
pression of EGFR or the related transmembrane tyrosine kinase c-erbB2 is not a
mechanism by which tumors acquire resistance to tamoxifen (Newby et al., 1997).
However, expression of either receptor in tumors prior to treatment is predictive of a
poor response to this antiestrogen (Carlomagno et al., 1996; Newby et al., 1997).
This result suggests that, even in the absence of antiestrogen therapy, amplification
of the signaling capacity of growth factor—activated pathways may contribute to
loss of ER expression and hormone-independent growth . In a similar study, MCF-7
cells selected for adriamycin resistance in the presence of verapimil, an antagonist
of the MDR protein that prevents amplification of the gene, also upregulate expres-
sion of EGFR. In these cells, EGFR expression is lower than in the MCE-7/Adr®
cells, and these cells retain ER expression (Dickstein et al., 1993).

The central limitation in current hormone ablative therapy of breast cancer is the
ability of tumor cells to acquire resistance to the drugs utilized; it is not the case,
however, that all hormone-independent cells lose ER expression. It must therefore
be true that hormone-independent growth can occur in the presence of ER. The util-
ity of classifying a tumor as ER+ or ER- at the time of diagnosis is in predicting
prognosis and likelihood of response to antiestrogen therapy. The fact that only
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55% of ER+ tumors respond to tamoxifen, however, indicates that nearly half of
ER+ tumors are at least partially hormone-independent. Although ER+ and ER-
cell lines are used to model hormone-dependent and hormone-independent breast
cancer cells respectively, it should be emphasized that it is the ability of cells to
grow in the absence of E2 and the presence of antiestrogenic drugs, not the presence
or absence of ER per se, that represents the limitation on the current use of antiestro-
gens clinically. It is likely that ER expression can continue in a cell after hormone
dependence has been overcome and that a later event leads to loss of expression al-
together. It should also be noted that the ER present in breast cancer cells undergo-
ing estrogen withdrawal or treatment with antiestrogenic drugs may not be
uninvolved in mitogenic signaling, despite the absence of its natural ligand.

ESTROGEN RECEPTOR AND THE erbB GENE FAMILY OF
GROWTH FACTOR RECEPTORS

If the use of alternate mitogenic pathways is one mechanism of hormone independ-
ent growth, what might be the molecular mechanism? Part of the difficulty in ad-
dressing this question lies in our limited understanding of the complexity of the
regulation of cell growth. When ER+ and ER~ breast cancer cell lines are com-
pared, the sheer number of growth factors and receptors overexpressed in ER—cells
makes identification of one or two critical factors all but impossible. The search for
proteins that play a direct role in the acquisition of hormone-independent growth
has therefore focused on the set of genes that correlate inversely with ER expression
or that seem particularly useful in predicting prognosis.

One such gene codes for the epidermal growth factor receptor (EGFR), a trans-
membrane glycoprotein with intrinsic tyrosine kinase capability. EGFR is the proto-
typical member of the erbB family of growth factor receptors, and expression of
EGFR is a valuable prognostic indicator in breast cancer. In ER+ breast cancer cell
lines, expression of EGFR is very low, whereas some ER- cells express over one mil-
lion sites per cell (Davidson et al., 1987). In breast cancers, expression of EGFR cor-
relates inversely with both ER (Bolufer et al., 1990; Koenders et al., 1991; Lee et al.,
1990; Lewis etal., 1990) and PR (Battagliaet al., 1988a; Battagliaet al., 1988b; Dela-
rue et al., 1988; Foekens et al., 1989). In tumors where expression is heterogeneous
and no inverse correlation between ER and EGFR is seen, individual cells seem to be
either ER+ or EGFR+ and the two proteins rarely co-localize to the same cell (van
Agthoven et al., 1994a). Overexpression of EGFR correlates with both poor response
to tamoxifen treatment (Nicholson et al., 1988; Nicholson et al., 1989; Nicholson et
al., 1990) and poor prognosis (Harris et al., 1992; Nicholson et al., 1991; Toi et al.,
1991). Significantly, expression of EGFR predicts prognosis independent of ER
status, and ER+/EGFR+ patients have a worse prognosis than ER/EGFR- patients,
suggesting that the phenotype conferred by EGFR overexpression is dominant over
that conferred by ER (Harris et al., 1992; Sainsbury et al., 1987). The observation that
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ER+/EGFR- primary tumors may give rise to ER—/EGFR+ metastases (Mori et al.,
1991; Sainsbury et al., 1985; Toi et al., 1991) suggests overexpression of EGFR may
also be involved in the acquisition of a more aggressive phenotype.

The mature EGFR protein can be divided into two primary regions separated by
a short transmembrane domain that anchors the protein in the plasma membrane
(Figure 3). An extracellular domain is responsible for binding various ligands. An
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Figure 3. Prototypic receptors for EGF/erbB, FGF, and VEGF family ligands. The
members of the EGFR/erbB gene family have four extracellular subdomains and a single
intracellular tyrosine kinase domain. FGF receptors have either two or three extracellular
domains of homology to IG molecules and an intracellular tyrosine kinase domain that is
interrupted by a small kinase insert region. VEGF receptors contain seven extracellular Ig
domains and an intracellular tyrosine kinase domain with a larger insert than FGF
receptors. Shown is a representation of the structure of a typical receptor of each type.
S-S denotes disulfide-linked cysteine residues that maintain the structure of the Igloops.
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intracellular tyrosine kinase domain binds numerous intracellular substrates and
phosphorylates them on tyrosine residues. The extracellular and intracellular do-
mains are further subdivided into subdomains, and the boundaries of these subdo-
mains roughly correspond to intron/exon boundaries (Callaghan et al., 1993).
Binding of ligand to the extracellular domain results in receptor dimerization and
activation of the intracellular kinase activity thereby transducing the signals gener-
ated outside the cell across the membrane to the interior of the cell.

The extracellular region of EGER consists of four subdomains of 150 amino ac-
ids each contained within two direct 300-amino-acid repeats. Subdomains I and III
are involved in ligand binding, whereas subdomains II and IV are cysteine-rich and
presumably involved in maintaining the secondary and tertiary structure of the ex-
tracellularregion (Lax etal., 1988; Ullrich and Schlessinger, 1990; Wuetal., 1990).
A soluble form of the EGFR extracellular domain binds ligand normally and is ca-
pable of oligomerization, indicating that this region possesses an inherent ability to
mediate both functions (Hurwitz et al., 1991). Dimerization of two receptors is suf-
ficient to activate tyrosine kinase activity because EGFR molecules engineered to
oligomerize in the absence of ligand due to introduction of an intermolecular disul-
fide bond are constitutively active (Sorokin et al., 1994).

Whereas EGFR tyrosine kinase activity is induced by dimerization, enzymatic ac-
tivity is modulated by at least two covalent modifications to the intracellular domain
of the receptor. Just within the inner surface of the plasma membrane is a threonine at
position 654 that is a substrate for protein kinase C; phosphorylation of this residue
results in inhibition of EGFR kinase activity (Davis, 1988) and loss of the high-
affinity ligand-binding state of the receptor (Livenh et al., 1987). Increases in intra-
cellular cyclic AMP, an activator of protein kinase A, inhibit EGF-induced mitogene-
sis, although this does not involve direct phosphorylation of the EGFR itself (Cook
and McCormick, 1993; Wu et al., 1993 ). Additionally, two serine residues at posi-
tions 1046 and 1047 are substrates for phosphorylation by CAM kinase 11, a kinase
that is activated by the calcium-binding protein calmodulin (George et al., 1990);
modification of these residues results in an inhibition of receptor tyrosine kinase ac-
tivity (Countaway et al., 1992). These observations suggest that negative feedback
may play a role in EGFR self- modulation as well as cross-talk between different
classes of mitogenic agents that activate intracellular proteins kinases.

The carboxy terminal region, which contains the receptor autophosphorylation
sites, mediates signal transduction of extracellular stimuli through interaction with
specific intracellular second-messenger proteins. The autophosphorylation sites
within this region are thought to act as competitive inhibitors of intracellular sub-
strates for the tyrosine kinase activity because mutation of these tyrosines to phen-
ylalanines has little effect on the kinetics of ligand-binding or phosphorylation of
cellular targets (Honegger et al., 1988b), yet it seems to increase the affinity of the
receptor for peptide substrates (Honegger et al., 1988a). Elimination of these ty-
rosines through progressive truncation of the intracellular domain of the receptor,
however, results in decreased affinity for ligand (Livneh et al., 1986), altered sub-
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strate specificity (Decker et al., 1992), and ultimately receptors that are deficient in
internalization and degradation (Decker et al., 1992; Livneh et al., 1986).

The epidermal growth factor receptor is encoded by the c-erbB gene locus on chro-
mosome 7p12 (Shimizu and Kondo, 1982) and consists of 26 exons that span 110 kb
(Haley et al., 1987). EGFR is a class I tyrosine kinase receptor of approximately 170
kDa (Ullrich et al., 1984) and belongs to a family of receptors that includes c-erbB-2,
c-erbB-3, and c-erbB-4 (Figure 3) (Plowman et al., 1993a; Plowman et al., 1990; Ull-
rich and Schlessinger, 1990). Expression of EGFR is transiently induced by E2 treat-
ment of ER+ MCF-7 cells (Yarden et al., 1994), aithough it remains far below the levels
seen in some ER— cell lines. In breast cancer, the level of EGFR protein correlates with
the level of mRNA, and when EGFR is overexpressed, it almost always occurs at the
level of transcription (Davidson et al., 1987); rarely is the gene rearranged or amplified
(King et al., 1985). Despite this fact, two naturally occurring mutants of EGFR have
been reported. The v-erbB gene, which is responsible for the diseases induced by the
avian erythroblastosis virus in chickens, is an oncogenic form of the chicken EGFR
(Downward et al., 1984). It contains an N-terminal deletion of clmost the entire extra-
cellular domain and a smaller C-terminal deletion as well as several point mutations
throughout the molecule (Hayman and Enrietto, 1991). As a result of these mutations,
the receptor is constitutively active (Kris et al., 1985), although its ability to transform
different cell types depends on the extent of mutations in the intracellular domain (Pel-
ley etal., 1989; Shu et al., 1990). In addition to the v-erbB oncogene, a second naturally
occurring, constitutively active mutant of EGFR has been isolated. First found in hu-
man gliomas (Nishikawa et al., 1994) and subsequently detected in tumors from vari-
ous tissues including breast (Moscatello et al., 1995; Widstrand et al., 1996), the
EGFRVIII mutant contains an in-frame deletion of exons two through seven that gives
rise to a receptor with a truncated extracellular domain. Although this mutant receptor
no longer binds ligand, it displays low levels of constitutive kinase activity (Batraet al,,
1995) and modest, but constitutive, activation of downstream signaling molecules
(Montgomery et al., 1995). Expression of this mutant in NIH 3T3 cells results in weak
transformation independent of ligand (Yamazaki et al., 1990). Although no physiologic
role has yet been shown for EGFRVIII in breast cancer, the observation that expression
of this mutant in a glioblastoma cell line greatly enhances in vivo tumor formation
(Nishikawa et al., 1994) suggests that this deletion may, through activation of the recep-
tor kinase signal transduction pathway, promote tumor growth.

The c-erbB-2 gene is the human homologue of the rat neu gene that was originally
isolated from ethylnitrosourea-induced neuro- and glioblastomas in rodents (Barg-
mann et al., 1986). Cloning and sequencing of c-erbB-2 revealed it to be highly ho-
mologous to EGFR, having a similar tyrosine kinase domain and transmembrane and
extracellular domains (Coussens et al., 1985). The activated neu found in tumors dif-
fers from the normal rat gene, c-neu, by a single point mutation in the transmembrane
region that results in a constitutively active kinase (Stern et al., 1988; Weiner et al.,
1989). Interestingly, no one has yet reported a similar mutation in the human homo-
logue; if c- erbB-2 is involved in human carcinogenesis or tumor progression, it is
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most likely through overexpression, not mutation of the transmembrane region
(Lemoine et al., 1990). In human breast cancer, c- erbB-2 overexpression has been
noted in 20-30% of cases (Slamon et al., 1987; Slamon et al., 1989). The prognostic
significance of c-erbB-2 overexpression in breast cancer has been extensively inves-
tigated and the vast majority of studies have found a prognostic effect in at least a sub-
group of patients (Gullick et al., 1991; Perren, 1991). In a number of clinical studies,
c-erbB-2 overexpression is less frequently observed in ER+ breast tumors (Berns et
al., 1992; Perren, 1991). Overexpression of c-erbB-2 in MCF-7 cells results in in-
creased tumorigenicity in vivo in the absence of E2 (Liu et al., 1995b; Pietras et al.,
1995) and, in one report, a 50% reduction in expression of ER (Pietras et al., 1995).
On a molecular level, EGFR and c-erbB-2 are capable of heterodimerization and
cross-phosphorylation in the presence of EGFR ligands, a process known as trans-
modulation (King et al., 1988; Stern and Kamps, 1988; Wada et al., 1990). Co- ex-
pression of a kinase-negative c-erbB-2 mutant with EGFR in murine fibroblasts is
sufficient to block the EGF-dependent transformation of these cells (Qian et al.,
1994), suggesting that transmodulation is an important component of both the signal-
ing capacity and transforming ability of these receptors.

The gene encoding c-erbB-3 was isolated from human cDNA library using an
EGFR probe and low stringency screening (Plowman et al., 1990); the c-erbB-4 gene
was cloned using degenerate oligonucleotides to amplify a conserved region of erbB
family tyrosine kinase domains and subsequent library screening (Plowman et al.,
1993a). Little is currently known about the biologic roles of either c-erbB-3 or
c-erbB-4, although increased expression and constitutive activation of c-erbB-3 have
been noted in some breast cancer cell lines (Kraus et al., 1993). Of the four family mem-
bers known, c-erbB-3 is the least related, and two changes in the cytoplasmic domain
may profoundly affect its function. Firstly, there are seven repeats of an autophospwho-
rylation site within the carboxy terminus that are absent in the other family members,
possibly conferring signaling specificity on c-erbB-3 that is lacking in the other recep-
tors. Secondly, there are four amino acid changes in the tyrosine kinase domain, and
one has been shown to abolish enzymatic activity in other kinases (Carraway and
Cantley, 1994). Not surprisingly, c-erbB-3 exhibits diminished tyrosine kinase ability
(Guy etal., 1994) raising the possibility that c-erbB-3 might require accessory proteins
for full kinase activity or that its primary role is modulation of signals generated by
other erbB family members through heterodimer formation. The cytoplasmic domain
of c-erbB-3 also interacts with intracellular second messenger proteins different than
those activated by other erbB family members, supporting the hypothesis that c-erbB-3
may be involved in mediating differential signaling events (Fedi et al., 1994).

LIGANDS FOR EGFR AND erbB FAMILY RECEPTORS

In ER+ breast cancer cells, E2 regulates expression of a number of growth factors, in-
cluding several ligands for the erbB family of transmembrane tyrosine kinase recep-
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tors (Bates et al., 1988; Bronzert et al., 1987; Dickson et al., 1990; Lippman and
Dickson, 1989; Martinez-Lacaci et al., 1995; Osborne and Arteaga, 1990; Rochefort
etal., 1989; Yee et al., 1988). Many of these same factors are constitutively expressed
at high levels by ER— breast cancer cell lines (Lippman et al., 1987) and have mito-
genic effects on E2-deprived ER+ MCF-7 breast cancer cells (Arteaga et al., 1988,
Cullen et al., 1990; Freter et al., 1988, Karey and Sirbasku, 1988; Manni et al., 1990;
Ogasawara and Sirbasku, 1988; Vignon et al., 1986). Support for the hypothesis that
E2 acts in part through the induction of growth factors is suggested by the observation
that infusion of conditioned medium from E2-treated MCF-7 cells is sufficient to in-
duce transient tumor formation by these cells in ovariectomized nude mice in the ab-
sence of E2 (Dickson et al., 1986b). These results indicate that factors induced by E2
are sufficient to partially mediate its effects, and they further suggest that constitutive
expression of such factors might diminish the requirement of E2 for growth in ER+
breast cancer cells and possibly promote E2-independent growth.

A number of polypeptide growth factors have been shown to interact specifically
with EGFR, including epidermal growth factor (EGF), transforming growth factor
alpha (TGF-a; Massague, 1993), and amphiregulin (AR; Shoyab et al., 1989). The
first to be isolated was EGF, a 53-amino acid polypeptide containing six regularly
spaced cysteine residues that form three disulfide bonds characteristic of this family
of ligands (Fisher and Lakshmanan, 1990). The mature form of the protein is derived
from a 1207-amino acid transmembrane precursor that contains seven “EGF-like”
repeats (Bell et al., 1995). EGF is expressed in a number of tissues including the
mammary gland and can stimulate mammary epithelial cell proliferation in vitro
(Richards et al., 1982; Tonelli and Sorof, 1980). In breast cancer, expression of EGF
correlates positively with expression of ER, suggesting that EGF expression is a re-
flection of the original cell type from which the tumor is derived (Dotzlaw et al.,
1990). In breast cancer cell lines, expression of EGF is seen primarily in ER+ cell
lines, although it is induced by progestins and not E2 (Murphy et al., 1988).

Another polypeptide growth factor shown to bind and activate EGFR is TGF-a,,
which, like EGF, is synthesized as a transmembrane molecule and subsequently
cleaved; the mature form of TGF-a is a 50-amino acid protein derived from a
160—amino acid transmembrane prohormone (Derynck et al., 1984). TGE-a shares
only about 30% sequence homology with EGF but retains the three disulfide bonds
and has a similar three-dimensional structure (Derynck, 1988). TGF-a was initially
isolated from conditioned media of retrovirus-transformed rodent fibroblasts and
human tumor cells based on its ability to bind EGFR (Pike et al., 1982; Todaro et al.,
1980). Although TGF-a and EGF bind the same receptor, there are distinguishable
differences between them. TGF-a is a more potent angiogenic factor than EGF
(Schreiber et al., 1986). Although chemical cross-linking shows that both EGF and
TGF-a. bind to subdomain I11 of the EGFR extracellular domain (Lax et al., 1988;
Wau et al., 1990), an anti-EGFR antibody that inhibits TGF-a binding has no effect
on EGF binding, suggesting the two ligands recognize different specific binding
sites or different conformations of the receptor (Winkler et al., 1989). Furthermore,
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a mutation in the EGFR extracellular subdomain IV, which is not believed to be in-
volved directly in ligand binding, has no effect on EGF binding but eliminates the
high affinity binding site for TGF-a (Moriai et al., 1994).

TGF-a is induced by E2 in MCF-7 breast cancer cell lines (Dickson et al.,
1986a) and is overexpressed by a number of ER- cell lines (Bates et al., 1988). In
breast cancer, the role of TGF-a in the acquisition of an E2-independent phenotype
has been investigated by transfection of TGF-a into ER+ MCF-7 cells. Cells that
constitutively overexpress the protein remain E2 responsive in vitro and do not
form tumors in ovariectomized nude mice (Clarke et al., 1989a). Similarly, trans-
fection of TGF-a into rodent fibroblast cell lines results in a more transformed phe-
notype (Finzi et al., 1987; Watanabe et al., 1987), but increased tumorigenicity
requires overexpression of both ligand and EGFR (Di Marco et al., 1989). Con-
versely, overexpression of EGFR in NIH 3T3 cells is transforming only in the pres-
ence of EGF (DiFiore et al., 1987; Riedel, et al., 1988; Velu, et al., 1987). These
results indicate that overexpression of TGF-a alone is unlikely to be sufficient for
transformation in the absence of an increase in cell surface EGFR levels.

AR was initially isolated from the conditioned medium of phorbol ester-treated
MCEF-7 cells (Kimura et al., 1990). Like EGF and TGF-a, AR is synthesized as a
transmembrane precursor of 252 amino acids that is then cleaved to yield an
84—amino acid form; this can be further processed by removal of six N-terminal
amino acids to yield a 78-amino acid form (Salomon et al., 1995). AR mRNA and
protein are expressed in a number of ER+ and ER-breast cancer cell lines, although
slightly more so in ER+ lines (Normanno et al., 1993). Although AR expression
correlates with ER expression in breast tumors, tumors that overexpress EGFR also
express AR in 35% of cases. This suggests a possible role for AR and EGFR in an
autocrine loop in a subset of tumors (LeJeune et al., 1993). AR differs from EGF
and TGF-a in that it contains two putative N-terminal nuclear localization signals
and is sometimes found in the cell nucleus, although its function there remains un-
clear (Salomon et al., 1995).

Other members of the EGF family of proteins include a heparin-binding form of
EGF, HB-EGF (Higashiyama et al., 1991), B-cellulin (Shing et al., 1993), and
cripto-1 (Ciccodicola, et al., 1989). All three proteins, like EGF, TGF-a, and AR,
are synthesized as transmembrane precursors that are proteolytically cleaved to
yield a soluble form. Mature HB-EGF, a protein of approximately 20 kDa, was iso-
lated from a human lymphoma cell line; it binds EGFR and induces tyrosine phos-
phorylation (Higashiyama et al., 1992). HB-EGF is mitogenic for both smooth
muscle cells and A431 epidermal carcinoma cells, which overexpress EGFR (Hi-
gashiyama et al., 1991). B-cellulin was initially purified from the conditioned me-
dium of a mouse pancreatic -cell tumor cell line (Shing et al., 1993). It is an
80—amino acid protein that is thought to interact primarily with EGFR (Watanabe et
al., 1994), although it appears to also bind c-erbB-4 (Riese et al., 1996). Cripto-1is
a 188-amino acid protein that was identified in an embryonal carcinoma cell line
(Ciccodicola et al., 1989). Although cripto-1 is a member of the EGF family of
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growth factors based on the presence of the six conserved cysteine residues (Cicco-
dicola et al., 1989) and is transforming in a number of cell types (Ciardielio et al.,
1991; Ciccodicolaetal., 1989), it does not seem to bind EGFR (Brandt et al., 1994);
the natural receptor for cripto-1 remains unidentified.

In contrast to the multiple growth factors shown to bind and activate EGER specifi-
cally, only two ligands for c-erbB-2 have been described. One, termed neu activating
factor or NAF, was purified from the conditioned medium of a transformed human T
cell line (Dobashi et al., 1991). NAF is a protein of approximately 15—17 kDa that both
activates c-erbB-2 in vivo (Dobashi et al., 1991) and binds to purified receptor protein
in vitro (Samanta, et al., 1994). Binding of NAF to c-erbB-2 is associated with dimeri-
zation and tyrosine phosphorylation of the receptor as well as phosphorylation of sev-
eral small nuclear proteins; these proteins are also phosphorylated in response to EGF
in cells expressing EGFR (Samanta and Greene, 1995). This suggests that EGFR and
c-erbB-2 may act through some of the same downstream effectors.

The second candidate ligand for c-erbB-2 is an integral membrane glycoprotein
termed ascites sialoglycoprotein-2 or ASGP-2 (Shengetal., 1992). ASGP-2 is syn-
thesized as part of alarger mRNA,; this precursor is post-translationally cleaved into
a heterodimeric complex of two proteins, ASGP-1 and ASGP-2 (Sherblom and
Carraway, 1980). Expression of RNA encoding the ASGP-1/ASGP-2 precursor is
observed in some human breast tumors, suggesting that an increase in expression of
this protein may play a role in tumor progression (Wu et al., 1994). ASGP-1 is a
highly glycosylated mucin-like protein whose expression has been implicated in an
increase in metastatic potential (Steck and Nicolson, 1983). ASGP-2, which con-
tains two EGF-like domains (Sheng et al., 1992), can be co-immunoprecipitated
with c-erbB-2 from rat mammary ascites cells, suggesting that these two proteins
exist in a complex that may maintain the receptor in a constitutively active form
(Sheng et al., 1992).

The family of proteins known alternatively as heregulins (Holmes et al., 1992),
neu differentiation factors (Peles etal., 1992; Wen, etal., 1992), glial growth factors
(Marchionnietal., 1993), and acetylcholine receptor-inducing activity (Battaglia et
al., 1993; Falls et al., 1993) includes ligands for c-erbB-3 and c-erbB-4. Many of
these factors were initially isolated based on their ability to induce tyrosine phos-
phorylation of c-erbB-2 and were thought to be ligands for this receptor; subse-
quently, the phosphorylation of c-erbB-2 was found to result from
heterodimerization between c-erbB-2 and either c-erbB-3 or c-erbB-4 driven by
ligand binding to the non-c-erbB-2 portion of the dimer (Plowman et al., 1993b;
Sliwkowski et al., 1994). Heregulins are a family of related proteins that each con-
tain one of two types of EGF-like domains, designated as o and p (Wenetal., 1994).
These proteins arise from tissue-specific alternative splicing of a single mRNA
(Holmes etal., 1992). The presence of 12 cysteine residues within these growth fac-
tors makes them members of the EGF family of proteins, although they do not bind
EGFR directly (Riese et al., 1995). Exogenous addition of recombinant heregu-
lin-B-1 to wild-type MCF-7 cells or transfection of MCF-7 cells with heregulin-f3-1
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results in hormone-independent growth in vivo and ligand-independent activation
of ER (Pietras et al., 1995), suggesting that these proteins may play a role in the
growth of ER+ breast cancer cells in the absence of E2. MCF-7 cells transfected
with heregulin-f-2 exhibit a more aggressive, hormone-independent phenotype
and lose the ability to induce expression of an ERE-reporter construct, suggesting
that ER signaling is disrupted by activation of the c-erbB-2, -3, and -4 signaling cas-
cade (Tang et al., 1996).

The cellular response to EGF family ligands, including heregulins, is complex
and appears to be regulated not only by the presence of an appropriate receptor but
also the presence of other erbB family members that can act as co-receptors. A
model system has been described that utilizes a hematopoietic cell line devoid of
endogenous erbB receptor expression except for a low level of c-erbB-3, which is
transfected with various pairwise combinations of erbB family members. In re-
sponse to EGF, EGFR forms not only homodimers with itself but also heterodimers
with the three other erbB family members (Riese, et al., 1996). Addition of B-cell-
ulin to these same transfectants results in transmodulation of c-erbB-2 and
c-erbB-3 in cells coexpressing either EGFR or c-erbB-4 (Riese et al., 1996). These
results indicate that EGF and p-cellulin may act not only through EGFR/EGFR ho-
modimers but also through heterodimers that consist of EGFR and another erbB re-
ceptor. In this same system, addition of the EGF-like domain of heregulin is
sufficient to induce tyrosine phosphorylation of both c-erbB-2 and c-erbB-4, but
not EGFR or c-erbB-3, when each receptor is expressed singly. The failure to in-
duce tyrosine phosphorylation of c-erbB-3 is likely due to the impaired kinase ac-
tivity of this receptor (Guy et al., 1994). When expressed in pairwise combination,
however, addition of heregulin to cells expressing either c-erbB-3 or c-erbB-4 in-
duces tyrosine phosphorylation of all other erbB family members (Riese et al.,
1995). These results indicate that the pattern of erbB receptor expression may influ-
ence the qualitative response of a cell to a particular ligand and raise the possibility
that ligands may bind differentially to homo- versus heterodimers of erbB family
receptors. This additional level of interaction provides a further degree of complex-
ity and specificity of cellular responses to a peptide growth factor.

EGFR AND SIGNAL TRANSDUCTION

Activation of the epidermal growth factor receptor begins by ligand binding to the
extracellular domain subsequently inducing a conformational change in the recep-
tor and results in receptor dimerization. This oligomerization induces the dimer-
ized receptor to cross- phosphorylate the C-terminal tail of its partner (Honegger et
al., 1989; Kashles et al., 1988). Mutations that abolish tyrosine kinase activity also
abolish the ability of the receptor to phosphorylate cellular substrates and to trans-
duce signals (Chen et al., 1987); these mutations also prevent proper degradation of
receptors following ligand-induced internalization (Felder et al., 1990). There is
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the suggestion that EGFR molecules that lack tyrosine kinase activity due to either
a point mutation or deletion of the intracellular region may be able to suppress the
function of wild type EGFR molecules through heterodimerization and formation
of hemiphosphorylated dimers that are believed to be deficient in signal transduc-
tion (Kashles et al., 1991). Whether such mutants act in a dominant—negative fash-
ion in all cell types, however, is not clear (Campos-Gonzales and Glenney, 1992;
Hack et al., 1993; Selva et al., 1993).

The signals generated at the plasma membrane by cross-phosphorylation of two
EGEFR molecules are transduced within the cell via numerous proteins that contain
SH2 domains (Pawson and Gish, 1992). SH2 domains are regions of homology to
the oncogene src and mediate protein—protein interactions by facilitating binding to
phosphorylated tyrosine residues (Marais et al., 1995). Whereas the presence of
phosphotyrosine creates a binding site for a protein containing an SH2 domain, the
specificity of the protein binding is conferred by the amino acids that surround the
tyrosine on the target protein (Pawson and Gish, 1992). The first step in the intracel-
lular signal transduction pathway activated by EGFR is autophosphorylation of C-
terminal tyrosine residues of the receptor, thereby creating docking sites for SH2-
containing proteins (McCormick, 1993; Figure 4).

Two proteins immediately responsible for the transduction of the EGFR signal
are Grb2 and She. Grb2 is amember of a family of proteins initially cloned based on
the ability to bind phosphotyrosine residues (Skolnik et al., 1991). Grb2 is a23-kDa
protein that possesses no intrinsic enzymatic activity and consists almost entirely of
a central SH2 domain flanked by two SH3 domains (Lowenstein et al., 1992). Both
SH2 and SH3 domains are involved in protein—protein interactions; SH2 domains
bind phosphotyrosine,whereas SH3 domains mediate binding to proline-rich se-
quences (Pawson and Gish, 1992). The shc gene, which was cloned using an SH2
domain as a probe, encodes three overlapping proteins of 46, 52, and 66 kDa that
contain a single SH2 domain and, like Grb2, possess no enzymatic activity (Pelicci
et al., 1992). Shc proteins can also interact with tyrosine-phosphorylated EGFR
molecules via their SH2 domains (Batzer et al., 1995).

In a resting cell, Grb2 is found in the cytoplasm in a complex with the human
homologue of the Drosophila Son of Sevenless gene, Sos (Liet al., 1993). Tyrosine
phosphorylation of the cytoplasmic tail of EGFR as well as other receptor tyrosine
kinases creates docking sites for SH2-containing proteins and promotes the recruit-
ment of both She and Grb2—Sos to the plasma membrane where the She proteins are
substrates for EGFR kinase activity (Okada et al., 1995; Pelicci et al., 1992). Al-
though both Shc and Grb2 contain SH2 domains and are therefore capable of bind-
ing EGFR, the predominant interaction in EGF-stimulated cells is between EGFR
and Shc, and the interaction of Grb2-Sos with EGFR occurs indirectly through the
binding of the Grb2 SH2 domain to phosphorylated tyrosines on Shc (Sasaoka et
al., 1994). Recruitment of Sos to the inner surface of the plasma membrane results
in the activation of Ras through the Sos-induced promotion of GTP binding (Li et
al., 1993). Ras isa21-kDa protein that is anchored to the inner surface of the plasma
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Figure 4. Schematic representation of the MAPK cascades. Activation of the cascade
begins with ligand binding to transmembrane receptors, which results in
phosphorylation on tyrosine residues (black circles) of the receptors and intracellular
substrates. The signals generated through tyrosine phosphorylation are transduced
through numerous proteins acting through different mechanisms. Adapters containing
SH2 domains bind to phosphorylated tyrosines and recruit factors that result in the
activation of GTP-binding proteins. These proteins, Ras and Rac, are in turn responsible
for activation of the initial kinases in the MAP kinase cascade, Raf and MEKK. Raf and
MEKK are serine/threonine kinases, which phosphorylate and activate MEK and SEK,
respectively. These proteins are dual specificity kinases, capable of phosphorylating the
ERK/MAPKs and JNK/SAPKs on both tyrosine and threonine residues. This dual
phosphorylation promotes activation of the serine/threonine kinase activity of the
ERK/MAPKs and JNK/SAPKs, and results in the phosphorylation of nuclear transcription
factors and modulation of gene transcription. Details of the activation and regulation of
these cascades, including proteins not shown, are in Sections 1.6 and 1.9.
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membrane; it is inactive when bound to GDP, but in its GTP-bound form activates a
pathway central to transduction of growth factor—induced signals (Grand and
Owen, 1991). Translocation of Sos from the cytosol to the plasma membrane is suf-
ficient to activate Ras because a Sos protein engineered to localize to the plasma
membrane results in constitutive activation of Ras (Aronheim et al., 1994). The ac-
tivation of Ras by Sos is balanced by the GTPase-activating protein GAP, which
promotes hydrolysis of GTP to GDP and the return of Ras to its inactive state
(Bourne et al., 1991).

Ras-GTP is in turn responsible for activation of the Raf-1 serine/threonine kinase.
Raf genes consist of three known members: A-raf-1 and B-raf-1, which are expressed
in a tissue-specific manner, and c-raf-1, which is expressed ubiquitously (Rapp,
1991). The c-raf-1 protein, Raf-1, is a 73-kDa phosphoprotein with intrinsic kinase
activity toward serine and threonine residues (Li et al., 1991). The Raf proteins con-
sist of an N- terminal regulatory domain and a C-terminal catalytic domain; trunca-
tion of the N- terminal regulatory domain yields a constitutively active oncogenic
form of the protein that results in cellular transformation (Heidecker et al., 1990). Ras
activates Raf-1 through the formation of a multiprotein complex at the plasma mem-
brane that includes Ras, Raf-1 and MEK (Moodie et al., 1993; Van Aelst et al., 1993),
a substrate for Raf-1 kinase activity. The precise mechanism of Raf-1 activation by
Ras is unclear, but is in part due to recruitment of Raf-1 to the plasma membrane be-
cause a Raf-1 protein engineered to localize to the plasma membrane is constitutively
active independent of Ras (Leevers et al., 1994; Marais et al., 1995).

The mitogen-activated protein kinases (MAPKs) are a large family of ser-
ine/threonine protein kinases that mediate cellular responses to a wide variety of
mitogens and external signals (Seger and Kerbs, 1995). The most widely studied
and best characterized MAPK pathway involves the extracellular-regulated kinases
(ERKSs), ERK-1 and ERK-2, and is primarily involved in the transmission of mito-
genic signals. This pathway is activated by Raf-1 phosphorylation of a protein
known as mitogen-activated protein kinase kinase (MAPKK or MEK, MAPK or
ERK kinase; Dentetal., 1992; Kyriakis et al., 1992). MEK is responsible for activa-
tion of ERK1 and ERK2, also known as p42-p44 MAPKs (Boulton et al., 1991;
Chen et al., 1992; Howe et al., 1992; Macdonald et al., 1993). The activated MEK
phosphorylates the ERK- 1 and ERK-2 MAP kinases on both tyrosine and threonine
in a threonine—glutamate—tyrosine motif (Kosako et al., 1992). The ERKSs are a re-
lated family of protein kinases of 42 and 44 kDa that phosphorylate and activate the
nuclear transcription factors Myc, Fos, and Elk- 1 (Chen et al., 1992; Whitmarsh et
al., 1995; Zinck et al., 1995) thereby completing the transmission of the tyrosine
kinase receptor signal to the nucleus and resulting in the transcriptional activation
of target genes. A central role for this pathway in the control of cell growth is sug-
gested by the observation that expression of constitutively active mutants of Raf-1
or MEK results in cellular transformation (Heidecker et al., 1990; Mansour et al.,
1994). In addition to nuclear transcription factors, another substrate for the ERKs is
the Sos protein (Cherniach etal., 1994). Phosphorylation of Sos results in dissocia-
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tion of Sos from Grb2 and inhibition of further stimulation of Ras activity thereby
attenuating the activation of the cascade (Waters et al., 1995).

A second, related intracellular MAPK cascade, in contrast to the mitogenic one above,
is primarily associated with the response of a cell to stress such as UV irradiation (Deri-
jard et al., 1994). This pathway is mediated through proteins related to ERKs but initially
characterized based on their ability to phosphorylate the amino terminus of the c- Jun
transcription factor (Derijard et al., 1994) as well as in the response of cells to stress (Ky-
riakis et al., 1994), and this has lead to the dual nomenclature of Jun N-terminal ki-
nase/Stress- activated protein kinases (JNK/SAPKs or p46-p54 JNKs). This cascade
begins with activation of MEK kinase (MEKXK), which is responsible for the phosphory-
lation and activation of the p46—p54 JNKs (Lin et al., 1995). Downstream control of this
pathway is analogous to that of the ERK pathway, with MEKK occupying a position
similar to Raf-1 in the ERK pathway. Although MEKK is capable of phosphorylating
MEK (of the ERK pathway) when overexpressed, under physiologic conditions, the pre-
ferred substrate is the JNK kinase SEK(Yan et al., 1994). MEKK is the direct activator of
SEK, which in turn is the direct activator of JNK (Derijard et al., 1994; Lin et al., 1995;
Minden et al., 1994a). Activation of the INKs leads to phosphorylation of the transactiva-
tion domain of c-Jun (Angel et al., 1988; Minden et al., 1994b), and phosphorylated c-Jun
homodimers have potent AP-1 activity (Angel et al., 1988). Activation of the INK path-
way may occur via EGFR in a Ras-dependent manner in rat pheochromocytoma PC12
cells, although JNK activation by tumor necrosis factor a in these cells occurs independ-
ent of Ras (Minden et al., 1994a). The fundamental difference between the INK pathway
and the ERK pathway is illustrated by the observation that, unlike expression of a consti-
tutively active mutant of Raf-1 or MEK, expression of a constitutively active MEKK re-
sults in growth inhibition (Lange-Carter and Johnson, 1994; Yan et al., 1994).

The small GTP-binding protein Rac1 is also involved in JNK activation by growth factors,
v-src, or H-ras. Rac(N17), a dominant—negative form of the protein, attenuates JNK activa-
tion while having no effect on the activation of ERKSs (Coso et al., 1995; Minden et al., 1995).
Racl{N17) also inhibits foci formation induced by v-src or H-ras (Qiuet al., 1995; Khosravi-
far et al., 1995) suggesting that JNK activation may be important in eliciting this transformed
phenotype, although there is also evidence a distinct rac effector pathway may be involved
(Joneson et al., 1996). This finding places this member of the tho family of GTP-binding pro-
teins downstream of Ras in a pathway that branches off from Ras and is separate from the
Raf/ERK pathway. Rac1 therefore functions as an intermediate between Ras and MEKK
(Vojtek and Cooper 1995). The Rac(N17) inhibition of INK activity is partial, however, sug-
gesting that more than a single sequential cascade is involved. Input from trimeric G proteins
and phosphatidylinositide 3-kinase pathways are also likely (Minden et al., 1995).

ANGIOGENESIS: VASCULAR GROWTH FACTORS

Although the previous discussion has focused on factors that produce mitogenic
effects on the tumor cells themselves, it must be remembered that tumor forma-
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tion occurs in the context of a whole organism, and that interactions between the
tumor cells and host cells are likely to be as important as interactions among the
tumor cells themselves. A large body of evidence indicates that tumors require the
formation of new blood vessels to grow beyond a size of 1-2 mm’ (reviewed in
Folkman, 1990). In addition to this regulatory role of angiogenesis in tumor
growth, recent evidence also supports the notion that neovascularization is impor-
tant in the development of metastasis (Weidner et al., 1991). The metastatic phe-
notype is likely to involve a combination of genetic and epigenetic alterations that
allow a tumor cell to leave the site of the primary lesion, intravasate into the ve-
nous capillaries, escape immune surveillance, attach to the capillary endothelial
cell lining, extravasate, colonize, and eventually proliferate in normal tissue at a
distant site in the host (Liotta and Stracke, 1988; Liotta et al., 1991). The associa-
tion of neovascularization with metastasis is not surprising because the invasive
processes associated with new blood vessel formation would increase the oppor-
tunity for shed tumor cells to enter the circulation. An immunohistochemical
stain for factor VIII, used to identify endothelial cells and quantitate the extent of
microvessel formation within breast carcinoma tissues, reveals that tumors from
patients with metastases have a mean number of vessels approximately twice as
high as tumors from matched patients without metastases. The prevalence of
metastatic disease increases as the microvessel count increases (Weidner et al.,
1992; Weidner et al., 1991). This correlation is also seen in several studies exam-
ining a number of tumors of different origin (reviewed in Gaben and Mester,
1991; Gasparini and Harris, 1995). The correlation of neoangiogenesis with me-
tastasis points out the importance of new blood vessel growth and the need to gain
a better understanding of the mechanism underlying the acquisition of an angio-
genic phenotype.

Regulation of the extent of angiogenesis within tumors is likely to be a complex
process. One contribution may be the downregulation of a tumor suppressor gene
that codes for the angiogenesis inhibitor thrombospondin (Rastinejad et al., 1989).
A second possibility might involve production by the tumor cells of angiostatin or
other angiogenesis inhibitors (Callaghan et al., 1993; Chen et al., 1995). A third
possibility that is not mutually exclusive involves increased production by the tu-
mor of an angiogenic growth factor or the increased infiltration of the tumor by
monocytic cells that produce angiogenic cytokines. One of the difficulties facing
the approach of inhibiting metastasis through the inhibition of angiogenesis is the
large number of factors that have been shown in various in vitro or in vivo systems
to be capable of either direct or indirect stimulation of this process (reviewed in
Falls et al., 1993; Fidler and Ellis, 1994; Folkman, 1995). The most well studied mi-
togens for endothelial cells include several members of the fibroblast growth factor
(FGF) family of heparin-binding growth factors (see discussion below); however,
transforming growth factor o and [, epidermal growth factor, tumor necrosis
factor-a, pleiotrophin, hepatocyte growth factor, interleukin 4, interleukin 8,
platelet-derived endothelial cell growth factor, and vascular endothelial growth fac-
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tors (VEGF) all have been reported to act as mediators of tumor angiogenesis (re-
viewed in Kageyama et al., 1988; Kim et al., 1993).

Given the plethora of growth factors with angiogenic potential, essentially all of
which have been found to be expressed in tumors or tumor cell lines, it is impossible
at this point to determine which factor or combination of factors is driving the process
in tumors. A number of studies, however, have pointed out the potential importance
of VEGF-A, an extremely potent endothelial cell growth factor (Kageyama et al,,
1988; Keck et al., 1989; Leung et al., 1989). In addition to being an endothelial cell
mitogen, this factor also allows neovascularization by promoting remodeling of the
extracellular matrix and was originally described as Vascular Permeability Factor
(VPF). VEGF-A is structurally related to PDGF but, unlike PDGEF, is not mitogenic
for fibroblasts and appears to be stimulatory only for endothelial cells (Takahashi et
al., 1989; Tischer et al., 1991), a quality that makes it unique among the angiogenic
factors described thus far. Secretion of this factor may therefore be an important ele-
ment controlling angiogenesis. Three major isoforms of 189, 165, and 121 amino ac-
ids have been described for VEGF- A, and a fourth VEGF-A peptide of 206 amino
acids is found in placental tissue (Houck et al., 1991). VEGF-A contains a secretory
signal peptide and three of the four isoforms bind to heparin (Conn et al., 1990; Folk-
man and Haudenschild, 1981). These isoforms result from alternative splicing of a
single mRNA (22). VEGF-A facilitates the development of a matrix important for the
subsequent establishment of the supporting stromal network of fibroblasts, endothe-
lial cells, and connective tissue. Three other members of the VEGF/PDGF family of
growth factors have also been identified. VEGF-B is abundant in the heart and skele-
tal muscle and stimulates DNA synthesis in endothelial cells (Olofsson et al., 1996a).
Two isoforms of VEGF-B result from alternative splicing to yield proteins of 167 and
186 amino acids have been described (Olofsson et al., 1996b). The third member,
VEGF-C, was identified through screening of conditioned medium from a prostatic
cancer cell line for the ability to induce autophosphorylation of a transmembrane ty-
rosine kinase VEGEF receptor (Joukov et al., 1996). VEGF- D was isolated using a
computer-based homology search (Achen et al., 1998).

Three structurally related transmembrane tyrosine kinase receptors for VEGFs
exhibit a structure characterized by seven immunoglobulinlike loops in the extracel-
lular domain (Figure 3). Two of these three receptors bind VEGF-A with high affin-
ity. The two receptors for VEGF-A were originally described as Flt-1
(fins-like-tyrosine kinase, based on its homology to c-fins, the receptor for colony-
stimulating factor 1) and KDR (kinase insert domain-containing receptor; de Vries et
al.,, 1992; Terman et al., 1992); for clarity, these receptors have been renamed
VEGFR-1 (Flt-1) and VEGFR-2 (KDR). The third VEGF receptor, VEGFR-3, was
originally cloned as Fit-4 and was the receptor used to isolate VEGF-C. Endothelial
cell mitogenesis appears to be meditated through signaling by VEGFR-2; signaling
via VEGFR-1 does not have this capability (Waltenberger et al., 1994). Neither
VEGF-A nor VEGF-B bind to VEGFR-3 with high affinity, although VEGF-C binds
to both VEGFR-2 and VEGFR-3 and stimulates capillary endothelial cell tube for-
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mation in collagen gels (Joukov et al., 1996). VEGF-B does not bind any VEGFR yet
described, but it is still capable of stimulating the proliferation of endothelial cells.
VEGEF-D binds both VEGFR-2 and VEGFR-3. Because VEGFR-3 is expressed in
lymphatic endothelial cells, the binding specificities of VEGF-C and VEGF-D sug-
gest that they may regulate lymphatic angiogenesis (Achen et al., 1998). In addition
to the three transmembrane tyrosine kinase receptors, the 165-amino form of
VEGE-A, but not the 121 amino acid form, binds to lower affinity/lower molecular
weight sites present on human umbilical vein endothelial cells and MDA-MB-231
breast carcinoma cells. These sites appear to be unrelated to either VEGFR-1 or-2,do
not appear to be phosphorylated or induce mitogenesis in response to VEGF treat-
ment, and presently have unknown structure and function (Soker et al., 1996).

An important role for VEGF receptor-mediated signal transduction as a major
regulator of neoangiogenesis is supported by work demonstrating a correlation of
the temporal and spatial expression patterns of VEGF-A and VEGFR-2 in areas of
new blood vessel formation in the developing mouse embryo (Millauer et al., 1993,
Quinn et al., 1993). Furthermore, specific gene knockouts in mice of VEGF-A,
VEGFR-1, or VEGFR-2 generated by targeted recombination in embryonic stem
cells, result in lethality early in embryonic development, with mice exhibiting evi-
dence of impaired vasculogenesis (Carmeliet et al., 1996; Ferrara et al., 1996; Fong
et al., 1995; Shalaby et al., 1995).

The signaling pathways of the VEGF receptors are not well described. VEGF is
only biologically active when covalently dimerized by disulfide bridges (Potgens et
al., 1994) and there is evidence that the ligand is bivalent (Keyt et al., 1996) support-
ing the generally held belief that, like other transmembrane tyrosine kinase recep-
tors, there is a requirement of receptor dimerization for subsequent tyrosine
phosphorylation and kinase activation. Heterodimer formation among the three
VEGFRs is hypothesized but has yet to be demonstrated conclusively. Downstream
mediators in the signal transduction pathway are likely to include MAP kinases,
which are tyrosine phosphorylated in response to VEGF stimulation of VEGFR-2
in bovine brain capillary endothelial cells (D’ Angelo et al., 1995) or VEGFR-1-
expressing rat liver sinusoidal endothelial cells (Seetharam, et al., 1995); PLC-y is
also tyrosine phosphorylated in these VEGF-treated cells (D’ Angelo et al., 1995;
Seetharamet al., 1995). There is no evidence of any association of PI-3 kinase activ-
ity with either receptor in any cell lines tested (Waltenberger et al., 1994), a finding
consistent with the absence of a recognition motif for the PI-3 kinase in either
VEGEF receptor. In porcine aortic endothelial cells, which do not normally express
either receptor, transfection with VEGFR-1 or -2 results in association of Src tyro-
sine kinase family members with both receptors, although this association appears
to be weaker than that seen with other transmembrane tyrosine kinase receptors. In
these cells, VEGF addition does not result in PLC-y phosphorylation in response to
VEGF treatment. In contrast to the VEGFR-1- expressing sinusoidal endothelial
cells (Seetharam et al., 1995), tyrosine phosphorylation of GAP is only weakly in-
duced by VEGF treatment of porcine endothelial cells, and GAP is not found to be
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associated directly with either receptor (Waltenberger et al., 1994). These results
suggest that factors other than the receptors alone are necessary for efficient cou-
pling of receptor tyrosine kinase activity to downstream effectors.

In some tumor models, VEGF enhances tumor growth by promoting neoangio-
genesis without altering the in vitro growth rates of the tumor cells themselves.
VEGEF overexpression confers an in vivo growth advantage to CHO cells in the ab-
sence of any other increase in the in vitro parameters of transformation (Ferrara et
al., 1993). Inhibition of VEGF-mediated angiogenesis using an anti-VEGF anti-
body suppresses the in vivo growth of two sarcoma cell lines and one glioblastoma
cell line, even though no effects of the antibody are observed on the in vitro growth
of these cells (Kim et al., 1993). VEGF neutralizing antibodies reduce the number
of spontaneous micrometastases formed by A431 epidermoid carcinoma cells in a
manner independent of the reduction in primary tumor size (Melnyk et al., 1996).
Anti-VEGF antibody administration also reduces the number and size of liver me-
tastases formed by a human colon cancer cell line after splenic-portal injection
(Warren et al., 1995) and the number of lung metastases formed by human fibrosar-
coma cells after tail vein injection (Asano et al., 1995). In a different approach
aimed at inhibiting VEGF expression, transfection of a rat glioblastoma cell line
with a vector directing VEGF antisense RNA expression greatly impairs tumor for-
mation in vivo, and the small tumors that do form exhibit reduced levels of vascu-
larization and increased amounts of necrosis (Saleh et al., 1996). Transfection of a
poorly metastatic human melanoma cell line that naturally expresses a low level of
the protein with sense VEGF increases and antisense VEGF decreases, the number
of lung nodules found after tail vein injection (Claffey, et al., 1996). Inhibition of
VEGEF-mediated signaling in endothelial cells within a tumor by infection with are-
combinant retrovirus directing the expression of a dominant-negative mutant of
VEGFR-2 also inhibits the growth of glioblastoma cells in nude mice (Millauer et
al., 1994). A role for VEGF in the facilitation of metastasis is consistent with its
angiogenic capabilities, the correlation of extent of microvessel density within a tu-
mor, and the likelihood of metastatic spread. In addition, VEGF induces the expres-
sion of proteases and collagenases presumed to be mediators of extracellular matrix
invasion (Mandriota et al., 1995; Unemori et al., 1992).

VEGF-A isexpressed in breast cancer (Anan et al., 1996; Brown et al., 1995; Toi
etal., 1994; Toietal., 1995; Toi et al., 1996; Yoshiji et al., 1996) and the extent of ex-
pression appears to correlate with the number of microvessels within a tumor (Toi et
al., 1995). In a univariate analysis, VEGF expression is a prognostic indicator for
relapse-free survival, but this is not the case in a multivariate analysis (Toi et al.,
1995). VEGFR-1 mRNA and protein are strongly expressed in the endothelial cells
of small vessels adjacent to infiltrating ductal carcinoma cells or metastatic ductal
carcinoma in sections examined by in situ hybridization. VEGFR-1 and VEGFR-2
mRNA are also found in endothelial cells adjacent to comedo type DCIS as well,
but there is no evidence of expression in endothelial cells in the normal areas of the
breast (Brown et al., 1995). Although relapse-free survival is significantly reduced
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in tamoxifen-treated patients with highly angiogenic tumors (Macaulay et al.,
1997), a study to determine whether high angiogenesis is predictive for tamoxifen
resistance has not been reported. Nevertheless, there is a considerable amount of
evidence suggesting a role for VEGF as an important determinant in establishing a
neoangiogenic phenotype in breast cancer.

Results of a transfection study using an expression vector for the 121-amino acid
form of VEGF and MCE-7 breast cancer cells as recipients lend support to the notion
that VEGF-mediated angiogenesis is important in facilitating the growth of breast tu-
mors. Whereas VEGF,,; overexpression increases the size of estrogen-dependent tu-
mors that form in nude mice, no effect is seen on estrogen dependence, tamoxifen
sensitivity, or formation of macrometastasis (Zhang et al., 1995). A similar study per-
formed by our laboratory using the 165—-amino acid isoform found that overexpres-
sion does facilitate tumor formation in tamoxifen-treated mice and tumor cell
dissemination (Bullocks et al., 1997). This apparent difference between studies may
reflect different expression levels of the transfected gene or the use of different VEGF
isoforms because the heparin-binding ability of the 165-amino acid form may protect
it from inactivation by binding to o2 macroglobulin (Soker et al., 1993). There is re-
cent evidence that VEGF (s and VEGF,,; exhibit different binding specificities for
VEGFR-1 and -2, and that this difference is related to the heparin-binding domain
present in VEGF( (Gitay-Goren et al., 1996; Soker et al., 1996); however, the bio-
logical significance of this difference in binding to these receptors is not known. The
difference in effects on the metastatic phenotype may also be more apparent than real.
The recipient MCF-7 cells in our study express the bacterial B-galactosidase gene,
which allows staining of tissue sections with a chromogenic substrate to allow detec-
tion of micrometastases (McLeskey etal., 1993), but we do not observe macrometas-
tases in animals bearing VEGF,¢-overexpressing tumors.

The pattern of specific expression of VEGF receptors in areas of tumor-induced
neoangiogenesis in breast tumors is also seen with other tumor types (Brown etal.,
1993; Warren et al., 1995). This raises the possibility that therapies targeted to the
VEGEF receptors might be particularly useful in treating a wide range of tumors.
VEGEF- toxin conjugates and targeted expression of truncated VEGFR-2 proteins
that act in a dominant—negative fashion to inhibit signaling in endothelial cells ex-
pressing wild type VEGFR-2 receptors have been used successfully to inhibit neo-
vascularization as has a VEGFR-2 tyrosine kinase inhibitor (Millauer et al., 1996;
Ramakrishnan et al., 1996; Strawn et al., 1996). There is some evidence of VEGFR
expression in nonendothelial cells, however, including placental trophoblasts, em-
bryonic kidney, choriocarcinoma, ovarian carcinoma, melanoma, and leukemia
cells (Boocock et al., 1995; Charnock-Jones et al., 1994; Katoh et al., 1995; Liu et
al., 1995a). In the melanoma cell lines examined, evidence for an autocrine loop
was established (Liu et al., 1995a) but no such response is seen in the ovarian cells,
and the functional significance of the receptor expression is therefore uncertain
(Boocock et al., 1995). Recent studies also show VEGFR-1 expression in normal
monocytes (Barleon et al., 1996; Clauss et al., 1996) and VEGFR- 2 expression in
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pancreatic duct cells (Oberg et al., 1994), normal hematopoetic stem cells, mega-
karyoctes, and platelets (Katoh et al., 1995). They also provide evidence for a func-
tional role for such expression in monocyte chemotaxis and inhibition of
hematopoetic stem cell apoptosis. These recent findings of VEGFR expression in
sites other than endothelial cells suggest that the enthusiasm centered on the poten-
tial tumor- specific nature of these VEGFR-directed therapies should be tempered
with some degree of caution.

FIBROBLAST GROWTH FACTORS

Ten members of the fibroblast growth factor (FGF) family of heparin-binding
growth factors and CDNAs encoding four additional FGF-related proteins have
been described (Baird and Klagsbrun, 1991; Basilico and Moscatelli, 1992; Miya-
moto et al., 1993; Tanaka et al., 1992; Emoto et al., 1997; Smallwood et al., 1996).
Many of these factors, including FGE-1, FGF-2, and FGF-4, stimulate endothelial
cell proliferation in vitro and angiogenesis in vivo (Brustle et al., 1992; Delli-Bovi
et al., 1988; Folkman and Klagsbrun, 1987; Folkman and Shing, 1992; Moscatelli
et al., 1986; Thomas et al., 1985). FGFs are also mitogenic for other mesodermally
and neuroectodermally derived cells (Burgess and Maciag, 1989) and, under some
circumstances, for epithelial cells (Takahashi et al., 1989). The potential ability of
FGFs to stimulate the growth of both tumor cells and endothelial cells has made
them the subject of much research. The identification of four of the ten members of
the FGF family by in vivo or in vitro transformation assays suggests that stimula-
tion of preneoplastic cells by these growth factors via autocrine or paracrine mecha-
nisms may be a step in a progression pathway. A possible role for members of the
FGF family of ligands in breast cancer tumorigenesis was originally suggested by
the finding that the FGF-3 and FGF-4 loci are frequent sites of proviral activation by
the mouse mammary tumor virus (Dickson et al., 1984; Peters et al., 1989). In a
number of human malignancies including breast cancer, the 11q13 chromosomal
region that contains these two loci is frequently amplified (Brison, 1993; Lammie et
al., 1991, Theillet et al., 1989); however, transcripts for FGF-3 or FGF-4 are not
consistently present in human breast cancer tissues even when the corresponding
chromosomal region is amplified (Ding et al., 1992; Fantl et al., 1990; Lammie et
al.,, 1991; Liscia et al., 1989; Penault-Llorca et al., 1995; Theillet et al., 1989).

In contrast, both FGF-2 and FGF-1 are expressed in a significant proportion of hu-
man breast tumor specimens (Anandappa et al., 1994; Ding et al., 1992; Ke et al.,
1993; Penault-Llorcaet al., 1995; Smith et al., 1994). FGF-2 mRNA is detectable ina
number of immortalized or tumor-derived mammary epithelial cell lines in culture
(Anandappaetal., 1994; Ke et al., 1993; Li and Shipley, 1991; Lugmani et al., 1992;
Souttou et al.,, 1994). An earlier immunohistochemical analysis of formalin-fixed tis-
sue sections suggested that the source of FGF-2 expression in breast tumors was the
normal stromal and myoepithelial component in the samples (Gomm et al., 1991; Ke
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et al., 1993; Smith et al., 1994). A second, more recent report using a different anti-
body and frozen tissue sections demonstrates FGF-2 immunostaining in neoplastic
epithelial cells in 38% of tumors analyzed, with stromal FGF-2 staining observed in
37% of the tumors. In this study, disease recurrence is associated with strong FGF-2
staining (Visscher et al., 1995). The difference between studies may arise from the
two antibodies used or the differences in sample preparation. This explanation seems
reasonable in light of a second report from the first group in which FGF-2 expression
was re-examined using frozen sections. Whereas FGF-2 immunostaining is seen in
normal breast epithelial cells, myoepithelial cells, and breast tumor epithelial cells,
stronger staining is seen in normal cells. FGF-2 protein levels correlate with mRNA
levels and low expression of FGF-2 mRNA correlates with decreased disease-free
and overall survival (Yiangou et al., 1997). Definitive conclusions about the relation-
ship of FGF-2 expression and prognosis are difficult to make, however, due to the
relatively small number of samples with follow-up information available in these
studies. It should also be emphasized that immunohistochemical studies demonstrate
where FGF-2 is localized, not necessarily the source of the expression; in situ hybridi-
zation studies will be required to determine the origin of the protein.

An increase in the synthesis or deposition of FGF-1 may also be an early feature
in the development of breast cancer. One study finds FGF-1 in the majority of carci-
noma tissues and adjacent normal tissues but not in the benign breast disease or nor-
mal reduction mammoplasty tissues (Smith et al., 1994). Although another study
reports higher levels of FGF-1 mRNA in “normal breast” compared to tumor tissue,
the normal sections in many cases were adjacent to the tumor tissue and many of the
tumor tissues examined had high levels of FGF-1 mRNA present (Bansal et al.,
1995). Thus these two reports may not be contradictory. A more recent immunohis-
tochemical study using frozen sections found FGF-1 in the stroma surrounding
breast carcinoma cells in all of the invasive cancers that were studied if the sections
were first incubated with protease inhibitors (Coope et al., 1997). In a study per-
formed in our laboratory, we found readily detectable levels of FGF-1 mRNA in ap-
proximately one-third of the tumor samples analyzed by RNAse protection assay,
and approximately an equal proportion showed FGF-1-positive immunostained tu-
mor cells using an antibody for FGF-1 (Ding et al., 1992; Zhang et al., 1997).

FGF-2 and FGF-1 do not have a signal peptide and a number of studies have indi-
cated that extracellular localization is required for either factor to fully elicit the trans-
forming effects of overexpression in immortalized rodent fibroblast cell lines (Blam et
al., 1988; Bunnag et al., 1991; Forough et al., 1993; Jaye et al., 1988; Neufeld et al.,
1988; Rogelj et al., 1988; Sasada et al., 1988). Despite the lack of a signal peptide, both
proteins are often found outside of cells and a number of suggestions for the release or
export of FGF-2 and FGF-1 via alternate mechanisms have been proposed (Jackson et
al,, 1992; Jackson et al., 1995; Kandel et al., 1991; Mignatti et al., 1991; Mignatti and
Rifkin, 1991; Muthukrishnan et al., 1991). Both positive and negative effects of exoge-
nous FGFs on breast cancer cell lines have been described. FGF-2, but not FGF-1,
stimulates the growth of early passage breast epithelial cells derived from either non-
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malignant or carcinoma tissues (Takahashi et al., 1989). FGF-2 also stimulates the
anchorage-independent growth of immortalized breast epithelial cells transduced with
¢- myc or SV40 T antigen retroviral vectors (Valverius et al., 1990). Endogenously pro-
duced FGF-2 functions as an autocrine growth factor for HBL-100, an SV-40 immor-
talized breast epithelial cell line, and the same cell line exhibits a mitogenic response to
exogenous addition of FGF-1 (Souttou et al., 1994). In this same cell line, however,
transfection of FGF-4 results in increased growth in soft agar and serum-free media and
in acquisition of a tumorigenic phenotype (Souttou et al., 1996). We and others have
found FGFs to stimulate anchorage-dependent growth of MCF-7 cells (Briozzo et al.,
1991; McLeskey et al., 1994; Wellstein et al., 1990). We have also observed that over-
expression of either FGF-1 or FGF-4 has important effects on the estrogen dependence,
antiestrogen sensitivity, and metastatic potential of MCF-7 cells. Transfection with ei-
ther FGF results in cell lines that give rise to progressively growing tumors in ovariecto-
mized mice without estrogen supplementation and in mice treated with tamoxifen or
ICT 182,780 (McLeskey et al., 1993; McLeskey et al., 1998; Zhang et al., 1997). FGF-
transfected cells also acquire the ability to form spontaneous metastases in the lymph
nodes, lungs, and other organs with high frequency and short latency (Kurebayashi et
al., 1993; McLeskey et al., 1993; Zhang et al., 1997.

Although stimulatory effects of FGF-2 on MCF-7 cells are seen under restrictive
growth conditions (Karey and Sirbasku, 1988; Stewart et al., 1992), exogenous FGF-2
inhibits MCF-7 cell growth in the presence of estradiol and insulin (Fenig et al., 1997).
We have observed that exogenous FGF-2 or FGF-1 inhibits the growth of the MDA-
MB- 134 cell line, which overexpresses FGF receptors (McLeskey et al., 1994). In
other systems, the inhibitory effects of endogenous FGFs may be related to nuclear up-
take via nuclear localization signals present in alternatively translated forms of the pro-
tein (Kiefer et al., 1997; Kiefer and Dickson, 1995; Quarto et al., 1991a; Quarto et al.,
1991b). This is not the underlying cause for the FGF-2 inhibition of MCF-7 cell
growth, however, because the nuclear localization signal is not present in the exogenous
recombinant FGF-2 used in this study (Fenigetal., 1997). Treatment of Swiss 3T3 cells
with FGF-2 stimulates DNA synthesis and results in localization of FGF receptor 1
with the peripheral nuclear matrix where it appears to retain tyrosine kinase activity
(Maher, 1996). Nuclear uptake of exogenous FGF-1 may also occur, but in this case, a
receptor- mediated mechanism is involved leading to perinuclear localization of ligand-
occupied receptor and occuring over a longer time course (Prudovsky et al., 1996). Al-
though subsequent utilization of a nuclear localization signal present at the amino ter-
minus of the FGF-1 protein (Friedman et al., 1994) may then allow the ligand to enter
the nucleus, the biological consequences of this event are currently unknown.

FGF RECEPTORS AND SIGNAL TRANSDUCTION

The various FGFs interact with two distinct classes of receptors: (1) low affinity
heparan sulfate proteoglycans on the cell surface and basement membrane and (2)
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four high affinity transmembrane tyrosine kinase receptors (Figure 3; Dionne et al.,
1990; Givol and Yayon, 1992; Johnson and Williams, 1993; Keegan et al., 1991;
Partanen et al., 1991; Partanen et al., 1992). The primary transcripts of the FGFRs
undergo differential splicing that yields numerous secreted or cell-bound isoforms
as aresult of different exon usage (Givol and Yayon, 1992; Hou et al,, 1991; John-
sonetal., 1991; Johnson and Williams, 1993; Partanen et al., 1992). Although mul-
tiple ligands bind multiple receptors with similar affinities, some degree of
specificity is conferred by alternate usage of exons encoding segments of the immu-
noglobulinlike domains present in the extracellular regions (Ornitz et al., 1996;
Zimmer et al., 1993).

Receptor isoforms with three and two immunoglobulinlike domains exist for
FGFR-1 and FGFR-2, but only the three immunoglobulinlike domain forms of
FGFR-3 and FGFR-4 are known (Jaye et al., 1992). The two-Ig loop form of
FGFR-1 (FGFR- 1B) has a higher affinity for FGF-1 and heparin than the three-Ig
loop form (FGFR-1a;; Wang et al., 1995a) and it is the FGFR-1a isoform that ap-
pears to be involved in perinuclear trafficking (Prudovsky et al., 1996). In a number
of systems, a switch in the ratio of the FGFR-1J to FGFR-1a is observed and is as-
sociated with an increase in malignant potential. Higher levels of FGFR-1B com-
pared to FGFR-1a are observed in astrocytomas as they progress from a benign to
malignant phenotype (Yamaguchi et al., 1994). Similarly, although FGFR-1J and
FGFR-1a are present in equal proportions in normal pancreatic acinar cells,
FGFR-1 expression is elevated and the two-Ig loop FGFR- 13 form predominates in
pancreatic ductal carcinoma cells (Kobrin et al., 1993). In breast tumors, normal
breast tissue expresses the two forms in equal proportion, but a higher ratio of
FGFR-1f to FGFR-1 ¢ is seen in cancerous breast tissues and furthermore, for indi-
vidual tumors, a higher ratio of FGFR-1( to FGFR-1a is associated with reduced
relapse-free survival (Lugmani et al., 1995).

FGFR-1, FGFR-2, and FGFR-3 also undergo differential splicing of an exon
that encodes the second half of the third Ig-like domain, a process that can alter the
affinity for the various FGF family members (Ornitz et al., 1996). For FGFR-2, the
choice of the exon is particularly important in determining whether the receptor
binds either FGF-2 or FGFE-7 (a.k.a. keratinocyte growth factor or KGF) with high
affinity. These two splicing options for FGFR-2 appear to be mutually exclusive:
epithelial cells primarily utilize exon IIIb, which confers specificity for
FGF-7/KGF, whereas mesenchymal cells use exon Illc, which results in a receptor
with high affinity for FGF-2 (Miki et al., 1992; Yan et al., 1993). A change in exon
utilization from I1Ib to IIlc is associated with the epithelial- to-mesenchymal transi-
tion that occurs in a rat bladder carcinoma cell line in response to FGF-1 treatment
(Savagner et al., 1994) suggesting that exon switching may be associated with a
more motile or invasive phenotype. A similar change in utilization from IIIb to Illc
also occurs in a rat prostate cancer progression model and coincides with a transi-
tion to an undifferentiated and more malignant state (Yan et al., 1993). In breast tis-
sues, both variants are expressed and there is no difference in the levels of mRNA
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for either form between noncancerous and malignant tissues; however, patients
with advanced clinical staging have a higher ratio of mRNA of the IIlc form com-
pared to the IIIb form (Lugmani et al., 1996) further suggesting an association be-
tween utilization of the IIIb form and acquisition of a more aggressive phenotype.

Given this complexity, it is likely that the functional specificity and extent of the
biological response elicited by expression of a particular FGF family member will
to alarge extent be dependent upon the repertoire and level of high affinity receptors
expressed by a particular cell type as well as the levels and varieties of the receptor
isoforms expressed. The low affinity heparan sulfate proteogiycans present on the
cell surface and within the extracellular matrix are likely to function both as a reser-
voir for heparin-binding growth factors and in the formation of a ternary complex
required for high affinity receptor signaling (Kan et al., 1993; Klagsbrun and Baird,
1991; Murgue et al., 1994; Spivak-Kroizman et al., 1994; Yayon et al., 1991), and
the affinities and levels of the various heparin-binding growth factors bound to
these sites are also likely to be important (Guimond et al., 1993).

Messenger RNA for each of the four receptors can be detected in breast cancer
cell lines and primary breast cancer tissues (Ding et al., 1992; Luqmani et al., 1992,
McLeskey et al., 1994). Amplification of FGFR-1 and FGFR-2 occurs in 10-15%
of human breast cancers (Adnane et al., 1991; Jacquemier et al., 1994). Two-to
four-fold amplification of FGFR-4 is found in approximately 10% of the breast tu-
mor tissues (Jaakkola et al., 1993), and appreciable levels of FGFR-3 mRNA are
observed in human breast tumor tissues (Ding et al., 1992). Taken together, these
observations provide further support for a role of FGF signal transduction in breast
cancer tumorigenesis or progression. Co-expression of more than one receptor is
typically observed in breast cancer cell lines and tissues (Ding et al., 1992; Lehtola
etal., 1992; McLeskey et al., 1994). Therefore, additional complexity in FGF sig-
naling in breast cancer cells may be generated by the participation of receptor het-
erodimers in FGF signal transduction (Bellotetal., 1991). Other splice variants that
encode secreted, kinase-deficient, or cell-bound receptor isoforms that lack a puta-
tive juxtamembrane regulatory domain may also modulate the extent of down-
stream signaling. A fifth, nontyrosine kinase receptor has also been identified
(Burrus etal., 1992) as well as a possible role for an intracrine loop involving a cyto-
plasmically localized receptor isoform, but the consequences of these proteins with
regard to transmission of a growth signal have not been elucidated (Imamura et al.,
1990; Maciag et al., 1994; Yan et al., 1992).

Finally, recent results raise the possibility that FGF receptor activation may oc-
cur independent of ligand. Interaction with heparin (Gao and Goldfarb, 1995) or
cell adhesion molecules (Doherty et al., 1994) can activate FGF receptors in the ab-
sence of EGF (Green et al., 1996). Mutations in FGFR-2 and FGFR-3 that result in
constitutive tyrosine kinase activity have been identified in several skeletal disor-
ders in humans when inherited through the germline (Bellus et al., 1995; Neilson
and Friesel, 1995; Tavormina et al., 1995; Webster et al., 1996; Webster and
Donoghue, 1996); FGFR-3 is thought to play a role in the negative regulation of
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bone growth (Deng et al., 1996). Nonetheless, it remains to be determined whether
constitutive activation can lead to oncogenic transformation. Thus, when one con-
siders the consequences of operative FGF signal transduction in the process of
breast cancer progression, it does not necessarily have to be thought of in the con-
text of production of a particular FGF family member.

Like other transmembrane tyrosine kinase growth factor receptors, dimerization
of FGF receptors appears to be required for signal transduction resulting from
ligand binding. Presumably this dimerization facilitates transmodulation, the inter-
molecular phosphorylation of the dimerized receptors on tyrosine residues. This
process increases the intrinsic tyrosine kinase activity of the receptors and is re-
quired for the subsequent binding and phosphorylation of substrates important in
downstream signaling events (Ullrich and Schlessinger, 1990). For FGFR-1, seven
intracellular tyrosine residues have been definitively identified as phosphorylation
sites (Mohammadi et al., 1996). Phosphorylation of tyrosine 653 is strictly depend-
ent on the trans intermolecular mechanism, and phosphorylation of tyrosines 653
and 654, which lie within the tyrosine kinase domain and are conserved in other
FGFRs, is required for phosphorylation and activation of substrates (Shi et al.,
1993). Mutational analysis indicates the five other tyrosine residues (Y-463, Y-583,
Y-585, Y-730, and Y-766) are dispensible for mitogenesis or induction of differen-
tiation (Mohammadi et al., 1996). Tyrosine 766 is a binding site for the SH2 domain
of PLC~y. Mutation of this residue to phenylalanine results in a receptor that fails to
induce phosphotidylinositol hydolysis and Ca** flux without affecting its ability to
induce mitogenesis (Mohammadi et al., 1992; Peters et al., 1992), suggesting that
activation of substrates other than PLC-y 1s important for growth stimulation.

Despite the complexity of the FGF signal transduction system, there are indica-
tions that the signals leading to control of growth or differentiation share at least one
common pathway: use of the Ras/Raf/ERK cascade. The Shc adaptor protein and
MAP kinases are phosphorylated in response to FGF treatment of FGFR-1-
transfected BaF3 murine lymphoid cells or L6 rat myoblast cells (Wang et al., 1994;
Vainikka et al., 1994; Shaoul et al., 1995), but there is no in vivo evidence of a direct
association of Shc with FGFRs. Ras appears to play a role in FGF signal transduc-
tion because expression of a dominant inhibitory mutant of Ras in PC-12 cells an-
tagonizes FGF-1-induced hyperphosphorylation of Raf-1 and activation of MAP
kinases (Wood et al., 1992), but the mechanism by which it is placed into its active
GTP-bound form following ligand activation of FGFRs remains to be elucidated.
Addition of FGF-1 to quiescent mouse 3T3 cells induces changes in electrophoretic
mobility of Raf-1 protein due to phosphorylation (Morrison et al., 1988), and injec-
tion of RNA encoding a dominant-negative Raf-1 mutant into Xenopus embryos
blocks the ability of FGF to induce mesoderm (MacNichol et al., 1993).

The available data clearly suggest that the mechanism of FGF signal trans-
duction is highly conserved among different cell types, but characterization of
the pathway has yet to be described in breast cancer cells. It is also probable that
FGF signaling involves multiple interacting pathways. Aside from PLC-y, other
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proteins frequently associated with other transmembrane tyrosine kinases such
as Grb-2, PI-3K, and GAP do not interact with FGFRs. There is evidence to sug-
gest the involvement of other signal transduction pathways as well. Pretreat-
ment of membranes from FGFR-1-transfected NIH 3T3 cells with pertussis
toxin will reduce the binding affinity of FGF-1 in a heparin-dependent manner
(Jarvis et al., 1992) and also block the mitogenic effect of FGF on Balb/c 3T3
cells, suggesting the coupling of FGF receptors to a trimeric G protein (Logan
and Logan, 1991).

Src tyrosine kinases may represent a parallel signaling pathway to the
Ras/Raf/ERK pathway and there are indications that this family of cytoplasmic
tyrosine kinases is involved in FGF signal transduction. FGF-stimulated
NIH3T3 cells, murine lung endothelial cells, and human foreskin fibroblasts
show evidence of Src family kinase activation in response to FGF-2 treatment
(Landgren etal., 1995). The interaction of FGFR-1 with Src correlates with the
association of Src with cortactin and the subsequent tyrosine phosphorylation
of this protein (Zhan et al., 1994). Cortactin is a F-actin-binding protein that is
present in focal adhesion sites, suggesting a link between FGF receptor activa-
tion and cytoskeleton changes associated with cell division or motility. These
observations may partially explain why prolonged exposure to FGF-1 is re-
quired for the maximal induction of DNA synthesis in BALB/c 3T3 cells (Zhan
et al., 1993). Induction of immediate early genes and increased p90 tyrosine
phosphorylation (see below) require only short-term exposure to the factor, but
increased phosphorylation of Src and association with cortactin are maximal in
mid-to-late G1 (Zhan etal., 1994). This suggests that the interplay of FGFR acti-
vation, Src activation, and cortactin phosphorylation has functional signifi-
cance in the induction of DNA synthesis.

Two other proteins that may be involved in FGF signal transduction are an 85-
kDa serine kinase and a phosphoprotein of approximately 90 kDa. The 85-kDa pro-
tein is associated with FGFR-4 in transfected L6 rat myoblast cells, but the func-
tional significance of this association is not currently known (Vainikka et al., 1996).
Stronger evidence suggests that the 90-kDa protein may play a role in signal trans-
duction. This 90-kDa protein is related to the protein SNT (Ong et al., 1996), which
was originally identified as a protein in PC12 cells phosphorylated in response to
FGF or NGF treatment. An SNT-like protein (SLP) has since been found in many
cell types. It is rapidly phosphorylated on tyrosine, serine, and threonine residues
following FGF addition and appears to interact weakly with the FGFR-1. Interest-
ingly, none of the FGFR autophosphorylation sites other than those located in the
kinase domain appear to be required for the protein to be phosphorylated (Klint et
al., 1995; Mohammadi et al., 1996). The phosphorylated SLP is membrane-bound
and associated with Grb2 and Sos in FGF-stimulated cells and may therefore func-
tion in Ras activation (Kouhara et al., 1997); in contrast, Sos is not associated with
Shc—Grb2 complexes in these cells (Wang et al., 1996). It would therefore appear
that the Shc—Grb2 complex may not be be responsible for delivering the Sos
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exchange factor to membrane-bound Ras as it does in the EGFR-activated Ras acti-
vation pathway. Shc is also associated with an unidentified 145-kDa
phosphotyrosine-containing protein in FGF- treated cells (Kavanaugh and Wil-
liams, 1994), but the significance of this association is unknown.

Various FGFRs also differ in their mitogenic and differentiation-inducing po-
tential. Studies of BaF3 murine lymphoid cells and L6 mouse myoblast cells show
that FGFR-4 induces weaker phosphorylation of Raf-1 and MAP kinases than does
FGFR-1. FGFR-1 also induces stronger phosphorylation of MAP kinases than does
the IIIb isoform of FGFR-2 having high affinity for FGE-7/KGF (Shaoul et al.,
1995). FGF signaling may also be mediated through the JNK family of MAP ki-
nases. EGFR signaling has been shown to include the use of this pathway and it is
reasonable to suspect that FGF signaling may utilize this pathway as well; however,
this remains to be established. There is evidence that a particular splice variant of
the FGFR-2/11Ib, which lacks a carboxy terminal PLC -1 association site at Tyr 769,
may have a greater transforming potential than the spliced form that contains this
site (Ishii et al., 1995). The signaling and biological responses resulting from FGF
activation of receptors may therefore differ depending not only on the identity of the
ligand presented to the breast tumor cell but also on the combination of receptors
expressed by the target cell.

NONCLASSICAL MECHANISMS OF ESTROGEN RECEPTOR
ACTIVATION

Although some ER+ cell lines selected for hormone independence lose ER expres-
sion, the majority do not. The continued expression of a receptor that no longer ap-
pears to promote cell growth, even as it retains its ability to induce expression of a
reporter gene, suggests that the mitogenic function ER in these hormone-
independent sublines has been superseded by the emergence of other mitogenic
pathways that do not necessarily require loss of ER expression. In fact, there is the
suggestion that some of the actions of growth factor—activated pathways may be
mediated at least in part through the ER. The ability of the growth factor-induced
kinase cascade to activate nuclear transcription factors such as Myc and Jun sug-
gests that the unliganded ER, itself a transcription factor, might also be a substrate
for phosphorylation. Activation of the ER by phosphorylation-induced by the ac-
tion of growth factors may therefore explain why some hormone-independent
breast cancer cells retain ER expression.

Steroid receptors are phosphoproteins, and although all the effects of phos-
phorylation are probably not known, there is evidence that one effect of phos-
phorylation is to enhance transcriptional activity in the presence of ligand or to
allow activation of the receptor in the absence of ligand. Phosphorylation of
chicken PR, induced by activators of protein kinase A, induces transcription of a
reporter gene in a manner similar to treatment with progesterone (Denner et al.,
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1990). Treatment of cells with dopamine, an activator of adenyl cyclase that re-
sults in activation of protein kinase A, increases transcriptional activity of sev-
eral steroid receptors in the absence of ligand, including ER and PR (Power et
al., 1991). Similar induction of transcription is seen in cells treated with okadaic
acid, an inhibitor of protein phosphatases, suggesting hyperphosphorylation as
an important factor in steroid receptor transcriptional activity. In MCE-7 breast
cancer cells, expression of a reporter plasmid downstream of an ERE is induced
synergistically by treatment with E2 and activators of either protein kinase A or
protein kinase C (Cho and Katzenellenbogen, 1993). Similarly, in rat uterus,
treatment of cells with either E2, IGF-], or agents that increase intracellular cy-
clic AMP (and thereby activate protein kinase A) increases transcription from
an ERE reporter construct, and this increase in transcription can be blocked by
treatment with either ICI 164,384 or inhibitors of protein kinases (Aronica and
Katzenellenbogen, 1993). In an ER+ ovarian adenocarcinoma cell line, addition
of either E2 or EGF induces expression of an ERE reporter construct, and thisin-
duction is inhibited by either ICI 164,384 or an anti-EGFR antibody (Ignar-
Trowbridge et al., 1993). In mouse uterus, either E2 or EGF induces DNA syn-
thesis and localization of the ER to the nucleus, and both events are inhibited by
antiestrogen treatment (Ignar-Trowbridge, et al., 1992) and mice lacking ER
due to targeted disruption of the gene do not exhibit estrogenic changes in re-
sponse to EGF (Curtis et al., 1996). Deletion of the A/B domain of the ER, which
contains the AF-1 function, inhibits the ability of growth factors to activate tran-
scription of an ERE reporter construct in an ER+ ovarian carcinoma cell line
suggesting this region of the ER as critical in the transduction of growth fac-
tor—generated signals (Ignar-Trowbridge et al., 1996). Interestingly, whereas
combinations of different growth factors generate additive effects, addition of
growth factors and E2 together results in synergistic activation of the ER
(Ignar-Trowbridge et al., 1996; Ignar-Trowbridge et al., 1993) suggesting that
each set of mitogens is acting through a distinct mechanism to activate the ER
and transcription.

Recent studies demonstrate that the ER is a substrate for direct phosphorylation
by MAP kinase. In vitro, a truncated human ER containing the A/B and C domains
is phosphorylated by MAP kinase; mutation of serine 118, which lies within the
AF-1region in the A/B domain, abolished this phosphorylation strongly suggesting
this residue as a target for phosphorylation. In vivo, mutation of this serine to al-
anine eliminates the ability of EGF to induce transcription of an ERE reporter plas-
mid (Bunone et al., 1996; Kato et al., 1995). Other growth factors also activate ER
in the absence of E2, including heregulin (Pietras et al., 1995) and IGF-1 (Aronica
and Katzenellenbogen, 1993; Ignar-Trowbridge et al., 1996). Mutation of serine
118 to alanine abolishes phosphorylation and ligand-independent ER activation
mediated through three independent mechanisms of ERK activation: overexpres-
sion of wild type Ras (Kato et al., 1995), a constitutively active mutant of Ras (Kato
etal., 1995), or a constitutively active mutant of MEK (Bunone et al., 1996; Kato et
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al., 1995). The ability of Ras overexpression to activate ER in the absence of ligand
is enhanced by a constitutively active MEK and is abrogated by expression of a
MAPK-specific phosphatase (Kato et al., 1995) indicating that the Ras-generated
signals are transmitted through the MAPK cascade. The ability of EGF to induce
ligand-independent activation of ER is inhibited by expression of dominant-nega-
tive Ras, a dominant-negative MEK, and an inhibitor of protein kinase C (Bunone
et al., 1996) suggesting these proteins as downstream mediators of the EGF-
induced activation of ER.

Interestingly, the agonist activity of a tamoxifen—ER complex is significantly
enhanced by phosphorylation, whereas ICI 164,384-ER complexes retain full an-
tagonistic function (Kato et al., 1995). The fact that tamoxifen possesses partial
agonist activity while the pure antiestrogen does not suggests that one component
of ligand-independent activation of ER may be enhancement by phosphorylation
of AF-1 activity in ER molecules bound to tamoxifen. The consequence of phos-
phorylation is not solely to activate AF-1, however. In HeLa cells, where AF-1
function alone induces transcription poorly from an ERE (Toraet al., 1989), phos-
phorylation of the ER by ERKs nevertheless results in activation of transcription
(Bunone etal., 1996) suggesting a possible role for AF-2. Other studies, however,
suggest that activation in the absence of ligand is not mediated through AF-2. In
studies of ER~ SK-Br-3 breast cancer cells and HeLa cells, EGF induces ligand-
independent activation of a transiently transfected ER containing a mutated AF-2
region (Bunone et al., 1996). Interestingly, this mutant retains full transcription
activity in the presence of EGF when complexed to either tamoxifen or ICI
164,384 (Bunone et al., 1996), although ICI 164,384 retains its antagonistic prop-
erties when complexed to the wild type ER (Bunone et al., 1996; Kato et al.,
1995). These results suggest that ligand-independent activation of the ER by
growth factors is likely to involve at least two distinct mechanisms: activation of
AF-1 through phosphorylation of serine 118, and at least one other, unknown
mechanism independent of AF-2.

Despite the uncertainty surrounding the precise mechanism of growth factor ac-
tion, the significance of these findings is that they offer evidence for a direct interac-
tion between mediators of the E2 and growth factor-signaling pathways. This
provides both a molecular basis through which growth factors might mimic the
presence of E2 in an ER+ cell, and suggests that growth factor-promoted phospho-
rylation of ER may result in enhancement of the agonistic properties of tamoxifen.
The interplay between the ER bound to tamoxifen and the MAPK cascade might
have particularly important clinical implications for patients undergoing hormone
ablative therapy whose tumors overexpress growth factors. The finding that phos-
phorylation of the ER complexed to tamoxifen by MAPK enhances the agonist ac-
tivity of tamoxifen (Kato et al., 1995) suggests that tumors with activated MAPK
cascades as aresult of growth factor overproduction may not only be resistant to the
growth inhibitory effects of the drug but may actually be stimulated by it. These re-
sults suggest that one consequence of growth factor overexpression may be to con-
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vert tamoxifen from an antagonist to an agonist in ER+ breast cancer cells thereby
not only overcoming its activity as a growth suppressor but also turning it into a mi-
togen.

CONCLUSIONS

One of the central questions that is the focus of much current research into growth
factors and their receptors in breast cancer is whether such agents act to mimic the
effect of E2 through ligand-independent activation of the ER or, alternatively, to
bypass the ER signaling pathway altogether. Although different growth factors,
both alone and in combination, are likely to evoke different effects depending on
the specific nature of each tumor, the mechanism of hormone-independent
growth utilized by a particular tumor will ultimately determine whether patients
who fail on endocrine therapy due to amplification of growth factor-mediated sig-
naling are likely to respond to a second round of antiestrogen therapy. The failure
of most ER+ cell lines selected in vitro or in vivo for hormone independence orre-
sistance to one class of antiestrogeis to develop cross-resistance to other anties-
trogens is corroborated by clinical observation that patients who relapse
following tamoxifen treatment sometimes respond to a second round hormone
ablation using a pure antiestrogen (Howell et al., 1995). Patients who progress
following first-line hormonal therapy may also respond to treatment with inhibi-
tors of the aromatase involved in E2 synthesis suggesting that, despite relapse fol-
lowing initial hormone ablation, their tumors are still responsive to the circulating
levels of E2 (Brodie and Njar, 1996; Buzdar et al., 1996). This observation sug-
gests that, even in some patients who have relapsed following tamoxifen treat-
ment, estrogenic stimulation of tumor growth may still occur. The actions of E2
and growth factors need not be mutually exclusive, therefore; additive or syner-
gistic effects on growth resulting from the simultaneous activation of both path-
ways are also possible.

Because patients who are initially ER+ and subsequently acquire resistance to
tamoxifen do not necessarily lose ER expression, it is possible that growth fac-
tor—-mediated alteration of the cellular response to the tamoxifen—ER complex may
play arole in the acquisition of tamoxifen resistance. If mitogenic signaling in such
a tumor is mediated through the ER, it is likely that a second round of antiestrogen
therapy using an ICI compound might prove useful in patients who have relapsed
after tamoxifen therapy. There is much evidence to suggest that some of the effects
of EGFR signaling involve activation of the ER. As discussed previously, EGF ad-
dition can mimic estrogenic activation of the ER in numerous cell types both in tis-
sue culture and in vivo. That the ER is a target for the EGFR-activated
Ras/Raf/ERK cascade lends further support to the hypothesis that one mechanism
of growth factor action is to mimic the effect of E2 by activating the ER in the ab-
sence cf E2 or the presence of tamoxifen. Because the agonist activity of tamoxifen
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is enhanced by phosphorylation of the ER by ERKs (Kato et al., 1995), ER+ breast
cancer cells undergoing hormone ablation due to tamoxifen treatment may actually
be stimulated as a result of the interaction between the tamoxifen—ER complex and
the signal transduction cascade activated by growth factors. ICI 164,384, however,
retains its properties as a pure antiestrogen even when the ER is phosphorylated.
This observation suggests that some ER+ patients who fail on tamoxifen therapy,
even those whose tumors overexpress EGFR and may have an activated MAPK
pathway and phosphorylated ER, might respond to a second treatment with a pure
antiestrogen.

An alternate mechanism through which growth factors may contribute to E2 inde-
pendence is through activation of a mitogenic pathway that does not intersect with the
ER. Overexpression of growth factors, therefore, would not necessarily have to lead
to ligand-independent activation of ER; it may bypass the ER entirely. Rather than
mimicking the presence of E2, this mechanism would eliminate the need for E2.
There is experimental evidence to support the hypothesis that, in contrast to the stud-
ies described earlier in which growth factor overexpression results in ligand-
independent ER activation, other growth factors may stimulate growth in a manner
that is completely independent of ER or that is antagonistic to the ER. Heregulin-B-2-
-transfected MCF-7 cells acquire in vitro E2 independence and the ability to form tu-
mors in nude mice in the absence of E2 (Tang et al., 1996). In these cells the ER is
downregulated but unable to induce expression of PR. Whereas transfection of
MCE-7 cells with heregulin-p-1 also results in hormone-independent growth and
downregulation of ER, overexpression of this isoform leads to constitutive activation
of ER (Pietras et al., 1995). The ability of two different isoforms of the same protein
transfected into the same breast cancer cell line to induce opposite phenotypes sug-
gests that the response of a cell to a growth factor is likely to result from a complex in-
terplay of the specific factor or factors present and the combination and levels of
receptors expressed by the target cell, as well as many other variables.

An ER-independent mechanism for hormone independence is also supported by
work in our lab using FGF-transfected MCF-7 cells. In addition to effects on tumo-
rigenicity or metastasis, overexpression of FGF-1 or FGF-4 in MCF-7 cells in-
creases the growth rate in E2-depleted media or media containing the antiestrogen
4-hydroxy tamoxifen (McLeskey et al., 1993; Zhang et al., 1997). Thus, FGF sig-
naling appears to act in an autocrine or intracrine fashion to provide a mitogenic
stimulus to ER+ breast cancer cells that allows these cells to circumvent their re-
quirement for E2 for optimal growth. We have also found that FGF-1 and FGF-4
overexpressing cells have a much higher cloning efficiency than do control trans-
fected cells when plated in soft agar containing ICI 182,780 and are still able to
form tumors in mice treated with compound (McLeskey et al., 1998). FGF-
transfected cells do not have downregulated ER or constitutively elevated levels of
E2-responsive genes as might be expected if ER were activated (Pietras et al.,
1995). These results suggest that FGF signaling bypasses, rather than mimics, ER-
mediated growth-signaling mechanisms.
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These results raise the specter that patients with ER-positive breast tumors
that are nonresponsive or resistant to tamoxifen as a result of activation of FGF
signal transduction pathways would be unlikely to respond to a second line ther-
apy with pure antiestrogens. However, there is also the possibility that elucida-
tion of FGF signal transduction pathways operating in ER-positive breast
cancer cells will identify targets for intervention at points upstream of where the
two growth-signaling pathways converge to allow antiestrogens to again be-
come effective. Even if interference with growth factor-mediated mitogenesis
fails to restore sensitivity to endocrine therapies in breast tumors that have pro-
gressed following tamoxifen treatment, however, the disruption of the autocrine
or paracrine loops operating within a tumor may nevertheless result in more ef-
fective treatments. Whereas targeting of any one growth factor may prove use-
ful, the frequent overexpression of numerous growth factors by a single tumor
implies that a strategy of targeting several pathways simultaneously, as well as
inhibiting angiogenesis within a tumor, may show the most promise for ulti-
mately curing breast cancer.

ABBREVIATIONS

E2, estrogen; ER, estrogen receptor; EGFR, epidermal growth factor receptor;
TGF-q, transforming growth factor alpha; AR, amphiregulin; VEGFR, vascular
endothelial growth factor receptor; FGFR, fibroblast growth factor receptor;
PLC-v, phospholipase C gamma; PI-3K, phosphoinositol-3 kinase
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INTRODUCTION

The natural history of breast cancer indicates that it develops over years—even dec-
ades—and may progress through recognizable stages of proliferative breast dis-
ease. Although breast cancers are slow growing, they metastasize early. The ability
to recognize and treat high-risk, precursor breast lesions is therefore desirable.

Many human carcinomas evolve via a sequence of changes from benign hyper-
plasia through atypical hyperplasia to carcinoma in situ and eventually to fully ma-
lignant invasive tumors with the potential to metastasize. In the case of colorectal
neoplasia, the well recognized polyp/carcinoma sequence is associated with a se-
ries of specific genetic alterations (Fearon and Vogelstein, 1990). Although the co-
lon cancer model has become a paradigm for solid tumor development, definition of
critical genetic events in breast cancer has been hampered by its often lengthy natu-
ral history and architectural complexity. In the human breast, a spectrum of micro-
scopic changes has been termed proliferative breast disease (PBD). The
progression of histopathological features of PBD has been correlated with in-
creased risk for the development of invasive carcinoma (Page and Dupont, 1990),
but the focal and microscopic lesions of PBD provide scant tissue for genetic or
other biological analyses. Although hyperplastic lesions are observed in human
breast (Wellings et al., 1975; Dupont and Page, 1985; Dupontet al., 1993), their role
in disease progression is not understood.

Patients with the most severe form of PBD, atypical hyperplasia, do have a four-
to fivefold increased relative risk of developing breast cancer (Page and Dupont,
1990; Pallietal., 1991; London et al., 1992; Dupont et al., 1993), but it has been un-
clear whether these lesions are precursors of cancer or simply markers of breasts
likely to give rise to independent neoplastic lesions. Carcinoma in situ (CIS), with
an associated tenfold increased risk for breast cancer, is accepted as a precursor le-
sion because subsequent development of invasive cancer is frequently in the same
breast in which CIS was detected earlier. In addition, risk factors for CIS and inva-
sive cancer are nearly identical (Kerlikowske et al., 1997). On the other hand, the
risk for cancer in patients with biopsies diagnosed as atypical hyperplasia is nearly
equal in the contralateral as in the ipsilateral breast. Thus, it has been suggested that
atypical hyperplasia may reflect a field effect or condition rather than being a pre-
cursor lesion. However, occurrence of cancer in the ipsilateral breast is slightly
higher, and the mean time to occurrence is lower in the breast in which a prolifera-
tive lesion is detected compared to the contralateral breast. For example, a study of
116 benign breast disease biopsy patients who subsequently developed invasive
breast cancer during a 25-year follow-up indicated that 56% of breast cancers oc-
curred in the ipsilateral breast and 44% occurred in the contralateral breast and the
mean time till occurrence of cancer following biopsy was 11 years for the ipsilateral
breast and 14 years for the contralateral breast cancers (Krieger and Hiatt, 1992).
These data suggest that some proliferative breast disease (PBD) lesions are precur-
sors because if all hyperplastic lesions were simply identifying a field condition, in-
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cidence and time till occurrence should be equal in contralateral and ipsilateral
breasts.

Other benign lesions, not part of the proliferative, hyperplastic sequence, have
also been found to be associated with increased risk for later development of breast
cancer. Fibroadenomas, particularly ones associated with cysts, sclerosing adeno-
sis, papillary apocrine changes, or epithelial calcification are associated with ele-
vated risk for developing breast cancer (Dupont et al., 1994). Remarkably, the
increased risk for cancer in fibroadenoma patients remains raised for decades,
whereas the risk of developing invasive cancer declines with time following diag-
nosis of atypical hyperplasia such that after 10 years there is no increased risk (Du-
pont and Page, 1989). The apparent transient increased risk may also be due to the
existence of multiple types of hyperplasia, only some of which are precursor lesions
and progress within the 10-year period.

It is possible that the true precursor hyperplastic lesions can be identified. For
example, 17% of patients having atypical hyperplasia with sclerosing adenosis sub-
sequently develop cancer versus the 4% of cases without sclerosing adenosis that
do so (Tavassoli and Norris, 1990); moreover, invasive cancer that develops in
women previously having atypical hyperplasia within papillomas is nearly always
ipsilateral to the biopsy site (Page et al., 1996).

ORTHOTOPIC TISSUE INTERACTIONS

Most of what is known about the role of mammary tissue interactions in progres-
sion is based on studies with preneoplastic mouse mammary tissues. These lesions
require normal mammary stroma for growth and progression to carcinoma but are
inhibited by normal mammary epithelium (DeOme et al., 1959, 1978; Faulkin and
DeOme, 1960; Daniel et al., 1968; Medina, 1975, 1976, 1996). Mouse mammary
tumor cells still respond to stroma but are no longer stroma-dependent and are
stimulated, rather than inhibited, by normal mammary epithelium (Miller et al.,
1981; Miller and Mclnerney, 1988). Furthermore, mammary tumors metastasize
more readily from mammary gland than from other sites (Miller, 1981; Unemori et
al., 1984; Vaage, 1988). The growth and metastasis of xenografted human breast
cancer cells are also enhanced by implantation into mammary fatpads in nude mice
(Price, 1990; Price et al., 1990).

These observations suggest that the cleared, that is, epithelium-free, mammary
fatpads of immune-deficient mice might be ideal sites for xenograft transplants of
normal and preneoplastic human breast epithelium. An early study reported suc-
cessful transplantation of pieces of breast fibrocystic disease into cleared fatpads
(Outzen and Custer, 1975). Three cases were described and serial transplantation
through four transplant generations of alesion, described as cystic hyperplasia with
ductal proliferation, indicated that 16 volume doublings were obtained. Another
study found that normal-appearing lobules persisted nearly as well at subcutaneous
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sites (54 of 78 implanted lesions; 69%) as in mammary fatpads (51/64; 80%) of
nude mice (Jensen and Wellings, 1976). None of the explants increased in size, but
intraductal proliferation occurred more readily in fatpads (25/51; 49%) than at sub-
cutaneous sites (4/54; 7%). Histologically normal lobules from cancer patients
were no more likely to proliferate than lobules from noncancerous patients when
age was taken into consideration (nearly all noncancerous patients were under 50).
However, lobules from cancer patients over age 50 were significantly more likely to
proliferate than lobules from cancer patients under age 50 (15/28 vs. 5/33; 54% vs.
15%).

Another point of interest is that 20/22 (91%) cancer-associated lobules that pro-
liferated were vascularized as compared with only 19/48(40%) of lobules that
failed to do so. For lobules from noncancerous breasts, vascularization was ob-
served in 3/7 (43%)proliferating lobules and in 9/28 (32%) lobules that did not pro-
liferate. Thus, angiogenic activity may be indicative of precursor proliferative
breast lesions.

ANGIOGENESIS OF EARLY BREAST LESIONS

Angiogenesis is known to be important in metastasis, and microvasculature den-
sity, defined as vessels per unit area, has been reported to be areliable prognostic in-
dicator in early stage breast cancer (Weidner et al., 1992). It has been suspected that
angiogenesis might be the necessary switch for progression from CIS to invasive
carcinoma. However, increased angiogenic activity appears to be an even earlier
event in progression. Preneoplastic mammary lesions induce an angiogenic re-
sponse when transplanted into the anterior chamber of the eye (Brem et al., 1977,
1978). In one study (Brem et al., 1978), fragments of human invasive breast cancers
and CIS induced angiogenesis equally well (two thirds of the fragments were posi-
tive). Fragments from normal breast tissue, nonproliferative fibrocystic disease, fi-
broadenomas, and other benign lesions were not angiogenic. However, nearly one
third of fragments from hyperplastic lesions were angiogenic.
Immunohistochemical studies have identified apparent angiogenic activity in
ductular carcinoma in situ (DCIS) at an incidence similar to that found in hyper-
plastic lesions. Pure DCIS was associated with vascular cuffing detected by stain-
ing for factor VIII in 38% of cases (Guidi et al., 1994) and DCIS mixed with
invasive carcinoma was associated with vascular cuffing in 23% of cases (Weidner
etal., 1991). Vascularity was found to increase sequentially with progression from
normal to proliferative disease without atypia (PDWA) to atypical hyperplasia to
DCIS (Heffelfinger et al., 1996). Furthermore, comedo DCIS was more highly vas-
cularized than other types. These findings are somewhat at odds with an earlier
study in which size of blood vessels increased around areas of hyperplasia and
DCIS but new vessels were not apparent (Ottinetti and Sapino, 1988). The latter
authors suggested that the expansion of the epithelial mass impeded blood flow,
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causing stasis and vessel dilation, and was inconsequential because the phenome-
non was detected in both DCIS and benign hyperplasias.

Both vascular concentration (number of vessels per pm? lesion field) and vascu-
lar density (vascular area per area of lesion field) were determined in a case control
study of 24 cancer patients and 24 controls for whom benign biopsy specimens
were available (Guinebretiere et al., 1994). All had been diagnosed as fibrocystic
disease, but there were only four cases of atypical hyperplasia in each group. Factor
VIII staining of the most proliferative slide from each patient and quantitative im-
age analysis revealed that both vascular density and vascular concentration corre-
lated with subsequent development of invasive cancer. Thus, in this study, vascular
parameters identified high risk fibrocystic disease without atypia.

INVASION AND PROTEASES

An increase in expression of enzymes capable of degrading basement membranes
and extracellular matrix would be expected to occur in the progression to invasive
cancer. This has been observed for cathepsin D (Zhao et al., 1993; Schuitz et al.,
1994), type IV collagenases (Davies et al., 1993; Polette et al., 1993), and stromely-
sin3 (Bassetetal., 1990; Hahnel et al., 1993, 1994; Kawami et al., 1993; Wolfetal.,
1993). However, altered expression can also be detected in benign breast lesions.

Three forms of cathepsin D with molecular weights of 27 kDa, 31 kDa, and 52
kDa were described in patient sera, and the proportion of the 31-kDa form was
found to increase from 1.8% in normal controls to 13% in patients with proliferative
breast disease and to 24% in cancer patients (Schultz et al., 1994). Quantitative in
situ hybridization indicated a significant increase in cathepsin D mRNA in breast
cancer cells compared to epithelial cells of benign mastopathies, but cathepsin D
expression was higher in hyperplastic ductal epithelial cells than in lobules (Zhao et
al., 1993). However, lobular carcinomas are more frequently positive for cathepsin
D expression than are invasive ductal breast carcinomas (Domagalaet al., 1993), so
the significance of the differential expression in hyperplastic ductular and lobular
epithelium is questionable.

Type IV collagenases may also be expressed in benign lesions. One study re-
ported that 2/6 benign lesions and 13/17 invasive breast cancers expressed the 72
kDa, type IV collagenase (Polette et al., 1993), and another reported the detection
by in situ hybridization of both 72-kDa and 92-kDa forms in breast cancers, fi-
broadenomas, and benign breast ducts and acini {Soini et al., 1994). The epithelium
predominantly expressed the 92-kDa form whereas stromal cells and endothelial
cells more strongly expressed the 72-kDa form. The benign lesions were not well
described in these studies and interpretation is difticult. Production of a 62-kDa ac-
tivated form of the 72-kDa gelatinase was reported to increase in benign breast le-
sions (9 fibroadenomas and 2 fibrocystic disease cases), and production continued
to increase with progression to DCIS and invasive carcinoma (Lee et al., 1996).
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Although stromelysin 3 is expressed by the stromal cells in close proximity to
epithelial breast lesions, altered expression is probably a response to factors pro-
vided by the epithelium (Basset et al., 1993; Patel and Schrey, 1995). Few studies
have examined expression of stromelysin in benign lesions, although fibroadeno-
mas were reported to be negative (Hahnel et al., 1994). Uninvolved breast epithe-
lium from cancer patients was also negative (Hahnel et al., 1993). Expression of
stromelysin 3 by stromal cells occurs in most invasive cancers and in some DCIS
(Hahnel et al., 1993, 1994; Engel et al., 1994). Levels of stromelysin are signifi-
cantly higher in invasive cancer than CIS and higher in invasive ductular carcinoma
than in invasive lobular carcinoma (Engel et al., 1994). Perhaps stromelysin 3 ex-
pression will identify a subset of CIS lesions that progress to invasive carcinoma
more rapidly.

ESTROGEN RECEPTOR

To many, progression of breast cancer and loss of estrogen receptor (ER) are syn-
onymous. The perception is that normal breast tissue is ER, is growth stimulated by
estrogen, and is dependent upon estrogen for growth. Patients with ER” invasive
carcinoma have better prognosis than those with ER-negative cancer. Furthermore,
loss of receptor makes the cancer more difficult to treat because hormonal manipu-
lation is not useful. However, in the normal breast very few epithelial cells are ER”,
The number varies with the menstrual cycle but by immunochistochemical methods
they are fewer than 10% of the normal epithelial cell population (Petersen et al.,
1987; Jacquemier et al., 1990). Expression of ER increases in benign breast lesions.
Immunohistochemical analysis of ER expression in biopsy specimens from pre-
menopausal patients found 6% of normal cells positive, 12% of epithelial cells in fi-
broadenomas, 13% in atypical lobular hyperplasia, and 31% in CIS (Jacquemier et
al., 1990). However, in postmenopausal cases, 26% of normal cells, 25% of fi-
broadenoma cells, 73% of epithelial cells from proliferative lesions, and 30% from
DCIS were positive.

In a case control study in which ER* status of benign lesions was defined as the
presence of any nuclear staining, 84% of cases versus 57% of controls were ER*
(Khan et al., 1994). Progesterone receptor status was similar—86% positive for
both. The benign lesions were not further defined but the adjusted odds ratio for ER*
benign lesions in this study was 6.5 (Khan et al., 1994). In a study of 140 benign
breast lesions of various types, including fibroadenomas, papillomas, and ductal
hyperplasias, 70% showed some nuclear staining (Giri et al., 1989).

Many immunohistochemical studies use the H score system which multiplies
the % of cells positive by the intensity of staining (1*, 2+, or 3*) for each positive cell.
Thus, the maximum score is 300 (all cells 3*). Using an H score of 20 as the criterion
for classification as ER*, Schmitt (1995) found that the proportion of positive cases
was similar for PBD and breast cancer, but proliferation indices, determined by
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MIB-1 antibody staining, were higher in ER* than in ER-negative hyperplastic le-
sions. On the other hand, MIB-1 staining of DCIS and invasive cancer cases was
greater in ER-negative than in ER* cases, suggesting alteration in mitogenic re-
sponse to estrogen with progression rather than alteration of receptor expression
(Schmitt, 1995). However, due to the low H score used in this study, 80% of normal
biopsies were also judged to be positive.

It has been reported that at least 25% of the epithelial nuclei stain strongly in
30% of benign breast Jesions (Giri et al., 1989). This level of staining corresponds to
biochemical assay values in excess of 10 fmol/mg protein (Giri et al., 1987), a level
frequently used clinically as the cut off for classifying cancer as ER positive or
negative. This study (Giri et al., 1989) indicates that 30% of benign lesions would
have H scores of 50 or more (at least 25% of cells at 2* or more). Normal tissues, in-
cluding areas co-existing with DCIS, were negative by this criterion whereas 12/39
fibroadenomas, 13/32 papillomas, 7/20 sclerosing adenoses, 12/49 ductal hyper-
plasias, and 21/48 DCIS were positive (Giri et al., 1989). Since an H score of 50 cor-
responds to 10 fmol/mg protein receptor protein, a level expressed by
approximately half of breast cancers at diagnosis, it is clear that progression often
involves increased ER in PBD and that loss of ER is a later event in progression.

The early expression of receptor most likely enables cells to respond to the mito-
genic signal of estrogen thus promoting expansion of initiated epithelial cells. Loss
of ER at later stages in breast cancer may reflect aloss of dependency on estrogen as
a mitogenic signal. Amplification of erbB-2 is strongly associated with loss of ER
expression in DCIS as well as in invasive carcinoma (Pavelic et al., 1992; Poller et
al., 1993) and may reflect arole for an alternative mitogenic signal. Overexpression
of other growth factors may enhance hormone-independent growth in the absence
of estrogen. Overexpression of heregulin-p2 in MCF-7 cells leads to estrogen inde-
pendence and resistance to antiestrogens (Tang, C K. etal., 1996). Some tumor sup-
pressor genes may function by maintaining hormonal regulation, the deregulation
of which has been observed to correlate with loss of heterozygosity(LOH). LOH at
17q21 has been significantly correlated with absence of both estrogen and proges-
terone receptors in breast cancer, and LOH at 17p13.3 with loss of progesterone re-
ceptor (Ito et al., 1995). Hormonal regulation may be a central feature for many of
the molecular alterations that occur in breast cancer.

MOLECULAR BIOLOGY OF PROLIFERATIVE BREAST DISEASE

A number of genes have been identified as putative oncogenes in breast cancer
based on expression in breast cancer and correlation with prognosis or as tumor
suppressor genes by LOH. A genetic sequence of events has been deduced for colon
carcinoma (Fearon and Vogelstein, 1990). Although it is generally believed that
breast cancer, too, is the culmination of numerous genetic alterations, a genetic se-
quence involved in progression for breast has not been deciphered. The road to can-
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cer in the breast may take many routes. Perhaps complementation groups such as
those described for immortalization (Pereira-Smith and Smith, 1988) exist such
that one gene increases the probability of cancer only in the presence of second,
specific genetic alteration(s). Undoubtedly genes yet to be identified, as well as the
genes to be discussed, are involved.

ErbB-1

ErbB-1 encodes for the 170-kDa protein epidermal growth factor receptor
(EGFR). More than 5% of cells overexpress EGEFR in 56% of early invasive breast
cancers, and expression may be associated with early relapse (Gasparini et al.,
1992). In particular, cases that are EGFR positive with a growth fraction exceeding
7.5% as determined by antibody against Ki-67 are much more likely to relapse.
EGFR may be overexpressed in about 25% of DCIS cases (Moller et al., 1989), but
apossible role in the development of PBD is suggested by the report that EGFR was
detected more frequently in breast smears of complex breast cyst fluids (12/17) than
in smears of simple cyst fluids (5/23; Athanassiadou et al., 1992). Simple cysts are
those with flattened epithelium and complex cysts have apocrine or hyperplastic
epithelium. The prevalence of overexpressed EGFR in fine-needle aspirates ob-
tained from high risk patients (35%}) was significantly greater than from women of
low risk (4%; Fabian et al., 1994). High risk patients were defined as those with a
first-degree relative with breast cancer, prior breast cancer, or precancerous masto-
pathy. There is also evidence that overexpression of EGFR is common in fibroade-
nomas (Zelada-Hedman et al., 1994),

An association of EGFR expression and p53 expression has been described lead-
ing to the suggestion that the two interact in the pathogenesis of cancer (Horak et al.,
1991). In that study, p53-positive tumors (staining-detectable with Pab240) were
found to have a mean concentration of 31 fmol EGFR per mg of membrane protein
compared to 14 fmol/mg for p53-negative tumors. However, nearly half of the p53-
positive cases were EGFR negative. A number of studies have found a negative cor-
relation between expression of EGFR and ER (Sainsbury et al., 1987; Horak et al.,
1991; Koenders et al., 1991) but many cases express both receptors (Koenders et al.,
1991). The latter study found that, although erbB-1 levels decreased with increas-
ing ER levels, 173/531 cases (33%) expressed both using at least 10 fmol/mg cyto-
solic protein as the criterion for ER status and 0.5 fmol/mg of membrane protein as
the criterion for EGFR expression (median values were 40 fmol/mg). Using differ-
ent criteria (5 fmol/mg for ER and 3 fmol/mg for EGFR), 25% of normal breast
samples and 33% of benign/fibrocystic samples were found to be positive for both
ER and EGFR (Barker et al., 1989). However, individual cells within breast cancers
apparently are never positive for both (Sharma et al., 1994). Thus, EGFR and ER
expression appear to be mutually exclusive at the cellular level.

Normal breast epithelium, fibrocystic disease, and fibroadenomas all stained
with weak to moderate intensity with antibodies to both erbB-2 and EGFR (Tsut-
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sumi et al., 1990). Invasive carcinomas overexpressed one or the other, but not both,
in 13 of 36 cases. In a single case, both erbB-2 and EGFR were overexpressed but in
a reciprocal manner in which erbB-2 was overexpressed in the DCIS component
and the EGFR was overexpressed in the invasive component (Tsutsumi et al.,
1990). Based on this case, the authors suggest that erbB-2 loss at the stage of inva-
sion might explain the decrease in incidence of erbB-2 expression in invasive can-
cer from DCIS. However, this case seems to be the rare exception (see below). Both
erbB-2 and EGFR were detected in only 6/126 breast cancers by immunohisto-
chemistry, but these patients had significantly worse prognoses than did patients
with invasive cancers expressing one or the other or neither (Toi et al., 1994). This
study did not address whether EGFR and erbB-2 were detected in the same or sepa-
rate cells within the six EGFR*/erbB-2* cancers.

ErbB-2

The erbB-2 gene encodes for a 185-kDareceptor tyrosine kinase with homology
to the epidermal growth factor receptor erbB-1, erbB-3, and erbB-4. The natural
ligand for erbB-2 has not been identified, but erbB-2 phosphorylation may occur by
transmodulation when other members of the erbB kinase family react with their
ligands (e.g., epidermal growth factor; Akiyama et al., 1988; Stern and Kamps,
1988; Johnson et al., 1993) and neu differentiation factor (Culouscou et al., 1993;
Plowman et al., 1993; Carraway et al., 1994; Kita et al., 1994; Sliwkowski et al.,
1994; Tzahar et al., 1994). This transmodulation occurs through heterodimeriza-
tion of erbB-2 with the other kinases.

Although overexpression of erbB-2 is associated with poor prognosis in human
breast cancer, erbB-2 is rarely detected in benign lesions (De Potter et al., 1989;
Lizard-Nacol et al., 1995; Millikan et al., 1995). ErbB-2 is not overexpressed in ei-
ther lobular CIS (Gusterson et al., 1988b; Ramachandra et al., 1990; Porter et al.,
1991) or invasive lobular carcinoma (Porter et al., 1991; Barbareschi et al., 1992).
However, overexpression of erbB-2 is frequent in DCIS and invasive ductal carci-
noma. The precipitous rise in expression at the stage of DCIS suggests that overex-
pression of erbB-2 may be sufficient to produce this step in progression.

Although erbB2 is detected in DCIS more frequently than in invasive cancer
(Gusterson et al., 1988a, b; De Potter et al., 1989; Kobayashi et al., 1992), studies of
mixed lesions containing both in situ and invasive components invariably report
that the two components express erbB-2 coordinately (Ramachandra et al., 1990;
Liuetal., 1992; Iglehart et al., 1995). Thus, DCIS in which erbB-2 is not amplified
gives rise to invasive carcinoma in which erbB-2 is not amplified and DCIS in
which erbB-2 is amplified gives rise to invasive carcinoma in which erbB-2 is am-
plified. Since erbB-2 is not amplified in the majority of invasive breast cancers,
these data suggest that DCIS in which erbB-2 is not amplified is more likely to prog-
ress to invasive carcinoma than is erbB-2—positive DCIS. The latter conclusion is
somewhat counterintuitive because erbB-2 expression by invasive breast cancer is
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associated with poor prognosis (Slamon et al., 1987, 1989; Paik et al., 1990; Gullick
et al., 1991; Gusterson et al., 1992; Sauer et al., 1992). If erbB-2—expressing DCIS
had a poor prognosis as indicated by more rapid/frequent progression to invasive
cancer, the incidence of erbB-2 expression might be expected to be higher in inva-
sive cancer than in DCIS.

Both the incidence of erbB-2 amplification and the propensity of DCIS lesions to
progress to invasive cancer vary with the histotype of DCIS. Comedo DCIS is more
frequently erbB-2-positive than is cribriforming DCIS (Bartkova et al., 1990; Ra-
machandra et al., 1990). Ramachandra and colleagues found that 19% of pure cribri-
forming DCIS and 55% of mixed lesions containing both cribriforming in situ and
invasive components expressed erbB-2. On the other hand, 62% of pure comedo
DCIS lesions were erbB-2—expressing compared to only 49% of mixed lesions (Ra-
machandra et al., 1990). These results indicate that erbB-2—positive cribriforming
DCIS are more likely to progress to invasive cancers than are erbB-2-negative le-
sions, whereas erbB-2-negative comedo DCIS are more likely to progress than are
erbB-2-positive comedo DCIS. Once again, this suggests complementation groups,
a requirement for coexpression of particular combinations of genotypic and pheno-
typic characteristics in order for cancer to develop and progress.

p53

Several studies using antibodies to detect pS3 protein indicate that p53 muta-
tions are rare in benign lesions (Bartek et al., 1990; Heyderman and Dagg, 1991;
Barbareschi et al., 1992; Eriksson et al., 1994; Stephenson et al., 1994; Umekita et
al., 1994; Schmitt et al., 1995; Younes et al., 1995; Chitemerere et al., 1996; Sizio-
pikou et al., 1996). The total incidence of staining in these combined studies was
47/646 for benign lesions but most studies included fibroadenomas, which are fre-
quently positive (Younes et al., 1995), as well as hyperplasias. In studies of hyper-
plastic lesions, only two of 80 specimens (2.5%) of PDWA and one of 108 atypical
hyperplastic lesions were positive (Heyderman and Dagg, 1991; Umekita et al.,
1994; Schmiitt et al., 1995; Siziopikou et al., 1996). DCIS is more frequently posi-
tive, with a total of 58 of 300 lesions staining for p53 (Bartek et al., 1990; Eriksson
etal., 1994; Umekitaetal., 1994; Leal etal., 1995; Schmitt et al., 1995; Chitemerere
etal., 1996; Albonico et al., 1996; Siziopikou et al., 1996), and the proportion of in-
vasive cancer-positive for p53 is higher yet; a total of 180 of 734 in total from a
number of studies (Bartek et al., 1990; Heyderman and Dagg, 1991; Eriksson et al.,
1994; Seth et al., 1994; Stephenson et al., 1994; Umekitaetal., 1994; Younes et al.,
1995; Nakopoulou et al., 1996). Seth et al. (1994) revealed that benign lesions, pre-
viously removed from two patients with p53-positive invasive cancers, were nega-
tive for p53.

The fact that CIS and carcinoma are similar in p53 expression but that hyperplas-
tic lesions are rarely positive suggest that p53 mutation, like erbB-2, is not an early
event in breast disease.
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C-myc is amplified in about 20% of breast cancers (Garcia et al., 1989; Berns et
al., 1992). Interestingly, only 1% of cases are positive for both erbB-2 and c-myc
(Garciaetal., 1989; Berns et al., 1992), again indicating at least two distict molecu-
lar pathways to cancer. Although erbB-2 amplification is a useful prognostic factor
for ER-negative cases, c-myc amplification is a useful prognostic factor for ER*
cases (Berns et al., 1992). Unlike erbB-2, c-myc amplification occurs early in pro-
liferative breast disease (Agnantis et al., 1992; Escot et al., 1993; Hehir et al., 1993;
Pechoux et al., 1994; Brem et al., 1977).

Myc expression is induced by estrogen and appears to be hyper-responsive in
atypical hyperplasia in that expression is very high during the follicular phase, but
not the luteal phase, of the menstrual cycle in atypical hyperplasia relative to other
benign lesions (Escot et al., 1993). This study also found that myc expression was
significantly higher in benign lesions of patients with a first-degree family history
of breast cancer.

C-myc amplification alters the reponse of breast epithelial cells to growth fac-
tors. EGF and FGF, which are normally mitogenic, transform cells that overexpress
c-myc (reviewed in Dickson et al., 1992). Overexpression of c-myc in benign breast
lesions may identify a high-risk subset as suggested by a finding of Hehir and col-
leagues: 62% of benign lesions from patients subsequently developing breast can-
cer were c-myc—positive, compared to 13% from patients who remained
cancer-free. (1993). '

Cyclin D1/PRAD1

Cyclin DI/PRADI is a cell cycle regulator necessary for G1 progression. The
protein is overexpressed in one-third to one-half of invasive breast cancers as de-
tected by immunohistochemistry (Bartkova et al., 1994, 1995; Zhang et al., 1994;
Mclntoshetal., 1995; Zukerbergetal., 1995). Overexpression appears to first occur
at DCIS (Bartkova et al., 1995; Weinstat-Saslow et al., 1995) and, in 37 cases of
mixed DCIS and invasive carcinoma, was concordant in both invasive and noninva-
sive components (Bartkova et al., 1995). Elevated levels of PRAD] mRNA were
detected by in situ hybridization in proliferative disease, but PDWA and atypical
hyperplasia were similar (18% in both; Weinstat-Saslow et al., 1995). The latter
study revealed elevated PRADI mRNA in 76% of noncomedo DCIS, 87% of
comedo DCIS, and 83% of invasive cancer. Thus, overexpression of PRADI, like
p53 and erbB2, is associated with rapid progression to the DCIS stage.

Ras

Ras genes, Ha-ras, N-ras, and Ki-ras, encode for 21-kDa proteins important in
signal transduction. Following binding of growth factors to cell surface receptor ty-
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rosine kinases, p21 is transiently activated by phosphorylation and activates down-
stream serine/threonine kinases such as mitogen-activated protein (MAP) kinases
and Raf-1, which in turn translocate to the nucleus where nuclear transcription fac-
tors such as Fos and Jun are phosphorylated/regulated. Activating mutations of ras
resultin a p21 protein that remains phosphorylated, maintaining active signal trans-
duction pathways , in the absence of external stimuli.

Ras mutations are common in human cancer, occurring in approximately 30% of
all cancers combined. However, mutated ras is much more prevalent in some types
than in others. Whereas 90% of pancreatic cancers have a mutated ras gene (Almo-
gueraetal., 1988), fewer than 5% of breast cancers doso (Kraus et al., 1984; Kozma
etal., 1987; Rochlitz et al., 1989; Prosperi et al., 1990; Clark and Der, 1995). Never-
theless, ras may be very important in breast cancer. The p21 ras protein is fre-
quently overexpressed in breast cancer (Horan Hand et al., 1984; DeBortoli et al.,
1985) and overexpression is significantly correlated with poor clinical prognosis
(Clairetal., 1987; Querzoli et al., 1988; Datietal., 1991; Bland et al., 1995). Over-
expression of p21 ras protein occurs early in the development of breast disease
(Ohuchi et al., 1986; Spandidos et al., 1987; Agnantis et al., 1992; Going et al.,
1992; Pechoux et al., 1994). Normal breast epithelium (Spandidos et al., 1987) and
lactating breast epithelium (Thor et al., 1986) do not express sufficient p21 ras to be
identified, and only 1% of cells in fibrocystic disease without hyperplasia stain
positive for ras (Ohuchi et al., 1986). Cystic disease associated with apocrine meta-
plasiais more often positive (Agnantis et al., 1992). As the stage of proliferative dis-
ease advances, the proportion of cells positive for ras increases from 18% for
PDWA to 34% for atypical hyperplasia, 54% for CIS, and 62% for invasive carci-
noma (Ohuchi et al., 1986). Differences in the Ohuchi study were statistically sig-
nificant at each sequential stage: fibrocystic disease versus PDWA, P<0.01; PDWA
versus atypical hyperplasia, P<0.05; and atypical hyperplasia versus carcinoma
(Pooled invasive and CIS), P<0.01; there was no difference in ras expression be-
tween CIS and invasive carcinoma. A more recent study confirmed the stepwise in-
crease in ras expression based both on numbers of positive cells and intensity of
staining (Going et al., 1992). As in the earlier study, significant overexpression of
ras was detected in PDWA.

Since numerous studies implicate ras function in PBD and breast cancer, it is cu-
rious that mutated ras is so infrequent. Perhaps breast is very susceptible to even mi-
nor disruptions in the ras pathway that could result from a number of genetic events,
whereas pancreatic cells, for example, are made malignant only by full ras activa-
tion. If we assume that the rate of mutation of ras in breast cells is the same as in pan-
creatic cells, the number of breast cancers with mutated ras should be similar to the
number of pancreatic cancers with mutated ras, suggesting that the low percentage
of mutant ras breast cancers reflects the greater number of alternative complemen-
tation groups that can lead to this disease. In the United States, the annual incidence
of pancreatic cancers in white women is 7.5 per 100,000 compared to 113 breast
cancers per 100,000 women (age adjusted) (Devesa et al., 1995). Thus, the inci-
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dence of mutant ras in breast cancer (5.65 cases per 100,000, assuming 5% have
mutant ras) is similar to the incidence of mutant ras in pancreatic cancers (6.75
cases per 100,000, assuming 90% have mutant ras). Furthermore, mutations in a
number of the components of the ras signal transduction pathway, including up-
stream receptor tyrosine kinases (eg., PDGFR, EGFR) and downstream ser-
ine/threonine kinases or transcription factors, are functionally equivalent to ras
mutation (Clark and Der, 1995). Perhaps breast epithelium has a number of genes
(e.g., receptor tyrosine kinases) active that pancreatic cells do not so that more
genes are atrisk in breast cancer cells which, if mutated, are surrogates for activated
ras.

BRCAT1

BRCAI1 mutations are present in approximately three-fourths of families with
ovarian and breast cancer and in about half of families with only breast cancer. The
molecule has a zinc-binding ring finger domain suggesting a function in regulation
of transcription, but the protein has also been reported to be a secreted product that
is able to inhibit tumor cell growth (Ezzell, 1996; Holt et al., 1996; Jensen, R.A. et
al., 1996). Athough a single mutation has been found in 1% of the Ashkenase Jew-
ish population, over 100 mutations have been identified, many of which occur in
only one or two families (Collins, 1996). Not all BRCA1 mutations are equal. Mu-
tations in either the amino terminal or carboxy terminal conserved domains result in
tumors with higher proliferation rates than mutations at other sites (Sobol et al.,
1996). Furthermore, cancer grade segregates by family, some giving rise to more
proliferative, aggressive invasive carcinoma than others (Eisinger et al., 1996).

In a study of 202 cases from 36 BRCA1 breast cancer families, only four pure
CIS lesions were found, two of which were sporadic cancers, that is, their hosts
were not carriers of the mutant alleles (Sun et al., 1996). This finding suggests that,
if present in BRCA1 patients, DCIS is a very transient stage that rapidly progresses
to invasive carcinoma.

BRCAL is seldom mutated in sporadic breast cancer (Xu and Solomon, 1996).
However, allelic imbalance at the BRCA! locus was seen in 74% of DCIS cases
(Munn et al., 1996). Thus, the role of BRCA1 in sporadic breast cancer is still unde-
termined.

BRCA2

BRCAZ? is a second hereditary breast cancer gene and is involved in site-specific
breast cancer families. BRCA2 may account for most of the male breast cancer fami-
lies but was reported to be mutated in only eight of 49 families with breast cancer only
(Phelanetal., 1996). Like BRCA1, the role of BRCAZ2 in sporadic breast cancer is un-
clear. Although loss of heterozygosity at the BRCAZ2 locus is common in sporadic
breast cancer, mutations in BRCA2 are rare (Lancaster et al., 1996; Mikietal., 1996).
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Other Suppressor Genes

A number of other suppressor genes have been implicated in breast cancer.
Nm23, originally characterized as a metastasis suppressor gene, has been reported
to be uniformly expressed in all epithelial cells of benign breast lesions (35 cases
that included fibrocystic disease and fibroadenomas but were not further described)
and noncomedo DCIS (18 cases including solid, cribriform, and micropapillary
types), but some cells were negative for Nm23 in all 7 cases of comedo DCIS
(Royds et al., 1993). For invasive cancers, the percent of negative cases increased
with grade (Royds et al., 1993), supporting observations that comedo DCIS is asso-
ciated with more aggressive cancers.

An immunohistochemical study of retinoblastoma susceptibility gene (RB1)
expression reported that 16 of 56 invasive cancers contained some negative cells,
butall epithelial cells in benign breast lesions were uniformly positive (Varley et al.,
1989). The benign lesions were not described but fibrocystic disease and fibroade-
nomas were included and no DCIS cases were examined.

If LOH occurs randomly, most events that result in LOH probably are irrelevant
to the development of breast disease and cancer. The baseline incidence for LOH
appears to be less than 5% based on a study using randomly selected probes, that is,
probes for chromosomal regions not known to be associated with cancer (Chen,
L.C. et al., 1992). Significantly increased incidences of LOH have been described
for more than half of the chromosome arms (Table 1), and more than one locus has
been implicated on several arms in invasive breast cancer (Callahan et al., 1993;
Cleton-Jansen et al., 1994; Kirchweger et al., 1994; Merlo et al., 1994; Dorion-
Bonnet et al., 1995; Gudmundsson et al., 1995; Nagai et al., 1995; Radford et al.,
1995; Yaremko et al., 1995; Munn et al., 1996; Sheng et al., 1996; Spirin et al.,
1996). Thus, a great number of suppressor genes may be involved in breast cancer.
To determine which are important in early stages of breast cancer development,
studies have compared LOH in low grade invasive carcinomas to LOH in high
grade cancers or examined DCIS, sometimes comparing comedo to noncomedo
histologic types. Only a few studies have utilized benign breast lesions.

LOH is frequently observed in DCIS. Low nuclear grade DCIS averaged 1.2
chromosomal arms lost per case whereas intermediate and high grade DCIS aver-
aged a loss of 5.6 chromosomal arms (Fujii et al., 1996b). Losses of 16q and 17p
were common in all grades of DCIS suggesting a role in initiation of the DCIS stage
(Fujii et al., 1996b). Microdissection and microsatellite length polymorphism
analysis revealed loss of 16q in 89% of DCIS cases with the most frequent loss in
the region q23.3-24.1 (20 of 26 informative cases; Chen, T. et al., 1996). In a
number of studies of cases of mixed DCIS and invasive cancer, LOH was concor-
dant in the two lesions as one would expect if DCIS is a precursor for the invasive
component (O’ Connell et al., 1994; Koreth et al., 1995; Zhuang et al., 1995). Addi-
tional chomosomal arms are lost and heterogeneity develops with progression (Fu-
jii et al., 1996a, b). Other analyses of DCIS indicate frequent LOH at 8p, 13q, and
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Table 1. Loss of Heterozygosity in Breast Disease.

LOH  Familial Invasive Cancer

Sporadic Invasive Cancer

DCIS

PBD

lp

lq

2p
2q

3p

4q
5q

6q

7q

8p
8q

9p
11p

Lindblom et al., 1993b

Genuardi et al., 1989; Devilee et al.,1991a;
Callahan et al., 1992; O’Connell et al., 1994

Chen, L.C. et al., 1989, 1992;
Callahan et al., 1992; Bieche et al., 1993

Q’Connell et al., 1994
O’Connell et al., 1994

Ali et al., 1989; Sato et al., 1990;
Devilee et al., 1991b; Callahan et al., 1992;
Chen, L.C. et al., 1992; O’Connell et al., 1994

O’Connell et al., 1994
Thompson et al., 1993

Devilee et al., 1991b; O’Connell et al.,
1994; Hankins et al., 1996; Sheng et al., 1996

Bieche et al., 1992; Callahan et al., 1992;
Champeme et al., 1995

O’Connell et al., 1994; Yaremko et al., 1995

O’Connell et al., 1994

Eiriksdottir et al., 1995

Aliet al., 1987; Mackay et al., 1988a;
Callahan et al., 1992; Gudmundsson et al., 1995

Munn et al., 1995;
Fujii et al., 1996b

Fujii et al., 1996b)

O’Connell et al., 1994

O’Connell et al., 1994

Fujii et al., 1996b;
Hankins et al., 1996

Radford et al., 1995

Fujii et al., 1996b

Fujii et al., 1996b

Dietrich et al., 1995

O’Connell et al., 1994

Dietrich et al., 1995;
Panagopoulos et al., 1996

O’Connell et al., 1994

continued
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Table 1. Continued

LOH  Familial Invasive Cancer Sporadic Invasive Cancer DCIS PBD
I1g Carter et al., 1994; Hampton et al., 1994; Koreth et al., 1995; Dietrich et al., 1995
O’Connell et al., 1994; Gudmundsson et al., 1995; Ko- Zhuang et al., 1995;
reth et al, 1995 Fujii et al., 1996b
12p Spirin et al., 1996
13q Wooster et al., 1994 Lundberg et al., 1987; T'Ang, A. et al., 1988; Radford et al., 1995;
Callahan et al., 1992; Chen, L.C. et al.,, 1992; Fujii et al., 1996b
Tamura et al., 1994
l4q O’Connell et al., 1994
15q Wick et al,, 1996
16q Lindblom et al., 1993a, b Cleton-Jansen et al., 1994; O’Connell et al., 1994; Radford et al., 1995; O’Connell et al., 1994;
Dorion-Bonnet et al., 1995; Skimisdottir et al., 1995 Tsudaet al., 1995; Lakhani et al., 1995
Fujii et al., 1996b
17p Lindblom et al., 1993b Mackay et al., 1988b; Cropp et al., 1990; Radford et al., 1995; Lakhani et al., 1995
Devilee et al., 1990; Chen, L.C. et al.,, 1991, 1992; Cal- Tsudaet al., 1995;
lahan et al., 1992; Merlo et al., 1994; Fujii et al., 1996b
O’Connell et al., 1994, Ito et al., 1995
17q Smith et al., 1992; Devilee et al., 1990, 1991b; Callahan et al., 1992; O’Connell et al., 1994; O’Connell et al., 1994
Lindblom et al., 1993b QO’Connell et al., 1994; Ito et al., 1995 Radford et al., 1995
18p Chen, L.C. et al., 1992
18q Devilee et al., 1991c¢; Callahan et al., 1992;
Thompson et al., 1993; Kashiwaba et al., 1995; Schenk
etal, 1996

19p Lindblom et al., 1993b
22q Chen, L.C. etal, 1992
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17p as well as 16q (Radford et al., 1995; Stratton et al., 1995). The latter two studies
consisted primarily of comedo DCIS. A recent study restricted to noncomedo DCIS
found LOH in 40% of cases at 3p, 11q, 13q, and 16q (Man et al., 1996). There were
two areas involved on 11q and the 3p loss appeared to be loss of the FHIT gene
(fragile histidine triad), which is of interest because FHIT as well as another gene
located in the chromosmal band 3p14.2, PTPRG (human receptor tyrosine phos-
phatase A gene), were deleted in three samples of atypical hyperplasia but not in fi-
broadenoma as assessed by RT-PCR (Panagopoulos et al., 1996).

PCR was used to study LOH in 60 breast cancer cases for which PDWA and/or
atypical hyperplasia coexisted within the surgical specimen (O’Connell et al.,
1994). This study found frequent LOH at 17q21, 16q21, and Zpter in hyperplastic
lesions (16-25%). The most valuable information from this study was the finding
that LOH patterns were frequently shared among different levels of progression
within the same lesion: 50% of hyperplastic lesions shared LOH with coexistent
DCIS and 80% of DCIS shared LOH with coexistent invasive cancer. Thus, early
proliferative lesions are very likely to be precursors in the progression to breast can-
cer.

Correlations of different sets of genetic alterations have been described in a
number of studies: LOH on chromosomes 1 1p, 17p, and 18q frequently occurred in
the same turnor in one study (Callahanetal., 1992); LOH at 11p and 11q were inde-
pendent of each other, but 90% of tumors with LOH at 11q also showed LOH at 17p
in another (Carter et al., 1994); and concordant loss of 17p and 16q and of 13q and
17p as well as loss of 17p with erbB-2 amplification were seen in a third study (Sato
et al., 1991). These findings lend credence to the existence of complementation
groups in breast cancer development.

Understanding of the genetic basis of the development of proliferative breast
disease and progression obviously requires much more work. The use of LOH pat-
terns to determine complementation groups could be very informative in decipher-
ing the role of various gene deletions, amplifications, and deletions and altered
transcriptional/translational regulation observed in various studies.

EXPERIMENTAL MODEL FOR HUMAN PROLIFERATIVE
BREAST DISEASE

Recently, we established a new and unique model of early human breast cancer pro-
gression. This model, which is called “MCF10AT™, consists of preneoplastic hu-
man breast epithelial cells that are able to grow in immune-deficient mice where
they undergo a sequence of progressive histological changes culminating in cases
of frank neoplasia in about 25% of the animals (Miller et al., 1993; Dawson et al.,
1996). MCF10AneoT is a cell line derived from a normal human breast epithelial
line, which spontaneously immortalized (Soule et al., 1990) and was then trans-
fected with mutated H-ras (Basolo et al., 1991). MCF10AneoT is a heterogeneous
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mixture containing a subpopulation that is a multipotent human breast epithelial
stem cell that can be selected in vivo by its ability to form persistent lesions in
nude/beige mice (Miller et al., 1993). Cell lines established from lesions after serial
transplantation into nude/beige mice (MCF10AT# where # represents transplant
generation) show more severe atypia at earlier times post-transplantation than does
MCF10AneoT (Dawson et al., 1996). Although ER can not be detected (by Abbot
antibody) on celis in xenograft lesions, Dr. P.V.M. Shekhar has shown that the
ras-transfected MCF10AT celis (but not MCF10A) do express functional ER
(Manuscript submitted).

The reproducible establishment of representative stages in early breast cancer
progression from the MCF10AT model offers an unprecedented opportunity to ana-
lyze critical events in human breast carcinogenesis. Normal ducts form initially but
become proliferative and sporadically progress to carcinoma in some cases. The
ducts formed in xenografts are bilayered, being composed of both myoepithelial
and luminal epithelial layers. These normal structures may persist for months in
immune-deficient mice. The MCF10AT model clearly is a precursor cell line that
forms all intermediate stages of proliferative breast disease. Results with our model
strengthen the perception of progression from hyperplasia to atypical hyperplasia
to invasive breast carcinoma.

We confirmed the invasive phenotype in the MCF10AT lesions classified as in-
vasive carcinoma by demonstrating the loss of basement membrane utilizing a sil-
ver stain method (Tait et al., 1996a). Unlike the MCF10AneoT (i.¢., ras-transfected
cells prior to in vivo selection), all variants derived from xenografts formed inter-
mediate lesions that resemble the lesions seen in human PBD including (PDWA),
atypical hyperplasia, and DCIS (Dawson et al., 1996).

It is a widely held point of view that mutations in differentiated epithelial cells
are of little importance due to limited growth potential of such cells and that cancer
results only from mutations in stem cells. Indeed, we have found that MCF10AT
lines contain stem cells able to differentiate in xenografts into myoepithelial as well
as luminal epithelial cells (Tait et al., 1996b). Although ducts formed by the stem
cell appear to be normal in most respects, cytokeratin differentiation is abnormal.
MCF10AT cells express both cytokeratin 14 and cytokeratin 18 (Pauley et al.,
1996), a pattern consistent with a stem cell able to generate both cytokeratin 14—ex-
pressing myoepithelial cells and cytokeratin 18—expressing luminal cells (Taylor
-Papadimitriou et al., 1989). However, neither myoepithelial nor luminal epithelial
cells in the xenograft lesions consistently express either cytokeratin 14 or 18 (not
shown). MCF10AT stem cells are unique, differing from previously described hu-
man breast and rat mammary stem cells in their capacity to produce organized duc-
tular structures with myoepithelium properly oriented between a basement
membrane and the luminal epithelium in situ in xenografts. Although our failure to
consistently detect cytokeratins 14 and 18 in situ may be due to technical difficulties
with the specific antibodies used, the antibodies did stain the appropriate cell layers
in control, formalin-fixed, paraffin-embedded human breast tissue. The failure of
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MCF10AT cells to differentiate fully in xenografts may be critical to their preneo-
plastic nature.

As discussed previously, although ras mutations are rare in breast cancer, over-
expression of ras p21 is frequently detected. Mutation of ras is just one of a number
of ways that ras signal transduction pathways are activated. The relative infre-
quency with which ras mutations are seen in human breast cancer may reflect a very
large number of active growth factor receptors in breast epithelium which, whether
mutant or amplified, result in overexpression of ras. The mechanism(s) by which
ras 1s overexpressed in human breast cancer is not known. Normal c-Ha-ras~trans-
fected cells, MCF10AneoN (Basolo et al., 1991), have an extra copy of c-Ha-ras
but the protein is not overexpressed (unpublished) and the cells do not form xeno-
graft lesions (Miller et al., 1993). Insertion of the mutant ras resulted in increased
p21 protein and transformation of MCF10A cells. Although the preneoplastic phe-
notype in xenografts was observed following ras transfection, we have found that
not all clones of MCF10AneoT are able to form lesions in vivo (Miller et al., 1996).
Restriction size fragment analysis demonstrated, however, that clones unable to
form preneoplastic lesions retained the activated ¢-Ha-ras and confirmed that the
insertion site of the activated c-Ha-ras was the same for these clones as for the vari-
ants selected for ability to form lesions in vivo. Furthermore, Western blotting with
antibodies specific for the codon 12 valine c-Ha-ras demonstrated that mutant p21
protein was comparable in nonlesion-forming clones and lesion-forming variants
as well (Milleret al., 1996). Thus, activated c-Ha-ras is not sufficient to produce the
preneoplastic phenotype of the MCF10AT human breast stem cells. This was an im-
portant finding because it offers the opportunity to identify the genetic alteration(s)
involved in this critical early stage in proliferative breast disease by comparing the
nonlesion-forming clones with the preneoplastic variants selected by their ability to
form preneoplastic lesions.

The karyotype of the MCF10AT cells in vivo is remarkably stable despite long-
term passage in xenografts. The only alterations have occurred during extended in
vitro maintenance. An additional marker chromosome, t(3;17)(p13;p12), appeared
in MCF10A cells in vitro between the time of immortalization and the time of trans-
fection with T24 ras (Table 2). Likewise, MCF10AneoT cells were initially identi-
cal to the untransfected MCF10A cells but acquired an additional, apparently
normal copy of chromosome 9 prior to the first xenograft experiment. Subsequent
MCF10AT# variants isolated from xenograft lesions have been unchanged regard-
less of the histology of the lesion from which the cells were derived (Table 2).

However, we do not suggest that progression to carcinoma occurs without
karyotypic alterations in the MCF10AT model. Breast cancer cells are notoriously
difficult to establish in culture from solid tumors; therefore we hypothesize that the
preneoplastic stem cell with the depicted karyotype has a growth advantage in vitro.
Thus, even in xenografts that appear to be pure carcinoma, the precursor stem cell
exists covertly and grows when primary cultures are established in vitro. The fact
that these variants established from xenografts have been consistently preneoplas-
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Table 2. Karyotypes of MCF10A and MCF10AT Series
MCF-10A (initial):
46,XX,der(3)t(3;9)(p13;p22),der(6)(6;19)(p25;q12),der(9)t(3;9)(p13;p22)t(3;5)(p26;q31)

MCEF-10A (later stage) and MCF10AneoT (initial):
46,XX,der(3)t(3;9)(p13:p22),1(3;17)(p13:p12).der(6)(6;19)(p25:q12),der(9(3;9)(p13;p22)t(3;5)
(p26;q31)

MCF10AneoT (prior to xenografting) and MC10AT# variants:
47,XX,der(3)(3;9)(p13;p22),t(3;17)(p13;p12),der(6)t(6;19)(p25;q12),+9.der(9)t(3;9)(p13;p22)t(3;5)
(p26;931)

tic stem cells rather than carcinomas supports this concept. When clones are estab-
lished directly from xenografts by modifying the tissue disaggregation method,
other karyotypes have been isolated. Thus, we believe that cells with other karyo-
types do develop within the lesions in vivo but are overgrown by the dominant stem
cell in vitro. We have recently isolated tumorigenic variants (i.e., carcinomas form
directly with no precursor lesion) by serially transplanting lesions by trocar before
establishing cells in culture.

Although the MCF10AT xenografts progress to carcinoma with approximately a
25% incidence, rapidly growing xenografts are rare. Carcinoma has generally been
diagnosed only after removal of the lesion and histologic examination. Indeed, the
largest lesion to date has weighed 200 mg and most weigh less than 50 mg. When
one considers the natural history of human breast cancer, which takes years to de-
velop, the slow growth of these relatively early carcinomas is not surprising. How-
ever, results with the MIB-1 antibody against the Ki-67 nuclear proliferation
antigen clearly demonstrate that the proliferative rate increases with progression in
the MCF10AT xenograft model from 5% in simple hyperplastic lesions to 10% in
CIS and 20% in invasive cancers. These rates resemble those reported for lesions
from human patients (Barbareschi et al., 1992; Pavelicetal., 1992; Jensen, V. etal.,
1995).

The MCF10AT model should be valuable to analyze genetic alterations in the
development of breast cancer. Specific genes can be experimentally altered in the
cells to determine the effect on the incidence of cancer in xenografts, and new genes
may be identified by comparing cells before and after spontaneous progression in
xenografts.

A number of genes implicated in breast cancer are being analyzed in the
MCF10AT system. Immunohistochemical studies with DO7 antibody to p53 (de-
tects both wild type and mutant forms) found that staining was not a feature of hy-
perplastic lesions, CIS, or adenocarcinomas developing in MCF10AT xenografts;
significant increased expression of p53 was detected only in squamous carcinomas
(Iravani et al., 1996). A number of investigators have found that p53 is not mutated
in MCF10A (Diella et al., 1993; Gudas et al., 1995; Merlo et al., 1995) nor
MCF10AT cells that form preneoplastic lesions in xenografts (Chen, Y.Q. et al,,
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1995; Shekhar et al., 1995). Taken together, these data suggest that mutated p53
does not play a significant role in producing the preneoplastic phenotype or in pro-
gression to adenocarcinoma but may be important in generation of squamous carci-
noma. However, the expression of a conformationally altered, but not mutated, p53
does increase with successive transplant generations (MCF10AT1/ MCF10AT2B/
MCF10AT?3B) and is accompanied by diminished normal p53 function (Shekhar et
al., 1995).

Although erbB-2 is rarely amplified in hyperplastic human biopsy specimens,
erbB-2 overexpression can be detected beginning at the stage of atypical hyperpla-
siain the MCF10AT xenograft mode] (Iravani et al., 1996). As in human cancer, the
proportion of erbB-2—overexpressing MCF10AT lesions increases at the stage of
CIS and decreases somewhat in invasive adenocarcinomas. Although erbB-2—ex-
pression increases two- to threefold with in vivo passage (Wang and Miller, unpub-
lished), MCF10AneoT cells transfected with erbB-2 (MCFI0HE) are not
tumorigenic (Ciardiello et al., 1992), nor do they form persistent lesions in
immune-deficient mice (Miller, unpublished). As discussed previously, because
clones of MCF10AneoT may not form persistent preneoplastic xenograft lesions,
we hypothesize that a defect in addition to the T24 ras is necessary to produce the
preneoplastic phenotype observed in MCF10AneoT and MCF10AT variants. We
suggest that the MCF10HE cells, which were cloned from MCF10AneoT after
transfection with the erbB-2 expression construct (Ciardiello et al., 1992), lack that
hypothetical genetic defect. Growth in vivo selects for the second genetic defect
and clones of MCF10AT variants do form lesions.

CONCLUSION

The number of genetic alterations seen in breast cancer makes the task of construct-
ing a model of genetic progression daunting. In general, the clinician pays little at-
tention to any given genetic factor and bases patient management primarily upon
tumor size, stage, and hormone receptor status. It is imperative that we decipher the
accumulating genetic data in breast cancer in order to apply this information in opti-
mizing patient care.

Patterns of LOH and gene expression in cancer as well as in experimental cell
models support the notion that breast cancer can develop from a number of path-
ways of interdependent genetic changes. Thus, it is possible that future studies will
allow the construction of several complementation groups that lead to breast can-
cer. The groups are likely to be degenerative such that one gene defect may be in-
volved in a number of pathways. Other defects may be specific to one group and
thus occur relatively rarely. Depending upon the complementation group, progno-
ses may vary. A number of prognostic studies have sought to use multiple markers
and multivariate analysis to identify such genetic groups in breast cancer. In the
same way, we may be able to identify early precursor lesions, based on the particu-
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lar patterns of genetic alterations that are very likely to progress to aggressive can-
cers. It may be possible to stratify patients with atypical hyperplasia into groups
with much higher risk than four- to fivefold and groups with very little increased
risk. Once these genes that are associated with early stages of breast disease are
identified, we may begin formulation of complementation groups combining these
with genetic alterations seen in later stages of breast cancer.

Patterns of concurrent genetic alterations may identify complementation
groups, but other clues to the role of different genetic aberrations in proliferative
breast disease and cancer are provided by the incidence of individual genetic le-
sions at different stages of progression. For example, if a genetic alteration predis-
poses a cell to progression following the additional genetic event(s), that first
alteration should appear in a greater proportion of the precursor lestons than in the
subsequent stage of progression, whereas a genetic event that precipitates progres-
sion to a more advanced stage should appear more frequently in the advanced lesion
than in the precursor. This suggests that p53, erbB-2, and PRADI, all of which are
frequently detectable in CIS, may precipitate progression to CIS because expres-
sion at precursor stages are rare.

For those genetic events that may participate in multiple complementation
groups, these arguments have limitations and one can not be dogmatic in applica-
tion of these principles. The case of erbB-2 overexpression suggests that erbB-2
precipitates progression to DCIS but predisposes DCIS to progression to invasive
cancer because erbB-2 is rarely overexpressed in PBD, frequently expressed in
DCIS, and less frequently overexpressed in invasive cancer. However, an argument
was made earlier in this review that erbB-2—negative cribriforming DCIS are more
likely to progress to invasive cancer than are erbB-2—positive cribriform DCIS,
whereas erbB-2—positive comedo DCIS are more likely to progress than
erbB-2-negative comedo DCIS. If comedo and cribriforming DCIS result from two
different complementation groups and DCIS that overexpress erbB-2 are adifferent
group than DCIS that do not, at least four different complementation groups are im-
plicated. Itis also interesting that erbB-2 and c-myc are rarely overexpressed simul-
taneously, a fact that suggests separate complementation groups. Perhaps
c-myc-positive DCIS progression to invasive cancer explains the higher likelihood
of erbB-2-negative cribriform DCIS than of erbB-2-positive DCIS to progress to
invasive cancer.

A third pattern of genetic alteration with sequential stages of progression is ex-
hibited by ras. Overexpression of ras increases with each successive stage. One
possible interpretation is that ras overexpression is an essential element of many
complementation groups. An alternative possibility is that ras overexpression is a
consequence of several other genetic changes and that many complementation
groups include an event that acts through the ras signal transduction pathway.

Finally, a gene may seemingly increase and then decrease at subsequent stages
of progression. This appears to be true for ER expression. As suggested for the ras
gene, this probably indicates that gene expression is an indicator of other genetic al-
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terations rather than a true member of a complementation group that, in concert,
produces invasive breast cancer.

Another [evel of complexity may involve the differentiation state of the normal
breast epithelial cell in which the initial genetic event in a complementation group
occurs. It has been suggested that ductules, type 1 lobules, type 2 lobules, type 3
lobules, and type 4 lobules represent successive stages of differentiation with loss
of stem cells (Russo and Russo, 1996). The Russos suggest that only type 1 lobules
give rise to atypical ductular hyperplasia, DCIS, and invasive ductular carcinoma,
that type 2 lobules give rise to atypical lobular hyperplasia and lobular carcinomas,
and that type 3 lobules give rise to fibroadenomas, sclerosing adenoses, and apo-
crine cysts (Russo and Russo, 1996).

Although the task to unravel the complexity of breast cancer genetics is a formi-
dable one, the availability of the MCF10AT preneoplastic human breast stem cells
may provide the tool necessary to test suspected complementation groups directly.
Although technically difficult, it may now be possible not only to overexpress genes
following transfection/transduction with appropriate constructs, but also to induce
point mutations in endogenous genes via homologous recombination using chi-
meric nucleotides (Kotani and Kmiec, 1994; Kmiec, 1995; Cole-Strauss et al.,
1996; Yoon et al., 1996). It would be foolish to presume that the MCF10AT will al-
low detection of all complementation groups. MCF10AT is already a preneoplastic
precursor and may be restricted in the number of routes it can follow. However,
identification and verification of even a few such complementation groups would
be a significant achievement.
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THE ROLE OF HORMONES IN NORMAL BREAST
DEVELOPMENT

Although much is known about the architecture of the breast, the development of
this complicated organ is still poorly understood. Three stages of breast develop-
ment occur in females. In the prepubertal stage, maternal hormones cause an inter-
action between ductal epithelium and fat tissue. During puberty, ductal elongation
and growth occur, and in the final stage during pregnancy, ductal differentiation oc-
curs. The whole process, performed over several years, is controlled by a number of
different hormones and growth factors that act in an endocrine, paracrine, auto-
crine, and intracrine manner, with considerable synergism between the factors.

The main hormones involved in the process are estrogens and progestins (Ander-
son and Battersby, 1989). Estradiol, the most potent estrogen, is needed both for
breast development through puberty, but also for lobule formation during pregnancy.
Rodent studies have indicated that estrogen has a positive effect on ductal formation.
However, studies in patients have revealed that gonadotrophins also play a critical
role; thus, patients with gonadal dysgenesis will only develop normal breasts upon
estradio} administration if the hypothalamic—pituitary axis is functioning (Pertzelan
et al., 1982). Although estrogens are clearly implicated in the growth of the normal
breast, the highest mitotic index, in epithelial cells, occurs during the luteal phase of
the menstrual cycle where estrogen levels are at the lowest and progestin levels at
their highest (Ferguson and Anderson, 1981). This therefore suggests that either the
estrogen effect is mediated by a number of other factors or that progestins are mito-
genic. The importance of estrogen in breast development and growth led to immense
research into the mechanism whereby estrogen exerts its effects and the eventual elu-
cidation and cloning of the ER (Toft and Gorski, 1966).

ESTROGEN RECEPTOR—BACKGROUND
History

The first indication that estrogen effects were mediated via areceptor came from
the observation by Jensen (1960) that rat uterine tissue could bind radio-labeled es-
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tradiol. A solubilized nuclear receptor was subsequently isolated by centrifugation
of homogenized uterine tissue (Toft and Gorski, 1966). We now know that the ER is
amember of a large family of nuclear transcription regulators that includes recep-
tors for androgens, progestins, thyroid hormone, retinoids, and a number of other
members whose ligands have yet to be isolated (termed orphan receptors). The de-
tection of ER in both the cytoplasm and the nuclear fraction of uterine tissue led
Jensen and colleagues (1968) to propose the two-step mechanism for ER action;
unoccupied ER in the cytoplasm-bound estrogen translocated to the nucleus where
it then bound to acceptor sites in the genome and thereby affected transcription of
specific genes. However, the generation of monoclonal antibodies to the ER
(Greene, 1984) immmunolocalized the ER to the nucleus, and enucleation studies
(Welshons etal., 1988) further indicated that the majority of unoccupied ER resides
in the nucleus.

Domains of the ER

The cloning of ER from the breast cancer cell line MCF-7 led to a rapid under-
standing of its role in mediating the diverse effects of estrogen. ER mRNA is 6322
nucleotides long, encoding a protein of 595 amino acids that has a relative molecu-
lar mass of 66 kDa. The ER sequence is highly homologous between species, and
these similarities have led to the identification of seven regions within the ER
(termed A through F) that perform the functions of ligand binding (region E), DNA
binding (region C), and transcriptional activation (regions A and E; Figure 1). The
hormone-binding domain (HBD), domain E, is 250 amino acids in length; a number
of studies have delineated the regions required for binding estrogen. Summarizing
the data, it is apparent that the entire region from amino acids 302 to 552 is impor-
tant, with specific studies using the estrogen koetonestrol arizidine, indicating that
cysteine 530 may be the most important. The DNA-binding domain (DBD), region
C, is 66 amino acids in length and appears to form a zinc finger DNA-binding do-

1 452 643 760 1096 1235 1369 1553 1788 bp
Exons: r 1 |2l3|4 Islﬁj7|8J
1 114 540 789 906 1659 1785 bp
Domains: [Al B I C l Dl E l F J
1 38 180 263 302 553 595 aa
Functions: Transactivation Nuclear Localization HSP90 binding
DNA binding Dimerization
Dimerization Transactivation

Hormone binding

Figure 1. Functional domains of the ER. At the top is the exon structure of ER and
below are the functional protein domains. AA-amino acid. BP-base pair
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main (Lee et al., 1989). Domain D contains a nuclear localization sequence which,
when transferred to another protein, may confer nuclear localization activity
(Picard et al., 1990). The transcriptional activating function of ER is contained
within domains A and E. The first element, activating function 1 (AF1), which is
contained in domains A and B, is constitutively active and hormone-independent
whereas activating function 2 (AF-2), found in the E domain, is responsive to hor-
mone.

Receptor Transformation

Unoccupied ER migrates as an 88 form on a low salt-sucrose gradient, but in
high salt conditions (>300 mM), transforms to a 4S form or a 5S dimer (Milleret al.,
1985). This transformation can also be performed by estrogen and results in activa-
tion of the receptor so that it has a higher affinity for DNA, chromatin, and nuclei.
Dialysis, ammonium sulphate precipitation, and an increase in temperature also
cause transformation, which has led to the hypothesis that it was not simple dimeri-
zation of the receptor but that conversion from the 8S to 58 dimer form proceeded
via the loss of proteins such as heat shock protein 90 (hsp90). Whether hsps actually
prevent dimerization or are able to mask the DBD, which is important for activity, is
not known, but mutated receptors lacking the hormone-binding region do not bind
hsp90 (Chambraud et al., 1990) and are able to activate transcription, albeit at a
lower efficiency than full length ER (Kumar et al., 1987).

Estrogen Response Elements (EREs) and DNA Binding

ER binds to DNA at a region called the estrogen responsive element (ERE),
which is usually a palindromic sequence located 5' to the promoter of estrogen-
responsive genes (Beato, 1989). A number of EREs have been functionally identi-
fied in the promoter regions of estrogen-responsive genes, and from these, a con-
sensus ERE has been defined that is identical to the ERE of the Xenopus laevis
vitellogenin gene (5'-GGTCA NNN TGACC-3'; Klein-Hitpass et al., 1988).

Many naturally-occurring estrogen-responsive genes contain multiple copies of
either consensus EREs or variant forms (imperfect EREs) of this inverted repeat.
Whereas there is a more general agreement that progesterone receptor (PgR) and
glucocorticoid receptor can bind cooperatively to multiple hormone-responsive
elements, there are conflicting results concerning synergism between ERs bound to
multiple EREs. Catherino and Jordan (1995) observed that the number of EREs in a
reporter plasmid is correlated with the level of estrogen-induced transcription.
Similarly, the estrogen response of the Xenopus vitellogenin B1 gene is mediated
through two closely spaced EREs that have, respectively, one and two nucleotide
sequence variations from the consensus response element. In transient transfection
assays, the activity of two EREs together was much greater than that of the sum of
either alone, suggesting a synergistic action of the two EREs (Martinez and Wahli,
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1989). However, others did not find any evidence for cooperative binding of the ER
to either consensus or imperfect EREs (Klein-Hitpass et al., 1989; Ponglikitmong-
kol et al., 1988). A possible answer might lay in a more complex combination of
number, spacing, sequence, and last but not least the ERE flanking sequences in the
promoter.

It has been shown that the agonist/antagonist balance of antiestrogens may depend
on the specific promoter content harboring the ERE. For instance, 4-hydroxy ta-
moxifen (4-OH TAM), a nonsteroidal antiestrogen, is unable to activate transcription
in MCF-7 cells when there is a single ERE in the promoter region, but if there are two
or three EREs present, 4-OH TAM becomes an effective agonist (Catherino and Jor-
dan, 1995). Using different estrogen-responsive reporter gene constructs (Fujimoto
and Katzenellenbogen, 1994) it was also found that the agonist/antagonist activity of
TAM is determined by the ongoing action of EREs within the promoter.

ERE:s are usually functionally defined as sequences that exhibit homology to the
consensus ERE, display specific binding to the ER in gel-retardation assays or foot-
printing assays, and confer estrogen-inducibility on reporter plasmids in transient
transfections. A large number of studies have characterized EREs in various genes,
and different methods have been described in order to identify EREs (McDonnell et
al., 1991). However, to date, only a very limited number of estrogen-responsive
genes has been described. This is somehow surprising since estrogen-stimulation
of ER-positive cells leads to a cascade of important phenotypic changes. The identi-
fication of more estrogen-responsive genes in the coming years might provide a
greater understanding of the role of the ER in normal breast development and breast
cancer progression.

Interaction of the ER with the Basal Transcription Machinery

The mechanisms by which the two ER transactivation domains contribute to
transcriptional activation is unknown, but by analogy with better understood vi-
ral activators, it is now thought that interaction with specific target proteins of
the basal transcriptional machinery is important in the transcriptional response
(Figure 2). The first finding of an interaction of ER with a member of the basal
transcriptional machinery was almost accidental in that purification of chicken
ovalbumin upstream promoter-transcription factor (COUP-TF) from Hela
cells yielded co-purification of a second factor, which was also required for acti-
vation of the ovalbumin promoter (Ing et al., 1992). Cloning and sequencing of
this factor revealed its identity to TFIIB, and consequently these investigators
examined the interactions of TFIIB with other steroid receptors. They found
that the ER, but not a truncated ER containing only the AF-1 domain, interacted
with TFIIB. AF-2s involvement in the interaction with the basal transcription
machinery was also found by Jacq et al. (1994), who were able to show that the
AF-2-containing region E of the ER binds to TAF|;30, a TATA-binding protein
(TBP) associated protein.
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Figure2. A modelfortranscriptional activation of the ER. Estradiol (E2) diffuses into the
nucleus, binds to the ER and causes dimerization and binding to specific palindromic
sequences in DNA termed estrogen response elements (ERE). Here the ER can then
interact with a number of co-activators, co-repressors, and members of the basal
machinery complex (TBP-TATA-Binding Protein) to increase transcription via RNA
polymerase Il (RNA-P).

It was recently shown that overexpression of TBP potentiates ER activation of
estrogen-regulated reporter genes (Sadovsky etal., 1995). In contrast to the interac-
tions with the other members of the basal transcription machinery, each of the tran-
scriptional activation domains of the ER, AF-1 as well as AF-2, need to be involved
in this interaction. Interestingly, other activators such as NF-1 and SP-1 becameless
potent when TBP was overexpressed, excluding the potential criticism that TBP po-
tentiates all activators.

Further research will presumably indicate interaction of the ER with a number of
other components of the basal transcription machinery, and then the effect of each
of these interactions can be related to ER function. Although there are clearly multi-
ple interactions between different ER-activating domains and distinct components
of the basal transcription, these interactions may not be independent from each
other but may result in synergistic effects on transcription. Precise mapping of the
exactregions of the ER interacting with these factors, as well as an evaluation of the
relevance of these interactions in vivo, is necessary to explain how these contacts
between the ER on the one hand, and TAFs and basal transcription factors on the
other hand, result in dramatically increased levels of initiation of polymerase II
transcription.
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ER Accessory Proteins

Whereas the basal machinery complex undoubtedly contributes to the
promoter-specific activity of ER, another set of proteins recently discovered,
termed ER accessory proteins, may also provide promoter- and or tissue-specific
activity by controlling interaction of the ER with the basal transcription machinery
(Figure 2). Since the discoveries that the SWI/SNF family of yeast proteins are
needed for ER activity in yeast and that human homologs are able to affect ER tran-
scriptional activity (Chiba et al., 1994), many ER accessory proteins have been re-
cently identified (reviewed in Horwitz et al., 1996).

Two proteins, ERAP160 and RIP140, were found to interact with the HBD of
ER in a yeast two-hybrid assay, binding to the ER being induced by estrogens, and
inhibited by antiestrogens. ERAP160 (Halamachi et al., 1994), like many of the
other co-activators, interacts with a number of different members of the steroid re-
ceptor family, and it may be a member of a family of co-activators that include
SRC-1 (the C-terminus of ERAP160 has 88% homology with SRC-1(Onate et al.,
1995)). RIP140 interacts with the AF-2 domain of ER butdoes not bind to members
of the basal machinery such as TBP or TFIIB (Cavailles et al., 1995).

If human homologs are found for the yeast proteins that can interact with the ER
and affect its transcriptional activity, then it is clear that an extremely complicated
scenario for activation of the ER exists. It is further possible that variants of the ER
may interact with a number of different accessory proteins or have altered affinity
for those that bind with the ER thus leading to increased or decreased activity of the
variant receptor. Although many groups have been instrumental in identifying the
factors binding to the ER, very little data exist concerning the actual in vivo biologi-
cal role of these proteins. In vivo experiments will no doubt lead to a greater under-
standing of the complex response of acell or tissue to an estrogen or antiestrogen.

Ligand-Independent Activation of the ER

Since the discovery that progesterone receptor (PgR) can be activated by non-
progestins such as dopamine (Power et al., 1991), there has been intense research
into ligand-independent activation of steroid hormone receptors, and in the case of
the ER, many new activators have been discovered representing other hormones,
growth factors, phorbol esters, activators of protein kinase A, and many others (Fig-
ure 2). Katzenellenbogen and Norman (1990) showed that expression of PgR is
regulated by many factors including estradiol and IGF-I in breast cancer cells and
that this occurred at the level of gene transcription (Cho et al., 1994). Further studies
in uterine cells indicated transcriptional activation and phosphorylation of the ER
by IGF-I (Aronica and Katzenellenbogen, 1993); however, the increase in phos-
phorylation also occurred with the pure antiestrogen ICI 164,384 (ICI) suggesting
that overall phosphorylation did not necessarily correlate with transcriptional acti-
vation. The ER can also be activated by other growth factors (Ignar-Trowbridge et
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al., 1996) and protein kinase activators (Aronica and Katzenellenbogen, 1993; Kato
etal., 1995; Patrone et al., 1996). The ability to increase the expression of estrogen-
inducible genes such as pS2 and PgR in vitro indicates that cross-talk between
growth factor pathways and nuclear steroid hormone receptors can occur within
cells that normally express ER, and may have a physiological role in vivo. While it
is clear that nonestrogenic ligands can activate the ER, it is also possible that puta-
tive variant ER mRNAs that have constitutive transcriptional activity (e.g., the
ERAS deletion vanant - to be discussed in detail later), along with ligand-
independent activity of the receptor, may presumably have a profound effect on
downstream targets of the ER.

The mechanism of ligand-independent activation of the ER remains unclear as
'several reports give contradictory results. The ER is phosphorylated upon stimula-
tion of uterine cells with IGF-1 (Aronica and Katzenellenbogen, 1993); however
phosphorylation of the ER does not necessarily directly correlate with transcrip-
tional activation. Kato and colleagues (1995) have shown that phosphorylation of
the ER on a serine residue at position 118 is important in mitogen-activated protein
kinase (MAPK) activation of the ER suggesting that the N-terminal AF-1 region is
important. Supporting this, Ignar-Trowbridge and colleagues (1996) have shown
that this same domain is important in activation of the ER by a number of growth
factors; however, some activation was directed by the carboxy-terminal AF-2 do-
main. Conversely, ras and protein kinase C seem to be involved in ligand-
independent activation of the ER through the AF-2 domain as dominant—negative
inhibitors of ras inhibit insulin activation of the ER stably expressed in neuroblas-
toma cells (Patrone et al., 1996). These conflicting results probably represent the
cell type and promoter-dependent activity of ER (Tzukerman et al., 1994) with
some of the data arising from transient or stable expression of ER in cells that are
normally ER-negative.

Cellular Effects of Estrogen

A greater understanding of the action of estrogen came from the establishment
of breast cancer cell lines, many of which contain detectable levels of ER and are
growth-responsive or dependent upon the hormone. Estrogen can have both ge-
nomic and nongenomic actions in the cell with nongenomic effects occurring in the
absence of receptors usually at pharmacological doses of hormone (Duval et al.,
1983). Genomic effects occur at physiological concentrations and, in ER-positive
breast cancer cell lines, result in a number of diverse effects including increased ex-
pression of DNA-synthesizing proteins (Bronzertetal., 1981), regulation of epider-
mal growth factor, insulinlike growth factor and fibroblast growth factor family
members (Clarke et al., 1991), increased expression of receptors (PgR, laminin),
proteases (cathepsin D, plasminogen, collagenase), heat-shock protein 27 (Adams
etal., 1983), pS2 (Westley and Rochefort, 1980), and many other proteins. The abii-
ity of the ER to regulate expression of a combination of growth factors and prote-
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ases suggests that aberrant expression of the ER, or other putative variant ER
mRNAs may result in altered expression of these pathways and therefore be impli-
cated in breast cancer development and progression.

THE ROLE OF ESTROGENS AND THE ER IN BREAST CANCER

While estrogens are involved in the growth and development of the normal breast,
they are also clearly implicated in both the generation and progression of breast
cancer. In animal studies, rats treated with the carcinogen 7,12-
dimethylbenzanthracene develop hormone-dependent tumors, which will not grow
if the rats are ovariectomized (Dao, 1972). Tumors will form however if mice are
treated with pharmacological doses of estrogen (Huggins et al., 1961). Epidemiol-
ogical evidence also implicates estrogen in the progression of cancer. Firstly,
daughters of women who took diethylstilbestrol in the 1950s to prevent aborted
pregnancies, have a higher incidence of vaginal adenocarcinoma (Herbst et al.,
1971). Secondly, early forms of estrogen replacement therapy, which involved high
doses of unopposed estrogens, showed that users had a higher incidence of endome-
trial cancer (Smith et al., 1975), and this was also observed with early forms of the
contraceptive pill (Henderson et al., 1983).

The majority of risk factors for breast cancer can be simply viewed as represent-
ing the total exposure of the breast to estrogen, that s, the longer the exposure to es-
trogen, the higher the risk of developing breast cancer. Thus, high risk factors
include early menarche, late first pregnancy, late menopause and nulliparity, obe-
sity, and estrogen replacement therapy. In contrast, protective factors include early
first pregnancy, lactation, and physical activity—all elements that reduce the expo-
sure of the breast to estrogen (Henderson and Bernstein, 1996). Furthermore, breast
cancer occurs in women at a rate of about 100 times that seen in men even though
the male breast contains the same epithelial component. Additionally, breast cancer
frequency rises in male transvestites that take estrogen replacement therapy.

Substantiating the importance of estrogen in the growth and progression of
breast cancer was the finding that reducing estrogen exposure to the breast can initi-
ate breast tumor regression. Thus, Beatson performed bilateral ovariectomy on a
patient with inoperable breast cancer that resulted in tumor regression (1896). Al-
though he did not know the mechanism of this effect, the elucidation and characteri-
zation of the molecular structure of the ER have since led to a greater understanding
of the role of endocrine treatment in breast cancer treatment. The relatively low suc-
cess rate of chemotherapy and surgery has led to the search for therapies that were
less toxic and reversible, the most widely used now being antiestrogens. The most
successful antiestrogen to date is tamoxifen (ICI 46,474; Nolvadex), a nonsteroidal
antiestrogen that has minimal toxicity, can inhibit growth of hormone-responsive
advanced breast cancer (Furr and Jordan, 1984), and can prolong survival if given
adjuvantly (Early Breast Cancer Trialists Collaborative Group, 1992). Interest-



126 ADRIAN V. LEE, STEFFI OESTERREICH, and SUZANNE A. W. FUQUA

ingly, tamoxifen not only causes regression in ER-positive tumors (Lippman and
Chabner, 1986) but also in a small number of ER-negative tumors (Nolvadex Adju-
vant Trial Organization, 1988). The beneficial effects of tamoxifen therapy are less-
ened by the fact that most estrogen-responsive tumors will eventually return in a
hormone-independent state and require a more toxic therapy.

ER VARIANTS AND BREAST CANCER

The structure of the ER gene is commonly altered in both normal and malignant
breast tissue. A number of different alterations have been discovered, generally rep-
resenting truncations and exon skipping, with rare cases of point mutations and
exon duplication. The number of changes discovered and the rare occurrence of
these events within other steroid hormone receptors may simply indicate that the
ER gene is a hot spot for such alterations, or it may give a clue as to the importance
of the ER in breast growth and development. A large number of variants have also
been either created in vitro or discovered in cell lines treated with various drug re-
gimes. This review will concentrate on those naturally occurring ER variants found
in normal and breast cancer tissue and the role they may play in breast cancer
growth and progression.

Early Breast Disease

If asignificant risk factor for developing breast cancer is the total exposure of the
breast to estrogen, this implies that the ER may be a important risk factor for disease
progression as shown by the clinical use of antiestrogens in breast cancer treatment.
Abnormal expression of the ER in the wild-type or variant form may account for an
increase in the epithelial component of the breast and may therefore provide more
proliferating cells susceptible to an oncogenic hit; alternatively, increased ER ex-
pression may drive proliferation of those cells that have already received an initial
insult (Figure 3).

There is accumulating data indicating that the wild-type ER is frequently overex-
pressed in early breast disease. The ER is normally expressed at low levels in normal
breast tissue (Ricketts et al., 1991), but levels change throughout the menstrual cycle;
thus, this is a difficult issue to quantitate. ER expression is higher in premalignant or
malignant lesions as compared with adjacent normal epithelial tissue (van Agthoven
etal., 1994), and this expression correlates with the intensity of hyperplasia in some
lesions (Jacquemier et al., 1982). Furthermore, Khan and colleagues (1994) have
shown that ER expression in benign breast epithelium is a significant risk factor for
breast cancer, although the number of samples used was relatively small in this case
control study (51 breast cancer vs. 69 benign breast tissue).

We have recently hypothesized that expression of ER variants early in breast dis-
ease may also play a role in breast cancer development. We have screened early



Estrogen Receptor Variants 127

NormalL Typical Atypical Neoplasia &

WE n W — ‘_i‘:_!--.'v _-_3'-%") f

WS | A Mo ol g
Hyperplasia Hyperplasia & an [SleNCsep &;"-3
yperp yperp 5 S ) %?';ff:i 5 o ‘5:‘
— = CIS = 1° —» Met

Expression of ER Variants
Overexpression of ER

Figure 3. A model proposing a role for increased expression of the ER or ER variants in
early breast tumor progression. Elevated receptor levels may provide an increase in the
number of cells that potentially could receive an oncogenic hit or promote the growth of
cells that have already received an insult.

breast lesions for ER variants by PCR and isolated a variant ER that contained an al-
teration (Lys 303 Arg) in the beginning of the hormone-binding domain (Wiltschke
et al., 1995). This variant shows increased transcriptional activity and increased
sensitivity to estrogen when expressed transiently in an ER-negative breast cancer
cell line, however, the receptor binds estrogen and DNA normally. We are currently
determining the effect of expression of this variant on breast development and ex-
amining whether expression of this variant might play arole early in breast disease.

Leygue and colleagues (1996a) have used a novel form of semiquantitative
RT-PCR (RT-triple primer-PCR) to amplify both wild-type and variant ER
mRNAs at the same time from breast tissue. They found that there was a signifi-
cant increase in expression of a truncated ER variant called Clone 4, which con-
tains exons 1 and 2 of the ER but which then contains sequences similar to
long-interspersed repetitive elements (LINE-1). There was a significant increase
in expression of Clone 4 mRNA between normal breast tissue and breast cancer
that had good prognostic features (which may be representative of an early stage
of breast cancer), suggesting that expression of this variant may be an early event
in breast tumor progression.

Breast Cancer

Although there are few data concerning ER variants in early breast disease, there
have been a number of studies examining the presence of ER variants in breast can-
cer. It should be noted however, that to date, these variants have only been found as
variant mRNA species and isoforms, and as yet, no altered proteins have been iden-
tifted in tumor tissue. Expression of these variants can be detected in breast cancer
cell lines in vitro; however, detailed protein studies must first be performed in vivo
in human clinical samples before concrete conclusions can be made about the role
of specific ER variants in breast cancer progression. Here we will detail those vari-
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ants that have recently been found in clinical samples and whose altered structure
suggest that they may play a role in breast cancer.

Murphy and Dotzlaw (1989) found by Northern analysis of human breast tumor
biopsies small ER mRNAs (2.4 and 3.8 kb) that were expressed in conjunction with
full-length wild type ER (6.5 kb). Cloning and expression of these variant mRNAs
indicated that they represented aberrantly spliced ER mRNA. Two of these variants
called clones 5 and 24 represented abnormal splicing at exon 3 resulting in a protein
that would contain the DBD, but no HBD; however, they had no transcriptional ac-
tivity when expressed in COS cells. The third variant calied clone 4 is a variant ER
that represents exons 1 and 2 of the wild type ER but then contains sequences simi-
lar to long-interspersed repetitive sequence elements (LINE-1). Again, this ER
variant is inactive in transient transactivation assays. Further investigation of the ex-
istence of these variants by RT-PCR has indicated the presence of variant ERs lack-
ing exon 2, exon 3, exons 2-3, exon 5, and exon 7 (Leygue et al., 1996b) in both
normal and breast tumor samples. The expression of a number of variants along
with wild-type ER complicates drawing any simple model for a role of these vari-
ants in breast tumor progression.

Recently, Murphy et al. (1996), have extended these initial observations by the
use of RT-PCR in detecting large forms of ER mRNA in 9.4% of human breast can-
cer tissue samples. The most common variant was a duplication of exon 6 (7.5% of
samples) with detection of a duplication of exons 3 and 4 in a single tumor and a
69-bp insertion between exons 5 and 6 in three tumors. No functional data is yet
available on the altered ER proteins that are predicted to be transcribed from these
variant mRNAs, however the exon 6 duplication could potentially be translated into
a protein of 51.4 kDa that would lack the HBD, and thus may act as a domi-
nant—positive ER. Interestingly, an 80-kDa, immunoreactive ER variant was re-
cently cloned from an MCF-7 cell line that is unresponsive to estradiol growth
stimulation, this variant ER containing a complete duplication of exons 6 and 7
(Pinketal., 1996). Although it has been difficult to detect protein products from pu-
tative variant ER mRNAs that have been reported, the existence of an immunoreac-
tive, 80-kDa ER variant in MCF-7 human breast cancer cells suggests that attempts
to make antibodies specific to the variants may eventually be successful.

Point Mutations in the ER

The detection of point mutations within the ER from human breast tumor sam-
ples is much less common than the reports of exon splicing. Karnik and colleagues
(1994) have identified a 42-bp insertion and a single bp deletion in two patients with
tamoxifen-resistant breast cancer. Both of these variants would be predicted to en-
code truncated ERs, however functional data on these are not yet available. We have
recently screened 30 patients who had received tamoxifen therapy for at least 6
months prior to recurrence and found three different point mutations within the ER
in these samples (Zhang et al., 1996). Functional analysis of one of these variants
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with a point mutation in exon 8 has identified a variant of ER that has constitutive
transactivation, which has been increased to that seen with wild-type ER in the pres-
ence of estrogen. Additionally, this high level of constitutive transcriptional activity
is not affected, or is only minimally, by antiestrogens, depending on the promoter
utilized. We hypothesize that this variant may play a role in breast cancer progres-
sion by interruption of normal ER action.

The Exon 5 ER Deletion Variant

We originally identified a variant form of ER mRNA that completely lacks exon
5 (called ERAS) from human breast tumors that were ER-negative but PgR-
positive. We had originally hypothesized that in these samples there might be a vari-
ant receptor that would not bind ligand but was transcriptionally active and thereby
responsible for the discordant expression of PgR in these tumors. Indeed, the ERAS
variant does represent this type of receptor; however, its transactivating potential
appears to be promoter- and cell-dependent, similar to that seen with the activity of
wild-type ER in different cells (Tzukerman et al., 1994). We showed that the ERAS
variant has 10-15% of the activity of wild-type ER in yeast cells, 40-50% in an-
other type of yeast background, and 75% activity in MDA-MB-231 human breast
cancer cells (Fuqua et al., 1991). Rea and Parker (1996) have shown that the ERAS
variant has transcriptional activity in the absence of hormone in chicken embryo fi-
broblasts but only weak activity in MCF-7 breast cancer cells. The differences seen
are in accordance with the fact that ERAS only contains the AF-1 transactivation
domain, which has previously been shown to have promoter- and cell-dependent
activity (Tzukerman et al., 1994).

Although we originally identified ERAS in ER-negative /PgR-positive tumors,
further analysis indicates that it is also expressed at the RNA level in the majority of
ER-positive tumors; thus ERAS variant is almost always co-expressed along with
wild-type ER RNA (Zhang et al., 1993). This variant was not found in any ER-
negative /PgR-negative tumors. The expression of two forms of ER RNA makes
drawing conclusions about the cellular effects of ERAS especially difficult. Thus, if
ERAS is less active than wild-type ER, it could conceivably reduce the effect of es-
trogen within a cell, whereas if it has activity similar to or greater than wild-type
ER, then it might increase the overall estrogen effect.

As detailed above, simple expression of the ERAS variant may not be a good in-
dicator of the net effect of the variant in cells. This may be one of the reasons for the
discrepancy between our studies and those of Rea and Parker (1996). In our labora-
tory subline of MCF-7 cells, the ERAS variant is transcriptionally active in the ab-
sence of hormone and, when constitutively expressed, leads to estrogen-
independent growth that is unaffected by tamoxifen (Fuqua et al., 1995). Rea and
Parker (1996) found that ERAS was only slightly active in their MCF-7 cells and
that stable expression resulted in no significant change in estrogen-regulated
growth or growth inhibition by antiestrogens. Perhaps this result simply reflects the
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differences that have been noted several times between MCF-7 sublines held in dif-
ferent laboratories (Osborne et al., 1987). Supporting this, Klotz and colleagues
(1995) have shown that expression of varying levels of this variant in sublines of
MCE-7 cells from different laboratories was associated with different responses to
estrogen (higher ERAS expression led to a decrease in estrogen responsiveness).
However, it must be noted that a number of other ER mRNA variants were seen to
vary in these cell lines, suggesting that the difference may not only be due to expres-
sion of the ERAS variant alone.

Studies have also been performed analyzing the expression of the ERAS variant
in normal breast tissue. Leygue and colleagues (1996b) detected a number of ER
variants in all 9 normal breast tissue samples examined (clone 4 variant, and vari-
ants with deletions in exon 2, exon 3, exons 2-3, and exon 7). Of particular interest
was the fact that ERAS mRNA expression was found to be significantly lower
(p<0.001) relative to wild-type ER in normal breast tissue compared to that in
breast tumor tissue. Pfeffer and colleagues (1996) also detected expression of a
number of ER variants in a single normal breast tissue specimen, and higher levels
specifically of ERAS were found in one tumor sample. However, this study was lim-
ited to a single normal and tumor sample.

Daffada and colleagues (1995) have examined ERAS mRNA expression in pri-
mary breast tumors and tamoxifen-resistant breast cancer. While there was no sig-
nificant difference between ERAS mRNA expression between these two tumor
groups, it was noted that tumors that expressed PgR and pS2, in the absence of de-
tectable ER, had significantly elevated levels of ERAS mRNA., This therefore sug-
gests that this variant may account for the hormone-independent expression of
ER-regulated genes and that the tumor now may have ligand-independent activa-
tion of the ER. Further studies have indicated that, while ER levels are significantly
reduced in tamoxifen-resistant breast tumors, when compared with breast tumors
that have not seen tamoxifen, pS2 levels remain unchanged (Johnston et al., 1995).
This again suggests that, although there seems to be little or no ER by immunohisto-
chemical analysis, estrogen-responsive genes are still expressed. This may be ac-
counted for by the expression of ERAS, suggesting a role for this variant in
tamoxifen resistance of breast cancer. It must be noted, however, that many other
factors can alter pS2 expression indicating that multiple pathways for tamoxifen re-
sistance assuredly exist.

FUTURE DIRECTIONS

It is clear from both in vitro and in vivo studies on wild-type ER activity that the
simple measurement of ER variant mRNA expression will not be an indicator of the
effect of that variant within specific cells or tissues. The ER is an extremely compli-
cated nuclear transcription factor being regulated by a number of different ligands
but also being controlled in a promoter- and tissue-specific manner by a number of
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co-activators and co-repressors. Complicating analysis of the role of variant ERs is
the fact that, in nearly all cases, wild-type ER is co-expressed. It is hypothesized
that a different sets of genes will be activated by variant ERs with the ability to inter-
act with a different affinity with activators or repressors. Elucidation of the genes
induced by different variant receptors may eventually provide a blueprint for vari-
ant ER action just as we use PgR and pS2 as markers for ER action today.

SUMMARY

As a downstream mediator of estrogen action, the ER can have a number of pleio-
tropic effects on a variety of cell types. The critical importance of estrogen in both
normal and breast cancer growth has made the ER a matter of intense study, and still
its complete mode of action is unclear. One of the discoveries to come out of recent
work is the finding that the ER is often altered at the RNA level in both normal and
malignant breast tissue. When the interaction of these variants with the growing
number of regulators of wild-type ER activity are studied in detail, we may get a
clearer picture of the role of variant ERs in breast cancer disease and progression.
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INTRODUCTION

The paradigm of the retinoblastoma gene, originally identified in childhood tu-
mors, is the best-documented example of the two-hit model of cancer progression
(Knudson, 1971). According to this model, familial tumors result from germ-line
inactivation of one allele of a tumor suppressor gene; the inactivated allele is, there-
fore, present in all cells of the body. A high incidence of malignancy occurs in these
families because only one additional inactivation event causes loss of suppressor
gene function. Sporadic cancer arises due to the inactivation of both alleles in the
target somatic cells; therefore, as expected, the requisite mutations in two alleles of
the same gene occur at a much lower frequency than in familial disease.

Inherited mutations at several genetic loci have been implicated in familial
breast cancer. It is often hypothesized that these familial genes function in a manner
similar to the retinoblastoma gene and that the same genes are relevant for the 90%
of breast cancers that are not inherited. While this may be true for some cases, the
Knudson model alone may not be sufficient to account for many, if not all, breast
cancers. Breast cancer differs from other types of cancers in being very heterogene-
ous both in biological behavior and in the accumulation of genetic aberrations.
There is evidence for various recessive genes (putative tumor suppressor genes)
that are involved in sporadic breast cancer that have not been implicated in familial
disease. There is also evidence for involvement of a number of different gain-of-
function genes (possibly new oncogenes).

A number of molecular studies have been done on colon cancer and have led toa
model for the genesis of other epithelial malignancies such as breast cancer. Colon
cancer is known to display a histologic continuum from normal colonic mucosa
through increasingly aggressive adenomas to invasive carcinoma. Specific genetic
lesions are associated with each of these histologic entities and appear to accumu-
late in the more aggressive lesions in a manner consistent with a specific pathway of
malignant progression (Kinzler and Vogelstein, 1996).

Although, a morphological continuum from atypical hyperplasia through carci-
noma in situ to invasive disease is observed in breast cancer, the pattern of molecu-
lar changes and biologic behavior suggests a more complex etiology than with
colon cancer. Unlike the specific sequence of genetic lesions associated with colon
cancer progression, specific genetic alterations are seen in some breast lesions at
early preinvasive stages, whereas, in other tumors, they may not occur until a late
stage of metastatic dissemination (reviewed in Dairkee and Smith, 1996).

Heterogeneity in the sequential acquisition of specific genetic lesions, as well as
widespread genetic heterogeneity per se, have led to a stochastic model of breast cancer
progression (Smith et al., 1993). According to this model, phenotypes essential for ma-
lignancy, such as dysregulated growth, invasion, angiogenesis, or metastasis, can be ac-
quired in more than one way. Different breast tumors may therefore result from
independent pathways of malignant progression. Furthermore, an initiated cell can ac-
crue genetic lesions stochastically in any order instead of following a set sequence of
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events. Consequently, if a tumor acquires the ability to invade prior to dysregulated cell
proliferation, the invasive tumor will not be preceeded by an in situ stage. Much work
still needs to be done to establish with certainty which molecular changes seen only
during sporadic breast canzer progression are causal and which are consequential.

GERM LINE MUTATIONS OBSERVED IN FAMILIAL BREAST
CANCER

Familial or hereditary breast cancer is operationally defined as the occurrence of
two or more affected relatives within a pedigree. Clinical features known to differ
markedly between familial and sporadic breast cancer include early age of onset
(Lynch et al, 1976) and bilaterality (Harris et al.,1978). Epidemiological studies
have suggested that up to 10% of all breast cancer is due to the inheritance of predis-
posing genes (Claus et al.,1991).

In recent years, mutations in a number of genes, presumably tumor suppressor
genes, have been implicated in increasing susceptibility to familial breast cancer.
These genes differ considerably in terms of the degree of risk they confer, the breast
cancer incidence they account for, and the other cancers and pathological pheno-
types with which they are associated. Individuals who inherit one mutant allele of
the gene are at an increased risk for breast cancer, and the tumors they develop arise
from somatic cells that have lost the wild-type allele (and therefore the tumor-
suppressing ability). This loss can occur by any mechanism causing loss of func-
tion, such as heterozygous deletion, genomic imprinting (Sapienza, 1990), or in-
creased degradation of gene product (Scheffner et al., 1990). Alternately, loss of
gene function can result from dominant—negative mechanisms (Herskowitz, 1987).
A number of susceptibility genes such as the p53 tumor suppressor gene, the andro-
genreceptor gene, and the ataxia telangiectasia gene, were initially identified due to
their association with syndromes that encompass a wide spectrum of malignancies,
only one of which is breast cancer.

In contrast to other familial cancer genes, breast cancer susceptibility genes confer a
predisposition primarily towards breast cancer. The lifetime risk of breast cancer may
approach 80-90% in women who have germ-line mutations in these genes, commonly
known as BRCA-1 and BRCA-2 (Easton et al., 1993; Wooster et al., 1994). Tumors of
individuals from BRCA-1- and BRCA-2-linked families show consistent loss of the
wild-type allele, suggesting a tumor suppressor function for these genes (Smith et
al.,1992; Collins et al., 1995). However, it is possible that other genetic and environ-
mental factors can abrogate the predisposing influence of mutated susceptibility genes.

The p53 Tumor Suppressor Gene

Inactivation of the p53 tumor suppressor gene constitutes one of the most com-
mon gene alterations in human tumors, which includes breast cancer (Hollstein et
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al., 1991). The 53-kDa product of this gene is a phosphoprotein involved in a variety
of cellular processes, particularly in assessment of DNA damage and cell cycle
checkpoint control, which lead to transactivation of genes involved in G1 arrest,
DNA repair, and programmed cell death (Kinzler and Vogelstein, 1996). The vast
majority of the p53 mutations (>98%), are somatically acquired and generally oc-
cur as missense mutations in exons 5 through 8, an evolutionarily conserved region
of the gene in which the DNA-binding core of the protein is located (Hollsteinet al.,
1991).

Germ-line mutations in the p53 gene are reportedly prevalent in individuals
with the Li-Fraumeni (LFS) and Li-Fraumeni-like (LFL) syndromes character-
ized by familial childhood sarcoma, leukemia, and early onset breast cancer
(Malkin et al., 1990; Srivastava et al., 1990). Families are designated as LFS on
the basis of a well-defined set of criteria that include the proband having been di-
agnosed with sarcoma before 45 years of age, a first degree relative having cancer
before 45 years of age, and another first or second degree relative in the pedigree
having any cancer diagnosed up to this age or having a sarcoma occurring at any
age (Birch et al.,1994). Families with features suggesting LFS, but not strictly
conforming to the definition, are referred to as LFL. The reported frequency of
germ-line p53 mutations in LFS and LFL families varies depending on the meth-
ods used for detecting mutations as well as on stringency of the criteria for defin-
ing the syndrome. For example, Eeles and colleagues (1994) report a frequency of
7% in LFL families while Varley and colleagues (1997) have observed a fre-
quency of 22% in another series of LFL families and 71% in LFS families. A com-
parison of the characteristics of cancers occurring in LFS families with p53
mutations against LFS families in general demonstrates that the two groups are
remarkably similar (Birch et al., 1994).

Germ-line p53 mutations have a distribution pattern within the gene that is simi-
lar to that of somatically acquired p53 mutations (Birch et al., 1994: Frebourg et al.,
1995). The diversity of tumor types in the carriers of germ-line p53 mutations sug-
gests that some tissues may be more susceptible to transformation in the presence of
one wild-type p53 allele. As noted by Malkin and colleagues (1990), the frequency
of distribution by site of malignancy in LES patients is somewhat different from the
general population. For example, in LES families, breast cancer is much more com-
mon than colon cancer, whereas the frequency of p53 mutations in breast and colon
cancers in the general population is quite comparable. Based on this finding, it can
be speculated that in breast carcinogenesis, inactivation of the p53 gene product
may be a more critical rate-limiting step.

In a few cases of germline p53 mutations, retention of the wild-type p53 allele
has been observed in the primary breast tumor. It is possible that the mutant form of
the protein in the cells of these individuals interferes with the wild-type p53 func-
tion in a dominant-negative manner in some tissues. Alternately, the p53 germline
mutation in these cases may not be relevant to the disease, or it may confer a subtle
influence on tumor progression (Prosser et al., 1992; Sun et al., 1996).
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The Ataxia-Telangiectasia Gene (ATM)

Ataxia-telangiectasia (AT) is an autosomal, recessive syndrome characterized
by immunological, neurological, and developmental defects and an increased risk
of cancer. Although AT is arare disease (1 in 40,000), the frequency of the heterozy-
gosity status is high (about 1.4%). The literature suggests that not only homozy-
gotes but also AT heterozygotes show a predisposition to many types of cancers,
particularly breast cancer for which there is a fivefold increased risk (Swift et al.,
1987). Itis estimated that as many as 20% of breast cancer patients may be ATM het-
erozygotes (Swift et al., 1991).

The ATM gene is located at 11q22-11q23, aregion of frequent loss of heterozy-
gosity in sporadic breast cancer (Carter et al., 1994; Negrini et al., 1995). However,
studies on breast tumors with LOH at 11q have not found any mutations in the ATM
gene (Vorechovsky et al., 1996).

Recent observations have demonstrated that cells from AT patients exhibit
radiation-resistant DNA synthesis and show a reduced or delayed gamma radia-
tion—-induced increase in p53 protein levels (Birrell and Ramsay, 1995). In addition,
the ATM gene has been shown to have extensive homology to several cell cycle
checkpoint genes in other organisms (Savitsky et al., 1995; Morrow et al., 1995). A
model based on these findings proposes that in ATM homozygotes, the absence of
damage-sensitive cell cycle checkpoints and damage-induced repair leads to ge-
netic instability and cancer (Meyn, 1995).

The Androgen Receptor (AR) Gene

In males, androgens are primarily synthesized in the testes and secreted as tes-
tosterone, whereas in females, the major source is the adrenal cortex, which se-
cretes dihydroepiandosterone (Wilson et al., 1981). Androgens are involved in
many regulatory processes in breast epithelium, but their role in the development of
breast cancer is poorly understood.

The androgen receptor belongs to a family of nuclear receptors and contains
three functional domains: a carboxy-terminal, hormone-binding region; a central
DNA-binding region; and an amino terminal region involved in the expression of
androgen-related genes (Jenster et al., 1991). In the developing male fetus, the an-
drogen receptor acts as a ligand-dependent DNA transcription factor that binds an-
drogens that cause masculinization. Abnormalities of receptor functionresult in the
failure of normal male differentiation (Grumbach and Conte, 1985). Androgen re-
ceptors have been demonstrated immunohistochemically in the nuclei of normal
breast epithelium and in 79% of primary breast tumors. A significant association
was found between the expression of androgen and estrogen receptors (Isola,
1993).

Molecular studies of androgen receptor gene structure have recently provided
new insights toward defining a genetic basis for the pathology associated with
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breast carcinoma affecting middle-aged and older men. Specific germ-line muta-
tions affecting the steroid-binding domain of the androgen receptor gene have been
observed in males suffering from partial androgen insensitivity (AIS). These muta-
tions have also been reported in rare cases of male breast cancer (Lobaccaro et al.,
1993; Wooster et al., 1992). It is speculated that such mutations could account for
the development of male breast cancer by the loss of the protective effect of andro-
gens on these cells (Lobaccaro et al., 1993).

The BRCA-1 Gene

The breast cancer susceptibility gene, BRCA-I, is located on chromosome
17921 (Miki et al., 1994). Over 100 distinct mutations of BRCA-] scattered
throughout the coding region have been identified in early onset breast and ovarian
cancers resulting from hereditary predisposition (Shattuck-Fidens et al., 1995).
These mutations may account for one half of all familial breast cancers (Easton et
al., 1993).

The majority of the mutations are predicted toresultin the loss of a BRCA-I tran-
script or in the formation of a truncated BRCA-I protein of 2%—-88% of the expected
normal length (Serova et al., 1996). Gene alterations have included frameshift in-
sertions or deletions, nonsense mutations, splice acceptor site mutations, and so
forth. (Johannson et al., 1996).

In one study, quantitative mRNA in situ hybridization analysis was performed
on archival paraffin-embedded tumor specimens from 25 patients with known
germline BRCA-1 mutations. The BRCA-1 mRNA levels were invariably low in
these tumors whereas the normal breast epithelium surrounding these tumors
showed higher mRNA levels suggesting that the low levels in tumor cells may be
due to somatic inactivation of the wild-type BRCA-I allele (Kainu et al., 1996). Ex-
pression levels in sporadic breast tumors are significantly higher; therefore, low
BRCA-1 expression has been proposed as a means of identifying patients with
BRCA-1-linked breast cancer (Kainu et al., 1996).

In contrast to the wide variety of germ line mutations in BRCA-1 that have been
identified among the general population of high-risk families, a single BRCA- I mu-
tation in exon 2, 185delAG, has been noted in approximately 20% of Ashkenazi
Jewish women with early onset breast cancer (Fitzgerald et al., 1996). Less com-
monly, three other loss-of-function mutations have also been reported in this popu-
lation, including an 11-bp deletion inexon 2, 188del11, and a 5382insC mutation in
exon 20 (Berman et al., 1996). A recent large-scale population study in Ashkenazi
Jewish individuals unselected for breast cancer has determined a carrier frequency
of 1.09% for the 185delAG mutation (Roa et al., 1996).

Analyses to determine the correlation between the presence of germ-line muta-
tions in BRCA-1 and the histoprognostic grade of the tumor have revealed a statisti-
cally significant increase in the prevalence of high-grade tumors in
BRCA-1-associated breast cancers compared to breast tumors from the general
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population (Eisinger et al., 1996). A determination of the mitotic index in a series of
breast cancers from 20 BRCA 1-associated families has demonstrated a prevalence of
highly proliferative tumors when mutations occur in the most conserved domains lo-
cated in the terminal regions of the gene (Sobol et al., 1996). These findings suggest
that these regions must play an important role in the growth suppression of breast epi-
thelium. Determining the biological relevance of mutations in other areas of the gene
and how they affect breast cancer development are of obvious importance.

The biological function of BRCA-1 in normal development and in malignancy
remains unknown. An individual with a family history of breast cancer whose par-
ents were both heterozygous for the same BRCA1 was found to be homozygous for
this mutation in her somatic cells (Boyd et al., 1995). This finding indicates that the
presence of this genetic aberration is not a lethal event in fetal development, nor is it
critical for normal cell functioning prior to malignant progression. In order to verify
the biological implications of such a finding, it will be important to identify addi-
tional cases with similar alterations. In the case of a BRCA-1 mouse homozygous
knockout, fetal lethality has been observed with multiple developmental abnor-
malities of the central nervous system (Gowen et al., 1996).

There is some controversy regarding the role of BRCA-1 in sporadic breast can-
cer. As expected of a tumor suppressor gene product, preliminary studies have
found that the putative 220-kDa BRCA-1 protein localizes to the nucleus of nonma-
lignant breast epithelial cultures (Chen et al., 1995; Scully et al., 1996). Chen and
colleagues (1995) characterized 50 specimens of sporadic primary breast cancer
and found the normal pattern of nuclear localization in only 16% of the cases. The
remainder of cases predominantly showed aberrant subcellular localization while
absence of BRCA-1 protein was seen in 4% of the cases. Based on these findings,
Chen and colleagues (1995) have suggested that BRCA-1 aberrations may be in-
volved in the pathogenesis of sporadic as well as familial breast cancer. Scully and
colleagues (1996) also observed nuclear localization of the BRCA-I gene product
but found no differences between malignant and nonmalignant cells. Further in-
creasing the controversy, Jensen and colleagues (1996) reported that BRCA-1 en-
codes a 190-kDa protein that localizes in secretory vesicles and bears close
sequence homology and biochemical analogy to the granin protein family. In the
light of the latter report, BRCA-1 appears to function by a novel mechanism as yet
not described for tumor suppressor gene products. The discrepancy in the findings
on BRCA-1 gene product may be due to the use of relatively uncharacterized and
nonspecific antibody reagents. Furthermore, until a comprehensive demonstration
of BRCA-1 localization in multiple samples of normal breast as well as in other nor-
mal tissues is completed, the significance of these results remains questionable.

The BRCA-2 Gene

Another highly penetrant, autosomal dominant gene that confers an increased risk of
early onset breast cancer is the BRCAZ2 gene, which has been localized to chromosome
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13q12-q13. Germline mutations in BRCA2 are thought to account for as much as 70% of
inherited breast cancers not linked to BRCA-1 (Wooster et al., 1994). Additionally,
BRCA-2 mutations were detected in 14% of male breast cancer (Couch et al., 1996).

The mutations have been shown to cause considerable disruption of the open
reading frame of the transcriptional unit (Wooster et al., 1994). In some studies, a
wide diversity of cancers such as ovarian, colon, esophageal, pancreas, stomach,
and lymphatic system have also been observed in BRCA-2 mutant families (Ber-
man et al., 1996; Phelan et al., 1996; Thorlacius et al., 1996). These examples are
reminiscent of the multiple cancer syndromes and suggest that BRCA-2 inactiva-
tion may lead to a general tendency for chromosomal abnormalities and genetic in-
stability throughout the body. The risk of ovarian cancer in BRCA-2 mutation
carriers, although not as high as in BRCA-1 carriers, is higher than the general
population (Stratton, 1996).

Recent studies have demonstrated specific mutations to be more prevalent
within population subgroups. For example, a 185delAG mutation in BRCA-/ and a
6174delT frameshift mutation in BRCA-2 together may account for over 25% of all
early-onset breast cancer in Ashkenazi Jewish women with a family history of
breast and ovarian cancer (Neuhausen et al., 1996). Similarly, studies on Icelandic
high risk breast cancer families have identified positive BRCA-2 linkage in which
all members carry a 999delS mutation (Arason et al., 1993; Gudmundsson et al.,
1996; Thorlacius et al., 1996; Johannesdottir et al., 1996).

The BRCA-1 and BRCA-2 genes have several structural and functional similarities.
Both genes have an unusually large exon 11 (>5 kb), exhibit high levels of transcript in
the testis, and have a hydrophobic signal sequence in the granin domain unlike other
molecules containing granin sequences (reviewed in Stratton, 1996). Both genes also
occur in chromosomal locations at which loss of heterozygosity (LOH) is often ob-
served in sporadic breast cancer (Dairkee and Smith, 1996), particularly of the wild
type allele in familial breast cancer (Smith et al., 1992; Collins et al., 1995). However,
inactivating mutations have not been reported in either gene in sporadic breast cancer.

In order to obtain reliable data on gene penetrance and for interpreting the correla-
tion between a given genotype and phenotype in familial diseases, the following are
essential: (1) germ-line mutations that have not been previously described are con-
firmed as mutations and not polymorphisms by screening several normal alleles, and
(2) as many individuals as possible within a family are screened for the presence of
germ-line mutations. Particularly if presymptomatic testing is to be offered within
families, confirmation of the mutation in a first-degree relative is important.

SOMATIC GENETIC LESIONS OBSERVED IN SPORADIC
BREAST CANCER

Although germline mutations lead to only a small percentage of breast malignan-
cies, itis widely anticipated that the identification of these will lead to a better un-
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derstanding of the vast majority of sporadic breast cancers. However, mutations
in the genes associated with familial breast cancer have not yet been observed in
sporadic breast cancer. Evidence in sporadic breast cancers for alterations in other
recessive genes that have not been found in familial disease comes from studies
on the identification of loss of heterozygosity (LOH) in specific chromosomal re-
gions (reviewed in Dairkee and Smith, 1996). Other types of analyses have also
identified putative tumor suppressor genes such as Brush-1, maspin, and nm23
(Schottet al., 1994; Gilles et al., 1991; Leone et al., 1991; Pemberton et al., 1995;
Stahl et al.,1991; and Zou et al.,1994). Moreover, there i1s evidence for dominant-
acting genetic lesions in sporadic breast cancers. Besides dominant and recessive
genetic alterations, a variety of morphological and phenomenological alterations
have been observed in sporadic breast disease whose genetic basis remains to be
defined.

Common Sites of Loss of Heterozygosity (LOH)

In breast tumors, LOH represents the most frequent type of genetic aberration
(forreviews, see Devilee and Cornelisse, 1990; Mackay et al., 1990; Callahanet al.,
1992). Using standard methods of DNA analysis to compare normal and tumor
DNA, sites of putative tumor suppressor genes are revealed as LOH of one of a pair
of polymorphic alleles in the tumor sample. This finding is commonly interpreted
as either a physical loss of one allele, or a recombination event that results in two
copies of the same allele.

The baseline level of LOH for any randomly selected probe is approximately 5%
(Chen, 1992). LOH has been reported at significantly higher levels in a varying pro-
portion of breast cancers at specific chromosomal regions such as 1p, 1q, 3p, 6q, 7p,
11p, 13q, 16q, 17p, 174, 18p, 18q,and 22q (Devilee et al.,1991a; Takitaet al., 1992;
Satoetal., 1990; Alietal. 1987; Beiche etal., 1990; Lundberg etal., 1987; Futreal et
al,, 1992; Mackay et al., 1988; Coles et al., 1990; Devilee et al., 1991b; Chen et al.,
1986; Chen et al., 1991; Gendler et al., 1990; Merlo et al., 1989; Cornelisse, 1992;
Ali et al., 1989; Genuardi et al., 1989; Devilee et al., 1989b; Devilee et al., 1991c¢;
Thorlacius et al., 1991; Andersen et al., 1992; Sato et al., 1991). The incidence of
loss varies for different regions with the most frequent loss being on 3p, 6q, 7p, 16q,
and 17p (40-60%), while losses in the other regions are seen in 15-20% tumor
cases.

For three chromosomal locations, namely 3p (Ali et al., 1989; Sato et al., 1991;
Chenetal., 1994), 13q (Devilee etal., 1989), and 17p (Coles et al., 1990; Chen et al,
1991), more than one regicn of deletion has been identified suggesting that several
genes in that region may be important in disease progression. However, it is also
possible that LOH is merely incidental and is a reflection of the overall genomic in-
stability within rapidly proliferating, aneuploid tumor cells, thus raising the ques-
tion of cause or effect (Smith 1990; McGuire and Naylor 1989). An argument
against this possibility is provided by observations that aneuploidy and rapid prolif-
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eration correlate with LOH at specific sites (i.e., 17p) rather than with the overall in-
cidence of LOH (Chen et al., 1991).

Other Putative Recessive Gene Aberrations Involved in Sporadic Breast
Cancer

Brush-1

This is a recently identified candidate suppressor gene located at 13q12-q13
proximal to the RB gene. Brush-1 encodes a 4.7kb mRNA that is expressed at high
levels in normal breast epithelium. In primary tumors, LOH at this site results in
markedly decreased levels of Brush-1 mRNA while maintaining the normal levels
for RB (Schott et al., 1994).

Maspin

This product of a candidate tumor suppressor gene is related to the serpin family
of protease inhibitors. It is expressed in normal breast cells but not in breast cancer
cell lines. Analysis of malignant breast tissue has revealed that loss of maspin ex-
pression occurs most frequently in advanced cancers (Zou etal., 1994). A recentre-
port suggests maspin is more closely related to ovalbumin and angiotensinogen and
that its tumor suppressor activity is independent of a latent or intrinsic trypsinlike
serine proteinase—inhibitory activity (Pemberton et al., 1995).

nm23

Two closely related metastasis—suppressor genes nm23-1(NMEI) and nm23-2
(NME?2), have been implicated in the control of metastatic potential (Leone et
al,1991; Stahlet al, 1991). Ithas been demonstrated that the nm23 gene product dis-
plays nucleoside diphosphate kinase (NDPKY) activity (Gilles et al, 1991).

Dominant-Acting Genetic Lesions

This class of alterations are generally operative through the activation of specific
genes that increase malignancy (by increasing tumor growth or invasiveness) due to
either mutations or other regulatory changes, whichresult in increased gene expres-
sion. The most common class of dominant-acting genetic lesions are referred to as
proto-oncogenes. The most frequent approach to discovering specific genes ampli-
fied in breast cancer has been to search for amplification of oncogenes frequently
found in model systems. This approach has led to the identification of c-erbB-2
(17q12), c-myc (8924), and prad 1/ cyclin D (11q13) amplification in 20-30% of
breast cancers. In isolated reports, flg (8p12), bek (10q24), and IGFR-1/fes
(15q24-q25) were shown to be amplified in a smaller percentage of breast cancers
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(Slamon et al., 1987; Machotka et al.,1989; Lammie et al.,1991; Adnane et al.,
1991; Berns et al., 1992a,b).

Another approach for identifying dominant-acting genes is by determining the
target gene within regions of chromosomal amplification. A number of amplified
chromosomal regions have been found in a proportion of breast cancers. Kalli-
oniemi and colleagues (1994) reported that two-thirds of the tumors examined
showed increases in copy number affecting a total of 26 chromosomal subregions.
Sequences originating from 17q22-q24 and 20q13 showed the highest frequency of
amplification (Kallioniemi et al., 1994).

It remains a difficult problem to identify the target gene of any given amplicon.
One problem is that the amplified regions are large chromosomal segments con-
taining many different genes. Because of the increased copy number of these
genes, many can be overexpressed even though they do not contribute to the ma-
lignant phenotype. We have suggested (Dairkee and Smith, 1996) that the target
gene within a given amplicon should always be present whenever that chromoso-
mal region is amplified. In contrast, irrelevant extraneous genes residing near the
target gene might not always be in the amplicon since the amplicons of various tu-
mors differ in length. Additionally, the product of the target gene should some-
times be overexpressed even if the gene is not amplified; this is because other
mechanisms besides gene amplification are known to exist and to lead to overex-
pression.

Several proto-oncogenes code for products that are either growth factors, growth
factor receptors, signal transducers, protein kinases, or transcriptional activators.
Since peptide growth factors are important regulators of human mammary epithe-
lial proliferation and differentiation, it is expected that amplification and overex-
pression of these growth factors and their receptors would provide a growth
advantage to the tumors expressing them. Indeed this has been observed for the
Type 1 Growth Factor Receptor (GFR) Family (tyrosine kinase receptors including
the epidermal growth factor receptor, EGFR; c-erbB1l), c-erbB2 (HER2, neu),
c-erbB3 (HER3), and c-erbB4 (HER4) receptors. Unlike EGFR and c-erbB2,
c-erbB3 is expressed at moderately high levels in normal breast tissue. This level is
further increased in 13-22% primary tumors (Gasparini et al., 1994; Lemoine et
al.,1992). The c-erbB4 protein is the most recently characterized member of this
family. Although the level of protein expression in primary tumors is not yet known,
its mRNA is expressed at high levels in normal breast tissue as well as some estab-
lished cell lines (Plowman et al.,1993).

Amplification of the c-myc oncogene, located at 8q, has been reported in 20% of
primary breast tumors and implicated in the pathogenesis of aggressively growing
breast tumors (Berns et al., 1992b). Some studies have demonstrated an unusually
high proliferative index accompanying c-myc amplification in breast tumors
(Kreipe et al., 1993). Despite this circumstantial data, there has been no conclusive
study demonstrating that c-myc rather than some other nearby gene is the target for
amplification at chromosome 8q.
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Amplification of chromosomal region, 11q13, has been reported in 5-23% of
breast cancers (Peters et al.,1995). This chromosomal region also encompasses sev-
eral candidate target genes including fgf3/wnr-2 | fgfd/hst-1, and cendl/pradl
(which encodes cyclin D1). Neither fgf3 nor fgf4 proteins were expressed in any
breast cancers with this amplification. In contrast, expression of the ccnd1/pradl
gene product at elevated levels was seen in all cases of 11q13 amplification. Insome
cases, increased expression of the gene is found in tumors where there is no evi-
dence for DNA amplification or gross gene rearrangement, further implicating
prad-1 as the target for the 11q13 amplicon (Gillett et al.,1994).

Histological Aberrations Associated with Breast Cancer

A number of biologic and histologic aspects of breast cancer have been de-
scribed in the literature. Our current level of understanding the biologic basis for ge-
netic predisposition to breast cancer is just beginning to consider the importance of
analyzing these phenomena at the molecular level. Both stromal and epithelial al-
terations in breast cancer progression need to be addressed at the molecular level to
determine which phenomena are genetic and which are epigenetic in etiology.

Stromal Alterations

Although the branching mammary tree is mostly comprised of epithelium, the
stroma that surrounds the epithelium constitutes more than three-fourths of the rest-
ing breast (Drife, 1986), and in malignancy, it may constitute >90% of the tumor
(Dvorak, 1986). Complex interactions occur between the epithelial and mesenchy-
mal components of the gland. We have previously hypothesized that early events in
malignancy involve a field effect causing subtle changes within a defined region of
the breast (Deng et al., 1996). The changes may not only be limited to epithelial
cells that directly give rise to breast cancer but may also involve stromal cells, such
as fibroblasts (Smith et al., 1987).

Many components and characteristics of the tumor stroma are found to be al-
tered in the invasive tumor (reviewed in Ronnov-Jessen et al.,1996). Such changes
are clearly important in facilitating tumor invasion and dissemination. The “field
effect” hypothesis predicts that abnormal stroma may initiate the malignant process
by presenting inappropriate signals to normal epithelial cells. Possible mechanisms
include the synthesis of inappropriate (fetal) proteins and trophic factors.

In primary breast tumors, expression of IGF-I and IGF-I1 in stromal fibroblasts
depends on their location in relation to the tumor. IGF-I expression is favored over
IGF-II in the stroma of macroscopically normal breast areas adjacent to the tumor,
whereas in tumor stroma, IGF-II expression is more prominent (Singer et al., 1995).
Since both ligands are mitogenic for malignant breast epithelium, the preferential
expression of IGE-II in the tumor stroma may be related to additional effects that
enhance tumor survival.
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Some studies suggest that the abnormal “field effect” seen with stromal fibro-
blasts can extend throughout the body in a manner analogous to germline genetic
changes. It has been reported that skin fibroblasts from breast cancer patients dis-
play abnormalities in growth characteristics and in the ability to migrate through
collagen gels (Azzarone et al., 1984; Schor et al., 1985). Migration is facilitated by
the secretion of a soluble migration-stimulating factor (MSF), which is produced
by fetal fibroblasts and breast cancer fibroblasts but not made by normal adult cells
(Grey et al., 1989).

Epithelial Alterations

Differentiation Status of Lobules. The branching mammary tree in the adult
human female breast consists of several thousand hormone-sensitive, potentially
milk-secreting structures called lobules. The secretions of these lobules are col-
lected through terminal ducts that in turn drain into the lumen of larger ducts. A
given lobule and its terminal duct are referred to as a terminal—ductal lobular unit
(TDLU). The seminal studies of Wellings and colleagues (1975) on the microarchi-
tecture of a large series of normal and cancerous human breasts has demonstrated
that cancerous breast tissue displays morphological alterations predominantly in
the TDLU. Based on this evidence and as originally suggested by Parks (1959), it is
generally accepted that breast cancer originates in the TDLU.

Epidemiological data indicate that breast cancer incidence is greater in nullipa-
rous women whereas early parity confers protection (MacMahon et al., 1970). In-
vestigations to determine what basic differences exist between the parous and the
nulliparous womens’ breasts at a histologic level have been pioneered by Russo and
colleagues (1990). It is hypothesized that, morphologically, the lobular structures
of the breast generally reflect different stages of development. Type I lobules (Lob
1) are the most undifferentiated. Type 2 lobules(Lob 2), which evolve from type I,
are composed of a higher number of ductular structures per lobule. They progress to
lobule types 3 and 4 (Lob 3 and Lob 4), which are present in the breast during preg-
nancy and lactation. In the breast of nulliparous women, the predominant structure
present is Lob 1. In parous women free of cancer, the breast contains a greater per-
centage of Lob 3 and a moderately increased number of Lob 2 with a concomitant
reduction in Lob 1. Parous women with breast cancer, on the other hand, exhibit a
greater percentage of Lob 1 and fewer Lob 3 than the noncancerous group, ap-
proaching the percentages found in nulliparous women (Russo et al., 1994; Russo
and Russo, 1995).

Atypical Hyperplasia. Women who have been diagnosed with benign breast
disease are known to have an increased risk of breast cancer (Ernster, 1981; Love et
al., 1982). In an attempt to subdivide the histologically heterogeneous group of be-
nign lesions into prognostically relevant categories, a large, retrospective study
with long-term follow-up of women who had undergone breast biopsies for benign
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breast disease was carried out {Dupont and Page, 1985). A major finding of this
study was that biopsies lacking proliferative disease did not identify women at in-
creased risk of cancer. Proliferative lesions without atypical hyperplasia conferred
arisk of cancer 1.9 times greater than the risk in women with nonproliferative le-
sions. The presence of atypical hyperplasia increased the risk five times that of non-
proliferative lesions. The greatest risk (11 times greater than nonproliferative
lesions) was observed in women with atypical hyperplasia and a family history of
breast cancer.

Increased risk in all of the above subcategories is not limited to the breast in
which the lesion was first detected. Investigations directed at determining the risk
of bilateral breast disease by examining contralateral breast tissue suggest that at
least 20% of patients with invasive breast cancer have an atypical proliferative le-
sion in the opposite breast (Tulusan et al., 1985). The incidence of this lesion was
3.6% in women without breast cancer who had presented with benign breast disease
(Dupont and Page, 1985).

Ductal Carcinoma In Situ (DCIS). The noninvasive malignant lesion com-
monly known as DCIS continues to be enigmatic, particularly from the perspective
of patient management. A recent study by Cady and colleagues (1996) predicts that
within the next decade the proportion of breast lesions diagnosed as DCIS will ap-
proach 33% (the present rate is 14-18%). Due to the proximity of its association
with the invasive lesion, it is widely speculated that DCIS may be a direct precursor
of invasive carcinoma. However, the role of DCIS as an obligatory prerequisite in
the development of invasive cancer is uncertain and whether all DCIS become inva-
sive is unknown.

To shed light on the relationship between various morphologically distinct le-
sions at the molecular level, comparative studies have been undertaken between in-
vasive carcinoma and adjacent atypias and DCIS for the incidence of loss of
heterozygosity (LOH) at various chromosomal loci known to be frequently associ-
ated with breast tumors (Andersen et al.,1992; Radford et al.,1993; Allred et al.,
1994; Koreth et al.,1995; Zhuang et al.,1995).

We have examined several independent cases for LOH at various chromosomal
loci in invasive and DCIS components of the same carcinoma. In 20% of the cases
studied, the DCIS components had some, but not all of the LOH’s observed in the
invasive tumor. In the majority of cases examined, the DCIS was identical in LOH
profile to the invasive tumor (Deng and Smith unpublished). This result is consis-
tent with previous studies in which invasive breast cancers and associated DCIS
were found to have similar frequencies of LOH at many different loci. All of the ac-
cumulated data therefore supports the assumption that the DCIS and the invasive le-
sion are closely related.

Immunohistochemical comparisons of noninvasive and invasive breast cancer
for the product of the c-erbB-2 oncugene have demonstrated that high levels of
c-erbB2 expression in high grade, comedo-type DCIS is relatively common (80%)
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as compared with invasive cancers (25-30%; Gusterson et al., 1988a; Gusterson et
al., 1988b; Allred etal., 1992). This finding suggests that many DCIS may not prog-
ress to invasive cancer. Alternately, it is possible that some invasive tumors may de-
velop without passing through a high grade DCIS stage. Yet another possibility is
that those DCIS cases that are high grade but lack expression of c-erbB2 are the
ones most likely to become invasive.

The similarities observed between the two lesions could be interpreted as mo-
lecular evidence that DCIS is a closely related precursor of the invasive component.
However, it is not entirely unlikely that foci of DCIS adjacent to the invasive tumor
in fact represent intraductal spread of malignant cells that are equally invasive in
other areas of the tumor; these cells, however, are like DCIS in appearance because
the tumor cells have not yet invaded the basement membrane.

SUMMARY

In summary, there have indeed been major breakthroughs in the identification of
multiple genetic aberrations in breast cancer. These include germ-line mutations in
familial disease, genes that confer increased susceptibility to many different can-
cers including breast cancer, and genetic aberrations observed only in breast can-
cers. The large number of aberrations reported may seem perplexing. However,
strategies which identify how they fit into models for the eticlogy and evolution of
this disease and how familial genes may be involved in sporadic breast cancer are
beginning to appear and will continue to be a challenge for the future.
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INTRODUCTION

Formal criteria for “genetic instability” are difficult, perhaps impossible, to enu-
merate. In the context of solid tumors such as breast carcinoma, the concept of ge-
netic instability arose from the observation that individual tumors were often
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characterized by a high degree of karyotypic diversity which, in some cases, contin-
ued to evolve upon serial passage in cell culture. The striking complexity and het-
erogeneity of observed cytogenetic aberrations implied that inability to sustain
genomic organization constituted a biologically important, possibly causative, fea-
ture of neoplasia. Genetic instability, then, may be viewed either as a process inher-
ent to, or as a consequence of, neoplastic growth.

It has become axiomatic that structural genetic alterations are at least partially
responsible for neoplastic phenotype and, furthermore, that they are acquired in a
stepwise manner over protracted time intervals. Moreover, the degree of clinical tu-
mor progression (as determined by characteristics such as invasion and metastasis)
is widely perceived to reflect the cumulative number, or complexity, of cellular ge-
netic lesions. Genetic instability, by virtue of fueling spontaneous acquisition of
mutational events, would theoretically provide the impetus for selection and differ-
ential growth of neoplastic subpopulations having progressively more dysregulated
growth characteristics. This model of neoplastic pathophysiology has driven the
search to identify and study the specific genes that perform three functions: orches-
tration of cellular growth and differentiation, involvementin pathologic events such
as invasion and metastasis, and maintainence of genomic organization.

A reasonable corollary to this scenario of tumor progression is that the acquisi-
tion of mutations in neoplastic populations involves specific genes in a random as
opposed to an ordered, or sequential, manner. Some randomly acquired mutations,
moreover, may be functionally silent thereby resulting in “genetic noise”. Other ge-
netic alterations may directly facilitate tumor progression by leading to abnormal
expression of growth regulatory genes thereby resulting in clonal expansion. This
concept is one factor that has limited investigation into the identification of consis-
tent patterns by which cellular genetic alterations are acquired during the evolution
of neoplasia. By the term “patterns”, we are referring either to the identification of
mutations that represent “early” versus “late” events, or permissive versus rate-
limiting events. The measurement of cellular parameters that reflect aggregate, or
accumulated, genetic pathology would perhaps represent another strategy to ex-
plore the relationship between genetic instability and tumor progression.

There are also biological factors that preclude systematic analyses of aggre-
gate genomic destabilization, particularly in breast neoplasia. Most significant,
perhaps, is the inability to perform sequential analysis of individual human neo-
plasms, particularly with samples straddling biologically critical events such as
the transition from pre-invasive to invasive growth. Lengthy disease natural his-
tory, difficulty in clinical detection of early lesions, and the intimate microscopic
admixture of benign, pre-malignant, pre-invasive, and invasive neoplastic cells
within aliquots of human breast tumors all further complicate attempts to discern
unifying patterns of genetic pathophysiology in breast neoplasia. Finally, the well
described clinical, epidemiologic, and pathologic diversity of human breast neo-
plasia is compelling evidence that multiple pathophysiologically distinctive dis-
ease subsets may exist.
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Basic scientists, therefore, have been engaged largely with specialized investi-
gations involving the regulation of expression, or cellular effects of expression, for
specific genes that regulate growth and differentiation. The translational research-
ers, on the other hand, have mostly performed clinicopathologic analyses compar-
ing the status of individual genes to parameters such as stage or disease outcome.
Given the impressive complexity and diversity of structural genetic alteration in
breast neoplasia, though, it hardly comes as a surprise that the informative content
of single genes such as ERBB-2 or p53 have limited clinical value in the care of indi-
vidual patients.

In this chapter, we shall summarize an admittedly small body of literature that at-
tempts to correlate measures of aggregate genetic deviation—such as cellular DNA
content, karyotype, chromosome aneuploidy, or allelotype—to phenotypic meas-
ures of tumor progression, including pathologic evidence of malignant transforma-
tion, host invasion, or metastasis. Implicit to the discussion will be the assumption
that the tendency to accumulation of mutations—or genetic instability—is an in-
trinsic variable in clinical breast neoplasia, albeit difficult to quantify. Although at-
tempts will also be made to discern sequences, or patterns, of genomic pathology
that evolve from genetic instability, their presence remains speculative at this time.

MODELS OF GENETIC
PROGRESSION—CLINICOPATHOLOGIC CORRELATIONS

Patterns of Cellular Level Genetic Instability

By correlating karyotypes with flow cytometric DNA content on large numbers
of clinically derived breast carcinoma samples, Dutrillaux and colleagues (1991)
have constructed a plausible model of cellular-level genetic evolution in breast neo-
plasia. Their data suggest that, initially, an accumulation of multiple unbalanced
chromosomal rearrangements leads to a small net loss of genomic DNA via seg-
mental deletions. These events would potentially contribute to altered gene expres-
sion through losses of heterozygosity that “unmask” recessive alleles at tumor
suppressor loci. The number of observed chromosomal rearrangements, as should
be noted, varies considerably among individual tumors, reflecting either inherent
differences in rate of mutation or differences in sampling with respect to the length
of time or number of cell doublings through which individual tumors have evolved.
Genetic rearrangements in breast carcinomas may affect up to 80% of cellular chro-
mosome compliments, but overall they are involved in an average of 30%. Com-
parison of karyotypes derived from tumors having few rearrangements with those
having many demonstrates that shared, and therefore important or early, alterations
involve chromosomes 1, 8, 11, 16, and 17 (Dutrillaux et al., 1990; Dutrillaux et al.,
1991). Structural alterations involving 1q or 16p are especially common, with an
observed prevalence of up to 60%.
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During the evolution of a particular neoplasm, genetic rearrangements develop
in conjunction with diminished total chromosome number, which is sometimes
considerable, by virtue of acquired monosomies. Chromosome loss, though, is gen-
erally out of proportion to cellular DNA losses since formation of large chromo-
somes occurs (Remvikos et al., 1988). Although chromosome number in near
diploid tumors may fall to about 35, the net loss of cellular DNA is limited to about
15% of the normal total complement. About one-third of human breast carcinomas
will indefinitely maintain karyotypic profiles having near diploid cellular DNA
content, whereas the remainder will eventually develop aneuploid “stemlines”, pre-
sumed to be clonal, of cells having increased total DNA content (1.2-3 times nor-
mal). Tumors having combined diploid range and aneuploid karyotypic modes
have been shown by Dutrillaux and colleagues to share common aberrations. They
are also estimated to contain quantitatively similar amounts of DNA as “stemlines”
observed in corresponding flow cytometric DNA histograms. Thus, cytophotomet-
rically, DNA aneuploid stemlines, which occur in the majority of breast carcino-
mas, are theorized to develop via endoreduplication (“tetraploidization”) of
near-diploid progenitor cells, followed by clonal expansion.

Approximately one-half of tumors harboring aneuploid stemlines will retain the
near-diploid progenitor stemline, which is presumed to continue “evolving”. At
least two lines of evidence, however, suggest that tumors that harbor aneuploid
stemlines represent more genetically “evolved”, or unstable, neoplastic popula-
tions than tumors with diploid range populations only. Firstly, the probability of en-
doreduplication, at least insofar as generation of a cytophotometrically detectable
aneuploid population was concerned, was shown to be greater in neoplasms that
had acquired either more chromosomal rearrangements or greater decreases in
chromosome number (Dutrillaux et al., 1991). Secondly, synthesis phase fraction is
usually greater in DNA aneuploid- versus diploid-range stemlines (Remvikos et al.,
1992). The latter association 1s in keeping with a greater degree of “tumor progres-
sion” because proliferative autonomy is widely agreed to reflect aclinically aggres-
sive (generally estrogen receptor—negative) phenotype, which directly or indirectly
facilitates invasive growth.

In addition to presence of shared or “marker” chromosomes in karyotypic stem-
lines, the patterns of DNA content in corresponding stemlines analyzed by flow cy-
tometry are compatible with the theory that polyploidization represents the
dominant mechanism by which aneuploid populations are generated. This is illus-
trated in Table 1. Note that the DNA indices of aneuploid stemlines from clinically
derived cytophotometrically multiclonal breast neoplasms typically represent near
multiples of one another. Additionally, the preponderance of DNA aneuploid hu-
man breast carcinomas have DNA indices in the hypotetraploid range (i.e., DNA in-
dex 1.6-1.8), which is fully compatible with net loss of cellular DNA occurring
prior to and/or following genomic endoreduplication (Visscher et al., 1995b)

The molecular pathogenesis of “polyploidization” in vivo is poorly defined. Nei-
ther is it entirely clear whether the observed association with abnormal cell cycling
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Table 1. Flow Cytometric DNA Indices of Hypodiploid
Carcinomas Having Accompanying Hyperdiploid Stemlines

_DNA INDEX
Hypodiploid Peak Hyperdiploid Peak
0.8 1.6
0.8 1.5
0.8 1.6
0.8 1.5/1.7
09 1.8
0.9 1.9
0.9 1.7
0.9 1.7
0.9 1.7

(either proliferative fraction or kinetics) represents a cause or an effect of aneuploid
stemline generation. Observations made from experimental polyploidization of ma-
lignant cell lines in vitro suggest these events result from genetic instability occurring
during mitosis (Sennerstam and Auer, 1993). Relatively short cell cycles, moreover,
predispose cells to endoreduplication events. These data would seem to implicate
dysfunction of genes that regulate genomic organization during DNA synthesis and
cytokinesis as critical events in breast carcinoma progression. The mechanism(s) of
maintaining (or failing to maintain) genomic integrity, particularly during cell divi-
sion, remain(s) largely undefined in human breast neoplasia. The list of genes poten-
tially involved with genomic instability, though, is lengthy (Volpe et al., 1988).
Perhaps in this context it is worth mentioning that one of the genes known to maintain
genomic organization—p53—is less often mutated in breast neoplasia than in most
other adult adenocarcinomas. However, p53 mutation is associated with DNA ane-
uploidy in breast carcinoma (Schmitt et al, 1995) as well as with frequency of allelic
loss (Eyfjord et al, 1995). Similarly, microsatellite instability (so-called mutator phe-
notype) is observed, but with variable frequency, in breast carcinomas (Shaw et al.,
1996). Other authors (Shay et al., 1993; Odagiri et al., 1994) have noted that breast
carcinomas are characterized by loss of telomeric DNA, a region which is believed
responsible for genomic organization.

According to Dutrillaux and colleagues (1991), chromosomal alterations in-
volving either the near diploid or triploid range stemline may continue to accumu-
late following the endoreduplication event that generates a cytophotometrically
aneuploid stemline. Cytogenetically, however, DNA losses following endoredupli-
cation events more frequently involve deletion of whole chromosomes as opposed
to unbalanced rearrangements. Progressive DNA losses from aneuploid stemlines
initially having DNA indices of 1.6-1.8 are theorized to eventually generate clonal
populations exhibiting DNA indices of 1.3-1.4. Thus, it is the character of DNA
aneuploidy, as opposed to the absolute deviation of DNA content from normal, that
best reflects degree of cellular genetic evolution.
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Phenotypic parameters of human breast carcinomas would appear to support
this model of dynamic genetic progression. It has been reported, for example, that
DNA tetraploid breast carcinomas (i.e., those having DNA indices of 1.9-2.1) are
characterized by patient survival similar to or slightly worse than diploid-range tu-
mors, but better than triploid range cases having DNA indices of 1.3-1.7 (Joensuu
et al., 1992). These findings are presumably explained by the inference that per-
itetraploid DNA content reflects an endoreduplication event that was neither pre-
ceded, nor followed, by appreciable DNA content loss or, by analogy, chromosomal
rearrangement. Other empirical data also support this theory of genetic pathophysi-
ology. Synthesis phase fractions of breast carcinomas, for example, progressively
increase as DNA index decreases from 2.0 to 1.3 (Remvikos et al., 1992). Further-
more, DNA aneuploid stemlines may undergo a second round of genomic endore-
duplication. Polyploidization of triploid-range stemlines, if followed by clonal
expansion, gives rise to hypertetraploid stemlines with DNA indices between 2.6
and 2.8. As might be expected, such cases are phenotypically high grade (i.e.,
poorly differentiated) and clinically aggressive (Fallenius et al., 1988). Hypertetra-
ploid stemlines, though, are relatively uncommon in series of flow cytometrically
analyzed breast carcinomas, accounting for only 10-15% of cases. They are rarer
still in karyotypes.

From the standpoint of cellular DNA content and karyotype then, breast carcino-
mas are characterized by three major genetic subgroups with respect to dominant
clonal population: (i) purely near-diploid, (ii) purely hypotetraploid / triploid, and
(ii1) a combined diploid-range to aneuploid, or heterogeneous, pattern. These pat-
terns of cellular level clonal genetic alteration have been observed in other forms of
human epithelial neoplasia, such as colorectal carcinoma, in which karyotypically
and cytophotometrically peridiploid or endoreduplication-derived, triploid-range
DNA stemlines exist alone or concurrently (Giaretti, 1994).

Readers familiar with flow cytometric studies of human breast carcinomas will
note that the mechanism of cytogenetic evolution proposed by Dutrillaux and col-
leagues appears to reconcile the apparent ineffectiveness of ploidy status as a highly
reliable prognostic index. Cytophotometrically diploid-range breast carcinomas,
notably, are clinically very heterogeneous with at least some characterized by meta-
static phenotype and therefore, an “advanced” degree of tumor progression. Such
aggressive cases, it may be hypothesized, could have developed extensive chromo-
somal rearrangements leading to metastatic phenotype in the absence of stable
polyploidization. Although published studies correlating karyotype complexity to
disease outcome in near-diploid breast carcinomas are lacking, it is certainly the
case that diploid-range carcinomas may also be characterized by considerable di-
versity in proliferative fraction.

Potential insights into the heterogeneous pathobiology of near-diploid breast
carcinomas have also been provided by investigators who employ image cytopho-
tometric (as opposed to flow cytometric) DNA analysis. Studies of cellular DNA
content using these methods demonstrate that approximately 18% of diploid-range



Genetic Instability 165

breast carcinomas harbor small numbers (less than 2% of total cells) of highly ane-
uploid cells, often with hypertetraploid DNA content (Siitonen et al., 1993). By vir-
tue of limited representation, such cells would not form a visible population in flow
cytometric DNA histograms nor would they likely be observed in karyotypes. Their
presence in small but quantifiable numbers, though, is compatible with the notion
that endoreduplication events occur with significant frequency in some tumors in
keeping with the notion of variable intrinsic genetic instability. However, for rea-
sons that remain unclear, they do not necessarily give rise to polyploid stemlines
through clonal expansion. Interestingly, the presence of isolated hypertetraploid
cells is associated with elevated proliferative fraction—additional evidence linking
genetic instability to cell cycling (Siitonen et al., 1993). Detection of highly ane-
uploid cells also correlates with adverse outcome, albeit in tumors with either
diploid-range or aneuploid DNA content. Although the functional significance of
highly aneuploid cells in tumor progression remains unclear, their apparent clinical
relevance is compatible with the notion that markers of inherent genetic instability
per se have clinical relevance.

Compared to flow cytometry, image cytophotometric analyses reveal another,
qualitatively different, pattern of cellular DNA content aberration that is in keeping
with subsets of breast carcinoma characterized by a high degree of intrinsic genetic
instability. Auer and colleagues (1980), among others, have emphasized the pres-
ence of breast carcinomas having so-called Type IV DNA histograms. Cytopho-
tometric DNA content analyses of these cases reveal numerous aneuploid cells with
many hypertetraploid events, but without dominant (clonal) stemlines. Although
flow cytometric DNA content analyses rarely, if ever, reveal such “diffuse” patterns
of DNA aneuploidy, cell-by-cell karyotype analyses of some individual cases con-
firms the existence of highly diverse, “unstable” tumors. Even among cytopho-
tometrically homogeneous aneuploid tumors, though, chromosome counts using
fluorescence in situ hybridization demonstrate an unsettling degree of genetic het-
erogeneity in human breast neoplasia (Visscheret al., 1995c¢). Counts for individual
chromosomes obtained by fluorescence hybridization techniques are often charac-
terized by marked intercellular variability such that individual chromosome com-
plement is best characterized by a modal value. The consistent and somewhat
paradoxical finding that such tumors nonetheless produce discrete DNA “stemli-
nes” in flow cytometric DNA histograms remains to be fully explained, although it
is confirmed by metaphase analyses, which usually demonstrate total chromosome
count heterogeneity within apparently dominant stemlines (Bell et al., 1990). It is
perhaps the case that individual variabilities in chromosome aneuploidy tend to
“cancel one another out”, thereby producing discrete, quantitatively-definable
stemlines with “stable” DNA content. Thus, even within the predominant group of
cytophotometrically homogeneous breast cancers, the relatively common presence
of highly aneuploid “outlier” cells as well as marked variability in individual chro-
mosome number nevertheless confirms a variable, but often high degree of struc-
tural genetic diversity compatible with genomic instability.
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The observed intratumoral and intertumoral variabilities of genetic aberration in
human breast neoplasia have long represented an issue of importance and a source
of consternation. As already noted, metaphase spreads of breast carcinoma cells are
often highly complex with rearrangements often involving a majority of chromo-
somes. However, the variety of consistent or specific anomalies (i.e., peculiar to
breast neoplasia) is limited. The extent to which genotypic complexity is a reflec-
tion of “random” genetic alteration (i.e., genetic instability) resulting in genetic
“noise” or the existence of multiple genetically-distinct breast carcinoma subsets
(as defined by characteristic translocations, deletions, etc... possibly correspond-
ing to distinct clinical-epidemiologic groups of patients) remains unclear. At pres-
ent, developing a “genetic classification” for breast carcinoma is frustrated by the
inability to evaluate the large number of cases required to account for both the vari-
ety of clinical subsets and genetic aberrations.

Genetic Instability in Early Breast Neoplasia

Cultivating an understanding of “random”, as opposed to “progression-related”
genetic alterations, as implied by the clinical relevance of “rare” aneuploid events,
has potentially enormous biological significance since genetic instability per se
would, arguably, precede clonal expansion. For this reason, investigators have re-
cently focused attention on the supposed precursor lesions of breast carci-
noma—the hyperplasias—in an attempt to identify evidence that “early” stages of
neoplastic progression are characterized by genetic instability. These studies unfor-
tunately, are limited in number, lacking in clinical follow-up, and quite variable
with respect to methodology, which includes cytophotometry, FISH, and
molecular-level assays of allelic loss (loss of heterozygosity, or LOH). Although
these studies are reasonably consistent in demonstrating the presence of genetic ab-
normalities in many “proliferative” lesions, they provide somewhat differing pic-
tures of genetic instability among these breast epithelial populations. Several
groups, for example, have reported the presence of cytophotometrically detectable
DNA aneuploidy or abnormal p53 expression in florid or atypical ductal hyperpla-
sias (Crissman et al., 1990; Younes et al., 1995). To the extent that cytophotometri-
cally detectable aneuploid stemlines represent a clonal, or “genetically advanced,”
anomaly (at least in terms of the model proposed by Dutrillaux et al., 1991), these
data would appear wholly compatible with the notion that at least some “hyperplas-
tic” breast lesions represent neoplasms, perhaps akin to colorectal adenoma. The
histologic resemblance of atypical hyperplasia (AH) to well differentiated forms of
intraductal breast carcinoma is further evidence of such a relationship.

More sensitive in situ hybridization methods reveal that many hyperplastic le-
sions (and virtually all hyperplastic lesions with morphologic “atypia”) are char-
acterized by numerical alterations (aneuploidy) of at least one chromosome
(Micale etal., 1994). Several observations from this admittedly incompletely de-
veloped literature are particularly revealing about the nature of genetic instability
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in “early” breast neoplasia. Firstly, chromosome aneuploidies in hyperplastic le-
sions are more or less randomly distributed through the genome, without apparent
pattern. Sneige and colleagues (1996) for example, evaluated 25 proliferative and
pre-invasive breast lesions for aneuploidies of chromosomes 7-12, 17, 18, and X.
The frequency of individual chromosome affected by numerical abnormality var-
ied between 39% (for chromosome 11) and 73% (for chromosome 7). Secondly,
chromosome aneuploidies were, in general, limited to a relatively small minority
of cells in the lesion. Chromosomal gain in AH, for example, involved a mean of
8.5% of counted nuclei (range 3—-37%), a gain that hardly seems sufficient to re-
sult in DNA shifts sufficient to be predictably detected as DNA aneuploidy by cy-
tophotometry. There are, unfortunately, no studies that correlate aneuploidy of
individual chromosomes to karyotype or cytophotometric aneuploidy in prolif-
erative breast lesions. It is thus not possible to determine whether all of these find-
ings reflect “random” events involving isolated cells or possibly the presence of a
small subpopulation of cells that have resulted (either individually or via clonal
expansion) from endoreduplication. It is interesting, in this context, to note that
numerical chromosome gains were more frequently observed by Sneige and col-
leagues than were numerical losses. These data, in any event, seem at least com-
patible with the notion that putatively early stages in the evolution of breast
neoplasia may be characterized by cellular level genetic alterations. The extent to
which such alterations reflect genetic instability, genetic evolution or both re-
mains speculative however.

Would the presence of a focal and seemingly disorderly pattern of genetic
anomalies, as observed using interphase cytogenetics, however, necessarily ex-
clude the synchronous occurrence of clonal or progression-related events in so-
called premalignant lesions? A preliminary answer to this question has been for-
warded by O’ Connell and colleagues (1994), who compared proliferative lesions to
synchronous pre- invasive and invasive breast carcinomas for losses of heterozy-
gosity at four loci. The observed frequency of LOH, for at least one locus, was 63%
in proliferative lesions with atypia. This is similar to the frequency (63%) in ductal
carcinoma in situ (DCIS). Perhaps more significant, though, was the finding that
50% of proliferative lesions shared LOH patterns with concurrent but more ad-
vanced lesions (i.e., invasive carcinoma in the same breast). Concurrent foci of
pre-invasive and invasive carcinoma shared LOH patterns in an even greater pro-
portion of cases (80%). Apart from adding support to the concept that at least some
hyperplastic breast lesions actually represent neoplastic proliferations, the data
from this study imply that histologically recognizable stages of breast carcinomas
evolve, at least partially, in a serial manner. That is, the presence of shared genetic
lesions is compatible with a direct clonal evolution of cells from a hyperplastic le-
sion into a phenotypically more advanced pre-invasive carcinoma, and so on. This
contrasts with the competing “parallel” model of breast carcinoma evolution in
which proliferative lesions accompany but develop independently from co- exist-
ing malignant lesions.
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It should be noted, of course, that studies of this type are preliminary. The study
by O’Connell and colleagues (1994) included only 60 cases all of which had ad-
vanced to invasive ductal carcinoma. The data also fail to exclude a mixed serial and
parallel evolution pattern because only partial homology was observed between
proliferative and malignant lesions. Given the considerable epidemiologic, clini-
cal, and pathologic heterogeneity of breast carcinoma, moreover, it is hardly incon-
ceivable that multiple evolutionary pathways of tumor progression may exist.

In summary then, the perhaps sparse data would seem to suggest that breast tis-
sues are characterized by evidence of genetic instability before the appearance of
histologically-detectable malignant transformation. Proliferative breast disease, as
such, would appear to represent a marker of sorts for genetic instability. The high
prevalence of PBD in relation to breast carcinoma, though, suggests either that ge-
netic instability alone is an insufficient condition for progression to malignant neo-
plasia or that PBD is biologically heterogeneous. The lengthy and complex natural
history of human breast neoplasia in addition to the focal anatomic distribution of
hyperplastic lesions represent unfortunate but significant obstacles to an improved
understanding of the early events in breast tumor progression.

The Transition from Preinvasive to Invasive Disease

In contrast to so-called proliferative (hyperplastic) lesions, karyotypic and DNA
content aberrations in pre-invasive breast carcinomas, are well described. Although
there are notable differences with invasive neoplasia, the data show that in situ car-
cinomas are generally characterized by arelatively advanced degree of genetic pa-
thology, atleast according to models described previously herein. At the karyotypic
level, for example, DCIS is uniformly characterized by abnormal metaphases
(Nielsen et al., 1987; Nielsen et al.,1989). Among diploid-range DCIS cells,
moreover, different metaphases from a given case typically demonstrate a spread,
or scattering, of the chromosome number around 46. These data are analogous to
previously described results of in situ hybridization analyses of chromosome
number in both proliferative and invasive lesions, which were characterized by a
surprising cell-to-cell variability in chromosome counts. Numerical chromosome
losses, though, are limited in karyotypes of pre-invasive breast carcinomas. The
modal (diploid-range) chromosome counts for DCIS reported by one group ranged
from 45 to 49 (Nielsen et al., 1989). Invasive lesions studied by the same authors, in
contrast, had diploid-range modal chromosome counts between 37 and 40. Thus,
significant degrees of numerical chromosome loss appear to be associated with the
invasive stages of tumor growth. These findings would seem to link a pathologi-
cally recognizable step in tumor progression to the Dutrillaux model of genetic evo-
lution. Although karyotypes of most pre-invasive carcinomas exhibit diploid-range
chromosome counts (triploid-range stemlines were observed in approximately
40% of cases), most cases also exhibited varying numbers of polyploid cells com-
patible with random endoreduplication events as earlier described in image analy-
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sis studies. Triploid-range karyotypes in DCIS, moreover, contained greater
numbers of chromosomes than metaphases derived from invasive tumors (69-72
vs. 60-69), also in keeping with the Dutrillaux model.

Flow cytometric studies generally confirm the greater frequency of aneuploid
stemlines in invasive, as compared with pre-invasive, breast carcinomas. DNA
aneuploidy has been reported in about 40% of DCIS cases versus 60-70% of inva-
sive tumors (Aasmundstad and Haugen, 1990; Killeen and Namiki, 1991). Cau-
tion should be exercised in interpreting analyses of this type since relatively small
DNA aneuploid stemlines in some tumors could be numerically dominated by
diploid-range populations and thus not identified in DNA histograms. This is im-
plied by the results of interphase cytogenetic studies, which to date have reported
chromosome aneuploidy in a minority of the cells derived from DCIS lesions
(20-40%) as compared with virtually all of the cells from invasive neoplasms
(>80%) (Sneige et al., 1996; Visscher et al., 1996). The extent to which this is ex-
plained by the presence of “small” aneuploid populations, differential admixture
of benign hyperplastic populations within pre-invasive lesions, or by lesser de-
grees of intrinsic genomic instability is unclear at this time. Furthermore, it is ar-
guably true that clinically detected, pre-invasive carcinomas have significant
biological differences from areas of in situ carcinomas that represent residual in
situ components within overly invasive breast neoplasia. In other words, breast
neoplasms that have reached a detectable, sometimes considerable size without
evolving to invasive phenotype may be fundamentally different (i.e., not merely
an earlier stage) from neoplasms that invade following an undetected and pre-
sumably shorter phase of pre-invasive neoplasia. These differences may bias ex-
trapolations of genetic pathophysiologic mechanisms based on presumed
analogies.

Finally, the frequency of DNA aneuploidy in DCIS and all breast neoplasms for
that matter is highly dependent on nuclear grade, or the degree of nuclear enlarge-
ment, hyperchromatism, and pleomorphism. Approximately one half of pre-
invasive breast carcinomas exhibit high grade nuclear cytologic features. (Such tu-
mors are often referred to as “comedocarcinomas” owing to the presence of lume-
nal necrotic debris.) The results of genetic studies that evaluate pre-invasive breast
neoplasia are thus rendered vulnerable to potential errors associated with selection
bias based on grade. Predictably, DNA aneuploidy is observed in virtually all high-
grade (so-called comedo) in situ ductal carcinomas whereas the frequency of ane-
uploid stemlines in low-grade tumors approaches that of atypical hyperplasia
(Crissman etal., 1990). It is perhaps not surprising and hardly a source of comfort to
note that many pre-invasive breast carcinomas (at least one-third) are also charac-
terized by a morphologically heterogeneous phenotype, which is compatible with
significant (or rapid) genetic evolution during the pre-invasive phase of tumor
growth (Lennington et al., 1994). Thus, an important dichotomy in the biology of
breast neoplasia, that of grade-dependent behavior, becomes manifest during the
pre-invasive stage of tumor growth.
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Most would agree that high-grade, and thereby aneuploid, DCIS cases are more
likely to evolve to invasive growth (within limited time intervals) than well differ-
entiated DCIS cases. Does this imply that aneuploidy and, by analogy, genetic in-
stability, facilitate invasive growth? In tumors with muitiple stemlines,
unfortunately, the distribution of diploid and aneuploid stemlines between pre-
invasive and invasive disease components is not predictable (Visscher et al., 1993).
That the absence of detectable endoreduplication is not necessarily a barrier to inva-
sive phenotype is also implied by the aforementioned 30% frequency of karyotypi-
cally and cytophotometrically diploid-range invasive carcinomas.

Possibly more dramatic evidence of genetic divergence between pre-invasive and
invasive breast neoplasia is to be found at the molecular level with assays of allelic
loss or imbalance (so called allelotype). Aldaz and colleagues (1995) have recently
compared the incidence of allelic imbalance (at 20 loci) in 23 pre-invasive and 29 in-
vasive carcinomas. None of the loci was more frequently altered in pre-invasive com-
pared to invasive lesions. However, eight of twenty alleles (40%) were significantly
more likely to be altered in the invasive tumors, especially loci on 3p, 16p, 18q, and
22q. These data seem to imply that most genetic events acquired during pre-invasive
growth would also provide selective advantage to invasive neoplastic growth and
were thereby retained during progression to invasive phenotype. The observed ten-
dency to conserve genetic alterations in the transition from in situ to invasive growth,
alternatively, may be interpreted to imply that invasive phenotype reflects additive, or
interactive, effects of previously acquired, functionally significant genetic lesions.

Although the data of Aldaz and colleagues (1995) largely substantiate the exis-
tence of significant genetic distinctions between pre-invasive and invasive breast
neoplasia, they are subject to the potential for case selection bias as previously enu-
merated. In particular, the inability to assess individual neoplasms at different
points in their natural history imposes considerable limitations on interpreting the
biologic relevance of genetic alterations to a given neoplasm. As with other aspects
of breast carcinoma, the task of analyzing the significance of genetic instability in
pre-invasive breast neoplasia is complicated significantly by extreme variability in
pre-invasive disease interval as implied by intertumoral heterogeneity in the rela-
tive proportions of in situ and invasive disease that comprise breast masses (Silver-
berg and Chitale, 1973). Some clinically presenting breast tumors are characterized
by more or less equal volumes of pre-invasive and invasive neoplasia. In other inva-
sive neoplasms, it may be difficult to identify any residual in situ neoplasm, even
with extensive tissue sampling. It is reasonable to hypothesize that length of pre-
invasive disease interval reflects the degree of intrinsic genetic instability and
thereby the tendency to progress. Careful study of genetic alterations in the context
of concurrent invasive and pre-invasive disease extent, then, may provide an altera-
tive to the likely insoluble problem of obtaining longitudinal, or serial, analyses of
human breast tumor progression.

A notable such study that has compared pre-invasive to concurrent invasive dis-
ease components, however, shows that at least one oncogene, ERBB-2, is paradoxi-
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cally overexpressed more frequently in pre-invasive that in invasive breast
neoplasia. Allred and colleagues (1992) have shown that ERBB-2 immunoreactiv-
ity is present in 56% of purely in situ ductal carcinomas versus the only 11% of
purely invasive lesions. Tumors with admixed pre-invasive and invasive neoplasia
overexpressed ERBB-2 in an intermediate proportion of cases (22%). Apart from
the apparent divergence from the study by Aldaz and colleagues, these data are also
paradoxical in view of numerous reports that associate ERBB-2 alterations with ag-
gressive clinical behavior in breast neoplasia such as recurrence, metastasis, tumor
grade, and DNA aneuploidy. They would seem, at least superficially, to suggest that
ERBB-2 facilitates pre- invasive, but not invasive, stages of tumor growth.

In the study of Alired and colleagues (1992) though, presence of ERBB-2 over-
expression in the invasive tumor component correlated perfectly with overexpres-
sion in co-existing DCIS. This finding is directly analogous to previously cited
molecular-level experiments. Interestingly though, the “high-grade” DCIS variants
(most of which overexpressed ERBB-2) were significantly less likely to be associ-
ated with host invasion than “lower grade” DCIS variants, which typically lacked
ERBB-2 overexpression. To the extent that oncogene amplification, genetic insta-
bility, and high-grade are correlated, as noted earlier, these data would seem to rep-
resent additional data that imply lack of direct causal association between genetic
instability and invasive phenotype. In view of these data, moreover, it would seem
that the biological significance of ERBB-2 within a given neoplasm would need to
be interpreted in the context of other genetic parameters, host factors that impact tu-
mor growth, and the size and growth rate of the neoplasm. The observed association
of ERBB-2 with high grade (and DNA aneuploidy) would also be understandable if
it were also true that tumors with high levels of intrinsic genetic instability evolve in
amanner that differs fundamentally from those with less or differing patterns of ge-
netic instability.

Clonal Heterogeneity

Animportant theoretical consequence of genetic instability is the potential to
generate multiple populations of cells having variable phenotypic traits. The ex-
pected consequences of this process may be viewed from at least two mechanis-
tic perspectives which, although divergent, are not necessarily mutually
exclusive. Firstly, it may reasonably be hypothesized that selection of genetic
variants based on growth advantage would lead to eventual numerical domi-
nance of each tumor by the most aggressive, or “genetically evolved,” clonal
population. Such models of neoplastic progression minimize the biological sig-
nificance of productive interactions between populations of neoplastic cells. An
alternative model that emphasizes the relevance of cellular interaction, predicts
that genetic instability would potentially facilitate tumor progression through
synergistic interactions between multiple genetically distinct, functionally-
diverse, populations.
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Static karyotypic, cytophotometric, or molecular genetic data, of course, can
neither prove nor refute either of these alternatives since they cannot measure (or
detect) functional cellular interactions. Studies using experimental tumor models,
however, have revealed a variety of productive cellular interactions. Furthermore,
the literature collectively demonstrates that many, if not most breast carcinomas,
harbor at least two genetically distinguishable, co-dominant *populations. Dutril-
laux and colleagues (1991) as previously described, reported that about one-third of
breast carcinomas contained a mixture of near-diploid and triploid karyotypes. To
the extent that single-sample karyotype analyses constitute a limited sampling, they
likely represent a conservative estimate of heterogeneity. Cytophotometric or
karyotype assays derived from multiple geographically separated areas of neoplas-
tic tissue reveal that a minimum one-half, and possibly as many as all breast carci-
nomas, contain multiple stemlines (Bonsing et al., 1993; Visscher et al., 1995b).
Some authors have even reported the admixture of multiple unrelated clonal popu-
lations (Teixeira et al., 1996).

In the absence of assays that detect synergistic, growth-promoting interactions,
one must concede that clonal heterogeneity may simply reflect rapid clonal evolu-
tion owing to genetic instability (i.e., with some populations in decline, others gain
in degree of representation). Some authors have attempted to infer the presence of
cooperative growth-promoting relationships between neoplastic subpopulations,
therefore, by examining the distribution of stemlines in different areas of primary
neoplasm or by comparing stemline heterogeneity in primary tumors with metasta-
ses or recurrences. As might be anticipated, the data from such studies lend them-
selves neither to conclusive nor to straightforward interpretation. Co-dominance of
intermingled cells from differing stemlines, for example, would be compatible with
growth-promoting cellular interaction (e.g., via paracrine mechanisms). Many tu-
mors do, in fact, contain co-dominant populations within geographically limited ar-
eas. Other cases, however, clearly demonstrate geographic isolation of stemlines
(Visscher et al., 1995a; Teixeira et al., 1996). Furthermore, the proportions of ad-
mixed, versus isolated, genetically co-dominant neoplasms varies between the few
published studies. It should perhaps be noted, in view of these data, that the spec-
trum of potentially synergistic interactions is considerable. It is thus unlikely that
all such relationships would be limited by degree of proximity. Furthermore, it is
not entirely clear whether geographically isolated clones have necessarily evolved
away from, as opposed to towards, interdependence or interaction with other stem-
lines.

The case for “productive heterogeneity” is strengthened somewhat by studies
that compare cytophotometric stemline distribution in primary tumors either to
synchronous metastases or to recurrences (Feichter et al., 1989; Beerman <t al.,
1991; Bonsing et al., 1993; Symmans et al., 1996). Cytophotometric DNA stemline
heterogeneity has been observed in the majority of metastatic deposits from clinical
breast carcinomas. In most but not all cases, moreover, the primary tumors and me-
tastasis contain DNA stemlines that share similar DNA content (i.e., DNA indices).
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Lack of dramatic cellular DNA content shifts between primary and metastatic neo-
plastic populations implies either considerable homogeneity between the primary
and metastatic populations of a tumor or that evolution of metastatic phenotype in-
volves limited genetic progression (i.c., per the model of Dutrillaux et al., 1991).
The observed combinations of DNA indices in cytophotometrically defined stemli-
nes, whether in primary or in metastasis, is nonrandom. Typically, one or more
DNA aneuploid (triploid-range) stemlines is observed together with a near-diploid
stemline as described in karyotype analyses of primary neoplasms. Near-diploid
stemlines, in fact, are disproportionately observed in post-therapy recurrences or
breast neoplasia, thereby affirming their biological viability (Beerman et al., 1991).
This apparent co-evolution of near-diploid with aneuploid stemlines in a large
number, possibly a preponderance of breast neoplasms, seems compelling albeit in-
direct evidence for the significance of stable interactions, however obscure, be-
tween clonal populations of neoplastic cells.

Although the cytophotometrists generally fail to discern clear differences in de-
gree of stemline heterogeneity between primary and metastatic lesions, it is usually
the case that cytophotometrically homogenous primaries are associated with ho-
mogenous metastases. Conversely, cytophotometrically heterogeneous primaries
are usually associated with heterogenous metastases. Whether this apparently in-
trinsic tendency to clonal heterogeneity reflects permissive cellular interactions or
merely differential rates of mutation and clonal expansion is not clear. In either
case, however, the observation would seem to be yet additional evidence that degree
of genetic diversity represents an intrinsic trait that is conserved throughout lengthy
periods of a tumor’s natural history. This is not unlike traditional phenotypic traits
such as histologic subtype or degree of differentiation, which are maintained
throughout the natural history of individual breast neoplasms. More recent investi-
gators have also demonstrated concordant proliferative index and ERBB-2 expres-
sion between primary neoplasm and metastasis (Goodson et al., 1993).

CONCLUSION

It is presumed, but not proven, that the inability to maintain consistent genomic or-
ganization is a driving force behind continuing tumor progression. The current ac-
cumulated data suggest that histologic precursor lesions of human breast
carcinoma—one or more components of proliferative breast disease—are charac-
terized by DNA pathology in keeping with genetically unstable populations. The
degree of genetic aberration at the “hyperplastic stage”, though, is poorly defined.
Some cases may be limited to widely dispersed cells with chromosome aneuploidy
(i.e., without evidence of clonal expansion) compatible with mere presence of ge-
netic instability. Other precursor lesions may, in fact, contain “progression-related”
DNA pathology more in keeping with pre-invasive malignancy. Pre-invasive carci-
nomas, then, most likely evolve directly from “partially transformed” precursor le-
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sions following acquisition of a sufficient (but yet undefined) number of events.
Chromosomal rearrangement is clearly an integral component of this process.

In addition to structural karyotypic or molecular-level alterations that impact
phenotype, breast neoplasia is characterized by at least three variably quantifiable
manifestations of intrinsic genetic instability—clonal cellular DNA content aberra-
tion, “rare” highly aneuploid cells, and heterogeneity of chromosome count within
karyotypically and cytophotometrically defined “stemlines”. In many neoplasms,
aneuploid cells derived from genomic endoreduplication have sufficient growth ad-
vantage to undergo clonal expansion. This event seems to define the degree of dif-
ferentiation (or heterogeneity of differentiation) for a neoplasm at the pre-invasive
stage. DNA aneuploidy also reflects a greater intrinsic degree of genetic instability
by virtue of associations with karyotypic complexity, gene amplification, and p53
mutation. Other breast tumors seem to be characterized by an inherently limited de-
gree of genetic instability as shown by indefinite maintenance of “low-grade”,
near-diploid cell populations throughout the disease natural history. At a superficial
level, this dichotomy of genetic pathology and progression may account for the
clinically apparent division of human breast carcinomas into well differentiated or
slow-growing versus poorly differentiated or rapid-growing disease subsets. Breast
neoplasia, though, is also characterized by a sizable group of neoplasms character-
ized by apparently stable clonal stemline heterogeneity, although the clinical corre-
lates of this pattern remain undetermined. In our view, the large number of cases
that sustain (in both primary and metastatic lesions) admixed diploid-range with
triploid stemlines is compelling evidence that there is functional relevance to this
and perhaps other more subtle forms of genetic heterogeneity. Further study of this
pattern may illuminate the apparent lack of correlation between “evolved” ane-
uploid clones and criiical events in tumor progression such as invasion and metasta-
sis.
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INTRODUCTION

Transgenic biology is now in its second decade. The development of transgenic
mice and of “knock-out” mice has created a dramatic revolution in experimental bi-
ology. Coupled with the promise of the Human Genome Project, the mouse has
emerged as the major model for biological research. The laboratory mouse has been
referred to as the E. coli of modern biology and the surrogate for human biology
(Paigen, 1995). The mouse is relatively inexpensive to maintain, is relatively easy
to manipulate and its genome is syntetic with the human. The mouse has become
the mammal of choice for the analysis of interaction of specific genes with the
whole animal. Various aspects of transgenic mouse mammary biology have been
reviewed by ourselves and others (Cardiff and Muller, 1993; Dickson et al., 1991;
Muller, 1991; Cardiff et al., 1992; Cardiff, 1988; Cardiff and Aguilar-Cordova,
1988; Strange and Cardiff, 1989; Cardiff, 1995; Cardiff and Munn, 1995; Webster
and Muller, 1994; Groner 1992; Callahan 1991).

The investigator wishing to understand the pathophysiology associated with ge-
netic manipulation in the transgenic or knock-out mouse needs to understand the
normal variations that occur in the animal and the target organ. Genetic manipula-
tion can result in unexpected alterations in growth and development that defy tradi-
tional pathologic interpretation. Variations in a normal can be misinterpreted as
phenotypic changes associated with a transgene. Nonneoplastic inflammatory in-
filtrates have been interpreted as malignancies. Animals with knocked out or al-
tered immune systems are particularly susceptible to opportunistic infections that
can be misinterpreted as a “phenotype” by overeager investigators.

This chapter is designed to provide the beginning investigator with an overview
of mammary histopathology. It will comment on the key findings in the normal
growth and development of the mammary gland to establish baseline parameters
for comparison with potential effects of transgenes or knock out of suppressor and
other genes. Some of the more common experiences in alteration of growth and de-
velopment of the mammary gland in genetically altered mice will be described. Fi-
nally, some of the dysplastic changes and progression to neoplasia will be
described.

The current chapter primarily relates our experience with the mammary gland in
transgenic and/or knock-out mice. It is intended as a useful guide for the investiga-
tor who is either targeting the mammary gland or has unexpected aiterations in the
mammary gland. Our experience is based on the examination of gross and/or mi-
croscopic samples from over 5000 genetically manipulated animals and controls at
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the Transgenic Histopathology Laboratory of the University of California, Davis,
School of Medicine (http://www-mp.ucdavis.edu/tgmice/firststop.html//). Our ar-
chives contain mammary gland samples from over 2000 mice with over 100 trans-
genes and/or knock-outs including combinations sent to us by 137 investigators
from 37 different laboratories. This collection permits a unique comparative study
of the biology of the transgenic mammary glands from a number of different
sources. The chapter will review normal mammary gland, hyperplasias, dysplasias,
and tumors. We will also comment on neoplastic progression and compare the
histopathology of mouse and human mammary glands.

HISTOPATHOLOGY OF THE WILD-TYPE MAMMARY GLAND
Growth and Development

The mammary glands form from a thickening of the epidermis called the milk
line. The milk lines develop in all mammals and extend from the axilla to the groin.
Later in development, milk buds form as discrete epidermal buds in most mammals.
In the mouse, 10 nipples and 10 glands form, five on each side. The number 1 fat pad
and gland is in the neck region adjacent to the salivary glands. Tumors of the sali-
vary glands are frequently mistaken for mammary tumors and visa versa. The
number 2 and 3 mammary glands are on the chest wall and overlap but are divided
by the pectoralis muscle of the chest. The number 4 gland is on the abdomen and is
the easiest to identify and dissect (Figure 1A). The number 5 gland is in the groinre-
gion.

Since the number 4 gland and fat pad is the most accessible, it is most frequently
used for experimental transplantation (Figure 1B). The favored transplantation sys-
tem requires that the mammary gland tissue is cleared from the fat pad within the
first three weeks of the female’s life. The mammary fat pads form as local areas of
adipose tissue between the subcutaneous tissue and the body wall. They are en-
sheathed between two fascial planes. The primitive mammary gland of the mouse
originates at the milk bud, forming the primitive nipple that extends into the mam-
mary fat pad as a series of branched ducts. The growth rate is slow in the first three
postpartum weeks, not reaching the lymph node of the number 4 fat pad (Figure
1B). By identifying the mammary vein and the lymph node (Figure 1B), the mam-
mary fat pad between the lymph node and the nipple can be removed. Since this re-
gion in the three-week-old female contains the mammary gland, the entire area is
removed and the mammary fat pad is free of mammary epithelium. The gland-free
(or cleared) fat pad is then used for transplantation of other tissues.

After three weeks, the female gland is subject to the growth stimulus of puberty
and grows at a more rapid rate to fill the mammary fat pad between nine and 12
weeks. The growth is almost exclusively at the terminal end bud that has a cap of un-
differentiated “stem” cells (Daniel and Robinson, 1992; Humphreys et al., 1996).
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Figure 1. Drawings of the fourth mammary fat pad of the mouse. (A) The skin has been
reflected and pinned back to expose the number four fat pads. (B) The right number four
fat pad dissected free to show the development in a three week old female. A: the edge
of the fat pad. B: the location of the mammary artery. C: the mammary lymph node. D:
the portion of the fat pad to be removed to insure a gland-free fat pad for transplantation.
E: the growing mammary bud. F: the nipple. VR: veins. VL: the location of the arteries.
{Compliments of Larry ].T. Young and the CRGL Staff, University of California, Berkeley).

The mammary gland of the virginal female forms a series of ducts with a limited
number of branches (Figure 2A). Furthermore, the ducts in wild-type mice without
the Mouse Mammary Tumor Virus (MMTV) do not form side buds or tertiary
branches until stimulated by hormones during pregnancy. With pregnancy, the
gland begins forming side buds that either branch as tertiary ducts or form alveoli.
The process results in the progressive acquisition of alveoli culminating in the fill-
ing of the entire fat pad with alveolar structures (Figure 2B). After the weaning of
the pups, the maternal gland begins to regress at different rates. The early phases of
regression are characterized by fragmentation of nuclei (programmed cell death or
apoptosis) and infiltrates of macrophages (Schedin et al., 1996; Lietal., 1997. The
fully regressed mammary gland retains many of the branches, resulting in short,
pointed terminal ducts with a spiculated appearance resembling thorns that distin-
guish it from a nulliparous mammary gland. The areas around the terminal ducts of-
ten have brown and yellow pigments that stain for iron.

The mammary gland of the retired breeder female will often regress to a point
that it is difficult to distinguish from the straight mammary tree of the virgin animal
but, most of the time, it retains its peculiar spiculated appearance.

Hyperplasia
Numerous studies of the pathology of the wild-type mammary gland have been

published. The classical comparative study came from Dr. Thelma Dunn, whose
classification is still used today (Dunn, 1959). The greatest pathologic changes oc-
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Figure 2.  [mages of whole mount preparations of portions of the mammary tree from
FVB female mice. (A) An image from a virgin mature animal. Note the straight ducts with
limited branching and lack of alveolar development. (B) An image from a late pregnant
female. Note that the extensive lobulo-alveolar development fills the fat pad. (Images
from samples submitted by Drs. Webster and Muller, McMaster University to the
Archives of the Transgenic Histopathology Laboratory, University of California,
Davis.)(Magnification = 5X).

cur in the mammary gland of MMT V-infected mice and mice treated with chemical
carcinogens. Morphometric studies by Squartini and others have suggested that
MMT V-infected, virginal mammary glands have more extensive lobulo-alveolar
development than mammary glands from noninfected animals (Squartini et al.,
1983; Pingitore and Squartini, 1982; Squartini et al., 1981). However, the growth
rates appear to be similar. Wild feral mice were found that did not carry the mouse
mammary tumor virus in their genome or as an infectious agent (Cohenetal., 1982;
Cohen and Varmus, 1979; Gallahan et al., 1986). These mice rarely develop mam-
mary tumors (Faulkin, 1984; Gardner, 1985). Furthermore, in our experience , they
have limited acinar development (Faulkin, 1984).

Most biologists focus on focal lesions in the mammary gland because they
clearly stand out from the background and are potentially premalignant (Cardiff,
1984; Morris and Cardiff, 1987) (Figure 3A). In addition, focal lesions can be iden-
tified in situ, isolated, and transplanted to test for biological potential. The donor
transplant is generally placed either into the subcutaneous tissue or into the mam-
mary fat pad that has been cleared of host mammary gland. Transplants of normal
gland will not grow in the subcutaneous tissue but can be serially passed into the
gland-cleared, mammary fat pad for five to 10 transplants {Daniel et al., 1966). Foci
of malignant cells will develop into tumors in either subcutaneous or mammary fat
tissues (Cardiff, 1984). Foci containing neoplastic but premalignant tissues (pro-
toneoplasia) will not grow in subcutaneous tissue but can be transplanted indefi-
nitely in the gland-cleared fat pad. Furthermore, tumor will emerge from
protoneoplastic transplants but not from transplants of normal ducts. This trans-
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Figure 3. Images of whole mount preparations stained with hematoxylin showing
typical hyperplastic alveolar nodules (HAN). Image A is from a Balb/cf.C3H female
showing a typical mouse mammary tumor virus (MTV)-induced HAN (Images from
samples submitted by Larry ).T. Young to the Archives of the Transgenic Histopathology
Laboratory, University of California, Davis.). Image B shows a HAN developed in a
transgenic mouse bearing the activated src transgene behind the MTV LTR promoter.
(Images from samples submitted by Drs. Webster and Muller, McMaster University to
the Archives of the Transgenic Histopathology Laboratory, University of California,
Davis.) (Magnification = 7X).

plant system has created the operational definition of benign, premalignant, and
malignant mammary tissue (Cardiff, 1984).

The wild-type mammary gland can contain a variety of nonmalignant focal ab-
normalities. The inflammatory nodule and the squamous nodule are two of the most
frequent lesions. The inflammatory nodule is characterized by focal infiltrates of
plasma cells and lymphocytes around residual acini. The squamous nodule has
acini lined by squamous rather than columnar epithelium. These lesions can be
found in noninfected and MMTV-infected mice. Both are focal and, when trans-
planted, rarely progress to tumors.

Two classical focal lesions appear in the mammary glands of MMT V-infected
female mice: the Hyperplastic Alveolar Nodule (HAN) (Figure 3) and the
hormone-dependent tumor or plaque. The HAN is found in most MMT V-infected
females. It appears as a small nodule, sometimes outlined by yellowish-white pig-
ment, that stands out from the background as small, whitish foci following with-
drawal of experimental or pregnancy-associated hormone stimulation.
Histologically, the HAN appears as a small focus of crowded acinar units without
significant cytological dysplasia. It may or may not be surrounded by inflamma-
tion. Transplantation of the HAN results in immortal hyperplastic outgrowths with
a high risk of malignant transformation.

The plaque is a focal mass that appears during pregnancy or experimental hor-
monal stimulation but regresses upon withdrawal of the stimuli. It will reappear
with repeated stimulation and will eventually become a hormone-independent tu-
mor (Foulds, 1956). Histologically, the plaque appears as a series of radiating, cell-
filled ducts and surrounded by a dense connective tissue (Morris et al., 1990).
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The term “dysplasia”, used to describe transgenic lesions, is rarely applied to
wild-type, nontransgenic mouse mammary lesions. This is primarily because the
biological potential of the focal lesions has been characterized by transplantation
(Cardiff, 1984; Morris and Cardiff, 1987). As a result, there has been little need to
provide additional descriptive terms to describe the structure or predicted biologi-
cal potential of a given lesion. Chemically induced dysplasias tend to be papillary,
ductal lesions with a tendency toward squamous metaplasia (Medina, 1982).

Tumors

Dr. Dunn’s description of the types of tumors found in the wild-type mouse is
still accurate today and we cannot improve on her observations (Dunn, 1959). It is
very important to note that around 90% of all MMT V-induced tumors are either
microalveolar (Type A), ductal (Type B), or a mixture (Type C) (Figure 4). It is
important to note that these types of tumors are rarely seen in the transgenic
mouse without virus infection. The keratoacanthoma or adenosquamous carci-
noma is another type of tumor that is more commonly found in the animal exposed
to chemical carcinogens. It is also the most common sporadic tumor found (in our
experience) in the wild-type mammary gland in animals that have not been ex-
posed to virus.

Figure 4. Images of MTV-associated mammary tumors showing patterns typical of
those classified by Dr. Thelma Dunn as Type A mammary tumors (A) with the
microacinar pattern and Type B mammary tumors (B) with the solid cords and nests
(Images the Archives of the Transgenic Histopathology Laboratory, University of
California, Davis.) (Magnification = 140X).
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HISTOPATHOLOGY OF THE TRANSGENIC MAMMARY
GLAND

Growth and Development

In general, the transgenes driven by the MMTYV LTR promoter systems express
relatively low levels of the transgenes. Most experiments with this and other pro-
moters do not reveal significant developmental abnormalities. Our own review of
the extensive collection of mammary whole mounts collected randomly from some
of the early studies in Dr. Philip Leder’s laboratory did not reveal significant distur-
bances of growth and development in transgenic mammary glands (Cardiff et al.,
1992). However, subsequent analysis has shown a number of developmental abnor-
malities in mice with activated oncogenes (Robinson et al. 1996). For example, the
activated src transgene results in a lactational defect (Webster et al., 1995). Increas-
ing numbers of studies with knock-out mice have revealed early but very subtle de-
velopmental anomalies. For example, virgin sre knock-out mice have dilated ducts
with limited branching (Guy et al., 1994). Cyclin D1 knock-outs are reported to
have similar abnormalities (Fantl et al., 1995}, while p53 knock-outs have abnor-
malities of lobuloalveolar development (Li et al., 1994).

Abnormal mammary development now has been described in many transgenic
strains (Muller et al., 1988; Muller et al., 1990; Ornitz et al., 1991; Matsui et al.,
1990; Halter et al., 1992; Wang et al., 1994, Lin et al., 1992; Jhappan et al., 1992;
Pierce et al., 1993). Targeted overexpression of transgenes and very powerful trans-
genes can result in developmental anomalies in the virgin mammary gland. For ex-
ample, the Ornitz GAL-4 promoter system using the int-2 transgene resulted in
dilated, short ducts with abnormal mammary buds whereas many of the in¢-2 trans-
genic animals promoted by the MMTYV LTR had normal virginal mammary trees
(Ornitz et al., 1991). The polyoma middle T (PyV-MT) transgene promoted by ei-
ther the MMTYV LTR or C(3) resulted in the very rapid development of focal mam-
mary lesions in virgin mice (Guy et al., 1992a; Tehranian et al., 1996). In addition,
we have observed altered development or inappropriate development of the mam-
mary lobules in virgin mice bearing several different transgenes such as neu or
TGFa (Muller et al., 1996). The TGFa results in cystic ducts and extensive dilated
lobules. Some of the neu transgenes result in shortened ducts with dilated, cystic
end buds.

The newcomer to this field must be alert to the fact that many transgenic strains
have defects in mammary gland growth and development that lead to defective lac-
tation (Sakai et al., 1994; Hennighausen et al., 1994; Pierce et al., 1993; Jhappan et
al., 1992). This deficiency is sometimes acknowledged by a somewhat cryptic com-
ment that the females did not nurse their young. However, most of these defects
have gone unnoticed or have not been described in print. When the mammary gland
is examined as a whole mount, it is often quite apparent that the transgene has re-
sulted in incomplete development of the mammary tree. The mouse with activated
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src is one such example of defective lactation in which the acini are irregular and
cystic and do not produce lipids (Webster et al., 1995).

At the other end of the process, some transgenic animals have a persistent hyper-
plasia following pregnancy (Wang et al., 1994). One of the more subtle examples
we have seen is in the cyclin D1 animals, which had what would appear to be fully
lactating mammary glands six to nine months following weaning of the pups. It ap-
pears that the mammary epithelium is unable to regress.

The point to be emphasized is that the genetically altered animals may have ma-
jor developmental defects in the mammary gland that do not result in a tumor phe-
notype or a grossly obvious lesion. However, if these more subtle defects are to be
discovered and understood, the mammary gland must be systematically studied us-
ing both whole mounts and microscopic slides. The development of the mammary
gland should be followed through the first 12 to 16 weeks of pubertal development,
through the pregnancy-regression cycle and in retired breeders. Although some ge-
netic alterations will not result in cancer, they can reveal a great deal about the
growth and development of the mammary gland.

Hyperplasia

A simple definition of hyperplasia is an increase in the number of cells. In the
context of the mammary gland, lactation may be considered a form of physiological
hyperplasia. In the context of the transgenic or knock-out animal, we have used the
diagnosis hyperplasia to indicate increased numbers of cytologically normal cells
without architectural or nuclear abnormalities.

Hyperplasias in transgenic mammary glands can be either focal or diffuse (Table
1). Generally, focal hyperplasias are of greater interest since they suggest the possi-
bility of neoplastic transformation (Cardiff, 1984). The most dramatic development

Table 1. Classification of Transgenic Hyperplasia and Dysplasia

Tumor Type Prototype Transgenes
o Diffuse:
A. Ductal int-2
B. Tubular TGFa
C. Residual Lactation (nonregression) cyclin D1
D. Acinar int-1 (wnt-1)
A. Lobular int-3 (notch)
¢ Focal:
Hyperplastic Alveolar Nodule src
Squamous Nodule cyclin D1
Inflammatory Nodule Casein Kinase II
Sclerosing adenosis src
Cystic hyperplasia TGFa
Periductal fibrosis Stromelysin

Papillary atypia cyclin D1
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of diffuse hyperplasias of the mammary gland has been observed in the c-neu and
the int-2 transgenic animals (Muller et al., 1988; Muller et al., 1990; Ornitz et al.,
1991). Int-3 or notch and int-1 also lead to characteristic diffuse hyperplasias (Jhap-
panetal., 1992; Tsukamoto et al., 1988). It would appear that hormone-induced hy-
perplasia leads to diffuse hyperplasia in most, but not all, transgenic females
(Cardiff and Muller, 1993). When the hormone stimulus is withdrawn, the mam-
mary gland may regress to a normal postpartum state. However, the diffuse hyper-
plasia in the GAL-4—promoted int-2 animal persists for the rest of the animal’s life
(Ornitz et al., 1991).

There has been a disappointing scarcity of residual hyperplastic foci in trans-
genic mice that might represent the characteristic preneoplastic hyperplastic alveo-
lar nodule (HAN) found in the spontaneous mouse mammary tumeor virus-induced
lesions (Cardiff and Muller, 1993). However, studies are now being performedina
more systematic manner and are including retired breeders. Increasing numbers of
strains have identifiable focal lesions that closely resemble the classic HAN. For
example, the animal with the activated src has many HAN-type lesions (Webster et
al., 1995) (Figure 3B). The neu transgene results in focal epithelial hyperplasias
that have been described in several founders and their progeny (Guy et al., 1992b;
Bouchard, et al., 1989) (Table 1). Furthermore, animals with the src transgene form
lesions resembling sclerosing adenosis (Webster et al., 1995). Many transgenic
strains in our archives form inflammatory and squamous nodules. The widespread
incidence of these types of lesion may be the result of other injuries to the mammary
gland such as obstruction of the duct rather than the direct result of the transgene ex-
pression. The TGFa mammary glands exhibit adenosis and cystic hyperplasia
(Halter et al., 1992). Myc results in a variety of focal hyperplastic and dysplastic le-
sions in the regressing gland (Tulchin et al., 1995). A complete catalog of focal
mammary hyperplasias has not yet been produced. Furthermore, the biological po-
tential of such lesions has not been tested by transplantation.

Dysplasia

The terms dysplasia or atypia have rarely been used in classical mouse mam-
mary tumor biology because each lesion could be readily characterized by trans-
plantation. The lesions of the human mammary gland have been characterized by
alarge number of terms such as atypia or dysplasia. These terms are used in refer-
ence to lesions with cytological abnormalities. These abnormalities typically in-
volve changes in the shape and size of the nuclei (pleomorphism), increased
staining density of nuclei (hyperchromasia), and increased size or number of nu-
cleoli. When lesions showing dysplastic cytological changes appear in the mam-
mary glands of genetically altered mice that cannot be transplanted, we have
adopted the human nomenclature, preferring to use dysplasia. This designation
could be quite misleading and will be tentative until formal experimental proof is
provided.
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Although the classical preneoplastic HANs have not been consistently observed
in the transgenic mammary tree, focal atypical lesions have been. These lesions
take many forms. They are best identified in the whole mounts as focal lesions that
stand out from the general background or in histological sections as microscopic
foci containing atypical cells. The feature unique to the transgenic mouse is the ap-
pearance of these lesions in the virgin animal (Cardiff, 1995).

Focal atypias have been described in transgenic animals bearing the cyclin-D1
gene (Wang et al., 1994). These tend to be in the form of atypical papillary regions
in the major ducts. We have also seen focal atypias in transgenics with activated
neu, src, myc, PyV-MT and TGFa. The atypical lesions observed in the TGFa trans-
genics are typically tubular arrays while the cyclin-D1 atypias are frequently squa-
mous (Wang et al., 1994; Halter et al., 1992; Muller et al., 1996); the myc-related
lesions are acinar and frequently associated with extensive fibrosis (Tulchin et al.,
1995).

Serial transplantation experiments with these lesions have not been done and
will be required to assess their biological potential. Our own experiments have
demonstrated that the mammary hyperplasias can be transplanted into the mam-
mary gland but not into the subcutaneous fat (Ornitz et al., 1992). It is conceivable
that some of these focal mammary atypias have already undergone malignant trans-
formation but this requires experimental proof.

The focal nature of the atypias is important because it implies that the transgene
itself is not sufficient for neoplastic or malignant transformation. Other molecular
events are required for complete pre- or protoneoplastic transformation (Cardiff,
1984; Cardiff et al., 1996; Cardiff, 1995). The focal nature of the lesions suggests
that the secondary molecular events result in a clonal proliferation. While these are
intriguing and plausible hypotheses, we must again point out that they have not
been tested by traditional and rigorous transplantation into the gland-cleared fat
pad. Thus, the designation of dysplasia is morphological, based on the severity of
nuclear hyperchromatism and pleomorphism.

Itis important to recognize that the morphology of many of the transgene-induced
hyperplasias and dysplasias is characteristic of the transgene. The nulliparous
GAL-4/int-2 transgenic is the prototype, developing bulbous, distorted dysfunctional
mammary trees (Ornitz et al., 1992). The nulliparous polyoma virus middle T (PyV-
MT) animals also have very distorted, branching mammary trees with dysplastic le-
sions as early as five weeks of age (Guy et al., 1992a). Stromelysin expression is asso-
ciated with extensive periductal fibrosis (Sympson et al., 1994). TGFa is associated
with cystic hyperplasia (Halter et al., 1992). Cyclin D1 is associated with persistent
lactation and squamous nodules (Wang et al., 1994). Srcresults in sclerosing adenosis
(Webster et al., 1995 ). The same type of lesion may occur in a variety of types of
transgenic animals. The most common lesion is the squamous nodule that has been
observed in mammary glands of many different transgenic animals. However, each
transgene seems to have a predominance of a single type of lesion, suggesting that the
transgene influences the morphogenesis of the lesion.



188 ROBERT D. CARDIFF and ROBERT J. MUNN

Primary Mammary Tumors

Transgenic mouse mammary tumors are quite remarkable and quite unique (Munn
et al., 1995). Most tumors do not resemble the spontaneous mammary tumors de-
scribed by Dunn (see above) (Figure 4) (Dunn, 1959). Only animals that express the
transgenes most commonly found in MMT V-infected mice develop tumors that can be
classified by the Dunn nomenclature. Therefore, mice with the inr-1 transgene gener-
ally have the alveolar type A tumors that are found in MMT V-infected mice (Cardiff
and Munn, 1995; Lin et al., 1992; Kwan et al. 1992). Animals with the int-2 transgene
form hyperplasias that resemble in detail the hormone-dependent plaques found in
mouse strains GR/A and DD (Cardiff and Munn, 1995). Interestingly, the GR/a
hormone-dependent tumors frequently have insertion activation of ins-2 (Morris et al.,
1990). They also form type B and papillary tumors (Cardiff and Munn, 1995).

All other transgenic and knock-out animals have tumors that do not resemble those
described by Dunn. In fact, all other genetically manipulated animals have relatively
unique tumor phenotypes. This suggested to us that the genotype determined the mam-
mary tumor phenotype (Cardiff and Munn, 1995; Cardiff et al., 1991). In a study of over
700 tumors, the myc transgene was found to result in adenocarcinomas with characteristic
large dark-staining cells. The ras transgene was associated with papillary transitional car-
cinomas with small cells. The neu transgene was associated with nodular turors having
intermediate cells. Subsequent studies have confirmed and reinforced this impression.

Additional tumor phenotypes have now been found. TGFa tumors tend to be tubu-
lar adenocarcinomas with an inflammatory stroma (Muller et al., 1996; Cardiff et al.,
1995). Polyoma virus middle T antigen tumors tend to be papillary and are associated
with extensive fibrosis (Guy et al., 1992a). Other examples of transgene-specific tumor
phenotypes may be given and are summarized elsewhere and in Table 2 (Cardiff, 1995).

Table 2. Classification of Transgenic Tumors
Tumor Type Prototype Transgenes

e Papillary transitional cell carcinoma (small cell) * ras

e Adenocarcinoma

a. papillary e PyV-MT
b. tubular ¢ TGFa
¢. acinar (large cell) * myc
d. alveolar o int-]
e. large glands * met-1

e Nodular carcinoma (intermediate cell) ® neu

e Scirrhous carcinoma . src

¢ Adenosquamous ® cyclin D1

o Undifferentiated/NOS
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The tumor phenotypes found in myc, ras, and neu have, in our experience, the
most characteristic phenotypes (Figure 5). They have not been found in mice with
other transgenes. We have now observed these three tumor phenotypes associated
with the same transgene in animals from different laboratories and different con-
structs. Therefore, the tumor phenotype can be consistently associated with these
transgenes. Myc is the most dominant transgene. Any combination of myc with an-
other transgene results in tumors with large blue staining cells. Myc and neu , or myc
and ras result in tumors with the myc phenotype (Cardiff et al., 1991). This has
proven true with an increasing number of transgene and knock-out combinations
with myc. They all produce myc-type tumors.

We have had extensive experience with neu-related animals. The solid nodular
intermediate cell phenotype is consistent in animals from different founder strains
and different promoter systems. The neu phenotype appears to be the dominant
phenotype in most bigenic crosses, excluding the neu crossed with myc. Further-
more, various types of mutationally activated or inactivated neu result in tumors
with the neu phenotype (Guy etal., 1992b; Siegel et al., 1994; Deckard-Janatpour et
al., 1997; Guy et al., 1996; Muller et al., 1996; Krane and Leder, 1996). This is of
particular interest since the neu transgene is the murine homologue to c-erb-B2 or
Her-2 associated with the comedocarcinomas in humans (Barnes et al., 1992; All-

Figure 5. High magnification images showing the typical cytological features of
mammary tumors induced by (A) the ras transgene, (B) the neu transgene, and (C)
the myc transgene, (Images the Archives of the Transgenic Histopathology
Laboratory, University of California, Davis.). The typical ras tumor has cells with
smaller, more uniform nuclei and red cytoplasm that cluster around blood vessels in
a papillary pattern. The neu tumors are nodular with more pleomorphic, larger
nuclei with a brisk mitotic rate and pale pink cytoplasm. The myc tumors have the
largest cells with large pleomorphic nuclei with clumped chromatin, prominent
nucleoli, and dark basophilic cytoplasm. They frequently form irregular glands
{Magnification = 400X).
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red et al., 1992; Lodato et al., 1990; Bartkova, et al. 1990). As will be discussed
later, the mouse and human lesions are almost identical.

As is the case with the transgenic dysplasias, most of the transgenic tumors do
not have as distinctive characteristics as the myc, ras, and nex tumors. Many differ-
ent transgenes result in adenocarcinomas that are difficult to distinguish from each
other. On the other hand, the pattern of tumor is very consistent within the trans-
genic strain. For example, almost all of the tpr/met tumors are adenocarcinomas,
int-2 and PyV-MT tumors are typically papillary and src tumors are typically scir-
rhous carcinomas. We have observed some subtle cytological differences in the tu-
mors. However, we cannot be confident, given the differences in the fixation and the
fixation schedules, that these differences are biologically significant. More detailed
observation with rigorous morphometric techniques under controlled conditions
will be required to sort these tumors.

Suppressor genes have been assessed primarily using knock-out technology
(Donehower et al., 1992; Jacks et al., 1994). Increasing numbers of backcrosses
with transgenic animals are now being assessed. We have a large number of p53 null
crossed with a variety of oncogene-bearing transgenic mice. The p53 knock-outs
develop leukemia and sarcomas more rapidly than mammary tumors. Therefore,
our experience with mammary tumors from p53 null animals is limited. However,
the mammary tumors in p53 null are generally adenocarcinomas with relatively
large, pink staining cells with large nuclei and a delicate chromatin. They stand out
as a different type of cytological phenotype.

The knock-out animals crossed with transgenic mice develop tumors that are identi-
cal to the transgene. Null crosses with myc result in large cell tumors (Krane and Leder,
1996). While crosses between p353 null and neu-bearing mice result in tumors with the
neu phenotype. This pattern is true with other null animals such as p2/ and grb-2.

However, the investigator must be aware of unique biological patterns some-
times developing with combinations of transgenes and combinations of transgenes
and suppressor null mice. Most experiments document the acceleration of tumori-
genesis with combinations of transgenes or of transgenes and suppressor gene
knock-outs (Jacks et al., 1994). However, some combinations of transgenes or
transgenic and null animals lead to tumor suppression. For example, the combina-
tion of neu and ras bigenics resulted in a suppression of the tumor incidence (Car-
diff et al., 1991). The combination of src null and PyV-MT resulted in an almost
complete ablation of the tumor phenotype (Guy et al., 1994).

Nonmammary Tumors

Another word of caution should be inserted here. Not all lumps in the mammary
fat pad are mammary tumors. For example, tumors in the neck region sometimes
originate in the salivary gland. The salivary tumors are typically acinar or squamous
carcinomas. The acinar tumors have characteristic small acinar structures contain-
ing five to eight cells with basal nuclei and brighter red apical cytoplasm surround-
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ing tiny lumina. In well-preserved, well-stained sections, the apical cytoplasm may
have a granular appearance. These can usually be distinguished from tumors origi-
nating in the mammary gland.

Other tumors appearing in the mammary fat pad are more obvious. For example,
many transgenic animals will have high rates of leukemia. The leukemia results in
enlarged lymph nodes or actual infiltrates of the mammary gland. For example,
whole mounts of stromelysin-bearing mice with leukemia have multiple nodules
along the mammary tree. Histological examination will demonstrate that the nod-
ules are periductal and composed of malignant lymphocytes. Spindle cell sarcomas
and hemangiosarcomas can frequently be observed in the mammary glands of p53
null mice. Samples of ovaries and testes have been submitted as examples of tumors
in the number five fat pads. Occasionally, abscesses and granulomas have been sub-
mitted as mammary neoplasms. Other examples can be cited that prove that not all
lumps in the fat pad are tumors of the mammary epithelium.

Metastatic Tumors

There has been considerable debate about the frequency of metastases from
“spontaneous” mammary tumors in wild-type mice. Many investigators have re-
garded the tumors induced by virus or carcinogens as benign with rare metastases
(Webster and Muller, 1994). However, the primary mammary tumors are often huge
and the focus of the investigator’s attention. Careful observation for metastases has
rarely been carried out. When the search for metastases has involved extraction of tu-
mor cells from the lung or molecular probes to identify malignant cells, the metastatic
rate from “spontaneous” tumors was as high as 80% (Drohan et al., 1980).

In contrast to humans, the primary tumor is rarely removed from the mouse. This
creates a vastly different clinical situation in which the primary tumor is allowed to
grow until the animal is destroyed. We found that many metastases were not de-
tected until the primary tumor was removed and the metastasis had an opportunity
to grow (Drohan et al., 1980).

Although the exact rate of metastasis has not been measured in many transgenic
strains, metastases have been readily found in association with the PyV-MT (Figure
6) and some neu mammary tumors (Guy etal., 1992 a, b). Invasion of the tumor vas-
culature is common. The most metastatic tumor in our experience is the PyV-MT
tumor, which results in 100% metastases in the first six weeks of life (Guy et al.,
1992a). Our own observations have been that the metastases are aimost exclusively
found in the lung (Cheung et al., 1996). Experimental tail vein or intraperitoneal in-
Jjection of tumor cells results in pulmonary metastases, and metastases are rarely ob-
served in other organs. The local mammary lymph nodes are the next most frequent
site of metastases.

The metastatic pulmonary lesions closely resemble the lesions found in the
mammary gland. They are sometimes even secretory and may even contain clear
lipid vacuoles. They are generally found in the blood vessels but may invade sur-
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Figure 6. 1mages of (A) a whole mount of the mammary gland and of (B) the histology of
the mammary gland and (C) the lung from a five-week-old mouse with the PyV-MT
transgene. (A) Even at five weeks of age, the mammary gland has multifocal lesions
(Magnification = 5X). (B) The tumors at this early age tend to be papillary with a dense stroma
(Magnification = 50X). The limited lung field has at least four foci of metastatic tumor cells
{arrows). The largest tumor mass has a light-staining, necrotic center (C) (Magnification =
16X. (Images from samples submitted by Drs. Guy and Muller, McMaster University to the
Archives of the Transgenic Histopathology Laboratory, University of California, Davis.).

rounding tissue. These observations are very important because, in our experience,
many transgenic animals that have mammary tumors may also develop pulmonary
adenomas and adenocarcinomas. The pulmonary lesions are generally papillary
and are covered by a uniform epithelium with relatively pale cells. Furthermore, the
pulmonary tumors are in association with the bronchi and not the blood vessels.
Awareness of the pulmonary lesions prevents confusing them with mammary tu-
mor metastases.

Neoplastic Progression

The above descriptions of mouse mammary tumors reflect a morphological pro-
gression of events during which focal lesions emerge as subsets from the previous
background. Detailed discussions of neoplastic progression in the mammary gland
can be found elsewhere (Cardiff 1984; Cardiff et al., 1986; Foulds, 1956; Foulds,
1969). Most tumors arise in a background of proliferative hyperplasia or dysplasia.
Animals with dysplastic lesions develop tumors. Although this chapter focuses on
the histopathology, it is important to note that the progressive changes found in
some transgenic models are associated with changes in the molecular biology of the
epithelium (Webster and Muller, 1994: Cardiff and Muller, 1993; Cardiff, 1995;
Callahan and Campbell, 1989).

We have yet to observe convincing evidence of a morphological progression that
corresponds with biological progression of malignant tumors. Qur most extensive
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comparative studies were based on serial transplants of wild-type and mutant Py V-
MT tumors (Cheung et al., 1997). In this model system, the degree of morphologi-
cal differentiation of the tumors could be maintained in serial transplant and the
better-differentiated tumor type had a higher biological potential. The only struc-
tural feature of these low and high metastatic lines that correlated with their biologi-
cal potential was the structure and density of the microcirculation. However, this
sample is too limited to warrant a general conclusion about morphological progres-
sion.

Evidence that additional transgene mutational events contribute to tumorige-
nesis has been documented molecularly in the c-neu transgenic system. Trans-
genic animals with the c-neu transgene develop tumors (Guy et al., 1992b). The
c-neu is overexpressed in tumors as opposed to non-neoplastic mammary gland
(Deckard-Janatpour et al., 1997). Does overexpression alone result in transforma-
tion? Muller’s group has found that a majority of the tumors which arise in the neu
transgenic animals have an additional mutation resulting in the expression of a
protein with a deletion in the extracellular domain (Siegel et al., 1994). Since the
deleted region was nonrandom, the region is clearly critical in the progression of
the neoplasm. In addition, c-src is overexpressed in these tumors (Muthuswamy
etal., 1994) and PEA is overexpressed in metastatic tumors (Trimble et al., 1993).
In some cases tumorigenesis is associated with overexpression of ras (Mangues et
al., 1992). Thus, mutation and elevated expression are clearly involved in neo-
plastic progression. It is interesting to note that Muller and his colleagues have
found that the metastatic PyV-MT tumors have acquired additional molecular
traits that suggest that they are the result of further neoplastic progression (Web-
ster and Muller, 1994).

THE COMPARATIVE PATHOLOGY OF HUMAN AND MOUSE
MAMMARY GLANDS

Introduction

Wellings and his colleagues have pointed out the similarities between mouse and
human mammary development and pathological lesions (Wellings et al., 1975;
Jensen et al., 1976). Their pioneering studies have only recently been accepted by
the surgical pathology community (Page, 1989; Dupont and Page, 1985). We have
the perspective of having worked in surgical pathology with Dr. Wellings in an aca-
demic institution for 30 years as well as being involved in “transgenic pathology”.
Using this as a basis, we will point out the morphological similarities that we have
observed between the lesions found in the mouse and the human. Because there is
an increasing array of lesions that are identical, we are confident that the mouse rep-
resents a very important model for human breast disease. In our opinion, there is
one medicine.
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It should be recognized that the bulk of lesions and tumors found in the wild-type
mouse do not resemble the common lesions of the human breast. Moreover, the
murine breast is significantly different in scale and structure. The experienced pa-
thologist should have no difficulty distinguishing between the two species. The
mouse mammary fat pad is small relative to the size of the human breast. The human
mammary ducts are sheathed in a dense connective tissue. The normal human has
well-developed terminal ducts and lobulo-alveolar units lying in aloose connective
tissue. The normal wild-type mouse gland does not exhibit persistent lobules be-
tween pregnancies. The mouse will undergo relatively more cycles of lactation and
regression than human. These and other factors influence our interpretation of the
histopathology of the normal and abnormal mammary gland in the two species.

Hyperplasia and Dysplasia

Wellings and colleagues identified 36 types of focal lesions in the human mam-
mary gland (Wellings et al., 1975). The most significant lesions consisted of epithe-
lial lesions originating in the terminal lobulo-alveolar units (Wellings et al., 1975).
They found a continuum of progressive atypical cytological changes in the epithe-
lium, an observation that could be correlated with the history of neoplasia in the
given breast or the ipsilateral breast (Jensen et al., 1976). They postulated that these
lesions were the preneoplastic equivalent of the mouse HAN (Wellings et al., 1975;
Cardiff et al., 1977). Dr. Wellings and his colleague, Dr. Jensen, tried to prove the
biological potential of these lesions by a number of indirect techniques, but were
never able to secure unequivocal evidence.

The mouse HAN can be transplanted into the mammary fat pad cleared of gland.
The HAN grows into the empty fat pad to produce a hyperplastic outgrowth (Car-
diff, 1984). The hyperplastic tissue is immortal and can be serially transplanted
proving its altered biological potential. In contrast, transplants of normal ducts
grow into normal ductal tissue and can be transplanted for a limited number of gen-
erations (Daniel et al., 1966). The hyperplastic outgrowth will develop focal prolif-
erations that emerge as tumors (Cardiff, 1984). Transplants of normal duct do not
form tumors. This type of experiment provides formal proof that the classical HAN
has malignant potential, a proof lacking in human mammary biology.

As more and more types of transgenic mammary glands have become available,
several investigators have commented on the similarities between nonmalignant dys-
plasias of the mouse and the human gland (Halter et al., 1992; Bouchard et al., 1989).
Common dysplastic lesions of both species include various cysts (Halter et al., 1992),
epithelial proliferations of ducts and lobules (Cardiff, 1995), ductal carcinoma-in-
situ (Bouchard et al., 1989), and sclerosing adenosis (Webster et al., 1995). Although
rare, we have seen several classical fibroadenomas in the mouse gland. Perhaps the
transgenic mouse mammary lesions that most closely resemble the complex patterns
of human fibrocystic disease occur in retired breeders that have the myc transgene.
Although these animals are rare, their mammary glands are most remarkable.
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Tumors

Since the “spontaneous” mouse mammary tumor does not morphologically or bio-
logically resemble most human breast cancers, early investigators did not always recog-
nize the utility of the system. However, the emergence of transgenic biology has provided
remarkable evidence that mouse tumors produced by the same genes as those implicated
in human breast cancer result in tumors that closely resemble the human cancer.

As investigators with experience in both human and murine biology, we present
a series of images from our archives (see Figures 7-10). These images illustrate the
remarkable similarity between the lesions in humans and those in transgenic mice.
Slides or photographs of limited samples from human and mouse tumors are indis-
tinguishable. For example, the “sclerosing adenosis” found in humans has a coun-
terpart found in transgenic mice with the activated src transgene (Figure 7). Duct
ectasias can be found in both species. The nodular, ductal tumors associated with
the neu family of oncogenes in transgenic mice are morphologically indistinguish-
able from comedocarcinomas from the human mammary gland (Figure 8). Papil-
lary carcinomas of humans resemble those of the PyV-MT mouse (Figure 9).
Tubular tumors of human and mouse are similar. Acinar tumors of humans are rare
but resemble those from the int-1 transgene. The most common breast cancer of the
human breast is the scirrhous carcinoma, which has a virtually identical counterpart

Figure 7. (A} | mages of mammary tissue disrupted by the process known as sclerosing
adenosis as found in the human breast (Image from samples submitted by Dr. Wellings to
the Archives of the Transgenic Histopathology Laboratory, University of California,
Davis) and (B) in a mouse with the activated src transgene (image from samples
submitted by Drs. Webster and Muller, McMaster University to the Archives of the
Transgenic Histopathology Laboratory, University of California, Davis.). Both are
characterized by foci of distorted epithelial cords in a dense connective tissue
(Magnification = 50X).



Figure 8. Images of ductal carcinoma in situ (DCIS) from (A) a human breast (Image
from the Archives of the Transgenic Histopathology Laboratory, University of California,
Davis) and (B) from a transgenic mouse bearingthe neu transgene driven by the MTV LTR
promoter (Image from samples submitted by Dr. Coffey, Vanderbilt University and Dr.
Muller, McMaster University to the Archives of the Transgenic Histopathology
Laboratory, University of California, Davis) (Magnification = 65X).

Figure 9. (A) Images of papillary carcinomas from a human breast (Image from the
Archives of the Transgenic Histopathology Laboratory, University of California, Davis)
and (B) from a transgenic mouse bearing the Casein Kinase Il transgene driven by the
MTV LTR promoter (Image from samples submitted by Dr. Seldin, Boston University to

the Archives of the Transgenic Histopathology Laboratory, University of California,
Davis) (Magnification = 50X).

196
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Figure 10.  (A}Images of ductal carcinoma with a scirrhous pattern from a human breast
(Image from the Archives of the Transgenic Histopathology Laboratory, University of
California, Davis) and (B) from a transgenic mouse bearing the src transgene driven by the
MTV LTR promoter (Image from samples submitted by Drs. Webster and Muller,
McMaster University to the Archives of the Transgenic Histopathology Laboratory,
University of California, Davis) (Magnification = 150X).

in the mouse with an activated src transgene (Figure 10). These and other examples
provide some insight into the important and consistent similarities between human
and mouse breast cancer.

In retrospect, the pathological analysis of the mouse has been limited by the inbreed-
ing of the laboratory mouse. Dr. Otto Muhlbock, the grand old man of Dutch mammary
biology, once remarked during a speech that the mouse was so inbred that our experi-
ence with an entire mouse strain was equivalent to seeing a single human. Muhlbock
cautioned us to be circumspect with our interpretation of the mouse data. In retrospect,
the vast majority of mouse mammary tumors are associated with the activation of only
three genes, int-1, int-2, and int-3 (Callahan, 1996). None of these genes is found acti-
vated in a significant number of human breast cancers (Callahan, 1996).

The opportunity to study the effects of specific genes in the mammary gland has
broadened our horizons. The insertion of genes associated with human breast dis-
ease has resulted in the development of benign and malignant lesions that closely
resemble the human counterpart.

SUMMARY AND CONCLUSIONS

An understanding of the histopathology of transgenic mouse mammary gland re-
quires a comparison of glands from many different founder strains. The insertion
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and expression of a transgene or the knock-out of a gene may result in abnormal
growth and development of the gland which can only be appreciated by detailed ex-
amination of the entire growth, development, pregnancy, lactation, and regression
cycle. Mammary tumors from transgenic mice differ dramatically from “spontane-
ous,” virus-induced tumors. Their histological and cytological phenotype is very
dependent on the transgene expressed in the mammary gland. The lesions in the
mouse show progressive changes in morphology and biological behavior that sug-
gest neoplastic progression. These changes can be correlated with molecular le-
sions. The histology of the lesions found in the transgenic mammary gland closely
resembles that found in the human breast. Given this remarkable resemblance, the
biological and molecular changes found in the progressive mouse lesions should be
reflected in the human breast. The rules of biological parsimony dictate that the
transgenic mouse is an accurate model of human breast disease.
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INTRODUCTION

This chapter is a collaboration between a clinician (T.S.) and a tumor biologist
(G.H.) who have been involved in the study of breast cancer immunology since the
1960’s and who, despite having taken quite different pathways, have arrived at
similar, albeit controversial, conclusions about the role of the immune response in
the development of breast cancer. Our work has been done during a time when the
main body of opinion is that the immune response to cancer, including breast can-
cer, is a defense reaction and that the development of cancer is evidence either of a
failure in the immune system or of the ability of the cancer to circumvent or escape
from its effect. It follows from this that cancer ought to be prevented or cured by
measures that restore immune effectiveness. In this age of gene and molecular ther-
apy, and with increasing understanding of the molecular and cellular mechanisms
that underlie cancer, the goal of utilizing the immune response for prevention or
therapy may at last be achievable. To do so, however, it will be necessary to re-
evaluate the role of the immune response in the natural history of cancer. It is also
necessary to focus specifically on the biology of each type of cancer and not to as-
sume that the lessons learned from say, melanoma, are applicable to, for example,
breast cancer.

This chapter will discuss the possible involvement of the immune response in
breast cancer development. On the clinical side, we consider the literature from pa-
thologists and surgeons who sought evidence for immune recognition in breast can-
cer tissue and its relationship to prognosis. We also review studies that sought to
link specific or nonspecific immune reactivity with breast cancer prognosis. We
consider studies on breast cancer incidence or outcome in situations of immune
suppression. From the experimental literature, principally in the mouse, we review
evidence for immune system influence in breast cancer development. As with the
clinical literature, our focus is on the natural immunobiology of breast cancer, not
on the perturbations of the immune system in advanced disease, nor, in the case of
the mouse, on the response to transplantable tumors or lines. As will be seen, our ex-
periences as well as those of others suggest that in breast cancer, the immune re-
sponse may facilitate disease development, rather than suppress it. We discuss
potential mechanisms to explain this unsettling possibility.

GENERAL CONSIDERATIONS

Breast cancer is a complex disease. Its etiology is multifactorial, its clinical mani-
festations are diverse, and its outcome is variable. The natural history of breast can-
cer is prolonged; from epidemiological studies we know that circumstances early in
life, in preadolescence or early adulthood, can influence whether or not cancer de-
velops many decades later (Henderson, et al, 1981). This prolonged natural history
is carried out against a background of profound physiological change, particularly
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in regard to reproductive hormone status as well as during the gradual unfolding of
the processes of maturation and aging. The breast itself is a complex and dynamic
organ. For most of life, the epithelial components are relatively inconspicuous, but,
when called upon, they are capable of marked hyperplasia, structural differentia-
tion and function followed in due time by rapid involution and quiescence. The
breast is also an immunological organ. It is the source of immunoglobulins and T-
cells passed from mother to nursing child (Eglinton et al., 1994) and the breast must
therefore be hospitable to cells of the immune system.

IMMUNE RECOGNITION IN BREAST CANCER PATIENTS

Immune Competence and Breast Cancer Prognosis

Both of us have recently co-authored reviews on the topic of the immune system
in breast cancer, and the reader is referred to them for more detailed documentation
of the sources of information discussed here (Stewart and Tsai, 1993; Wei and
Heppner, 1996). Overall, it appears that breast cancer patients are not grossly ab-
normal immunologically, at least not until the time of terminal disease. Thus, T and
B cell counts and functional assays are well within the admittedly broad range of
normal. This conclusion is based on a large number of studies, spanning several
decades over which our ability to measure immune competence has become more
refined without, however, substantially altering the picture (For a recent study, see
Head et al., 1993). Most importantly, there appears to be no strong correlation
among various parameters of immune competence and accepted clinical indices of
breast cancer prognosis, although it is usually possible to tease out some associa-
tion if the patient numbers are large enough and the statistician persistent.

Inflammatory Infiltrates in Breast Cancer

Apotential indicator of the involvement of the immune response in breast cancer
development is the extent of inflammatory cell infiltration into the tumor mass. Un-
fortunately, the literature is not consistent on this point. A 1993 review (Stewart and
Tsai) involved the dividing of 43 articles into three groups: Nine articles reported
good prognosis when there was an intense infiltrate; six of these were descriptions
of medullary cancer. Two articles concluded that there was no relationship, of any
sort, and 23 others showed a worsening of prognosis when the stromal infiltrate was
intense. Eleven of these latter papers concern inflammatory breast cancer. Of the re-
maining 12 publications, six are particularly impressive: Champion et al. (1972),
Fisher et al. (1974), Meyer and Hixon (1979), Fisher et al. (1983), Parkes et al.
(1988), and Rosen and Groshen (1990). Overall, one may speculate that aithough
the immune system may downregulate growth of medullary cancer, it appears to
stimulate other types of breast cancers. A particularly telling study was provided by
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Kurtz and colleagues (1990). They studied 18 factors in 496 stage I-II ductal can-
cers treated by conservative surgery and radiotherapy. Multivariate analysis
showed that in younger women, a major lymphocytic stromal reaction was the fac-
tor most strongly correlated with recurrence. The authors concluded that the inten-
sity of the cellular reaction may reflect a cancer-host response that favors, rather
than impedes, cancer growth.

In a retrospective study, Pupa and colleagues (1992) reported that overexpres-
sion of the c-erbB2 oncogene indicates a bad prognosis in node-positive breast can-
cer patients (length of follow-up was 19 years). Oncogene overexpression was
strongly associated with the presence of lymphoplasmacytic infiltration. These re-
sults are similar to those of a study of 106 primary breast cancers by Tang and col-
leagues (1990), who found a very strong association between amplification of the
oncogenes c-erbB2, int-2, or c-myc and dense lymphocyte infiltration of the tumor.
This association was highly significant in those tumors that presented high-level
amplification of c-erb B2 and int-2. The authors concluded that cytokine produc-
tion may be associated with paracrine immunological phenomena, which are them-
selves associated with poor prognosis.

A very recent publication (Leek et al., 1996) focused specifically on the relation-
ship of infiltrating macrophages, degree of tumor angiogenesis (vascularity), and
survival of breast cancer patients. There was a strong positive correlation between
the first two parameters and between both and reduced survival. The authors sug-
gested that macrophages promote angiogenesis by secreting a variety of endothelial
cell cytokines or extracellular matrix—degrading enzymes. In turn, angiogenesis
promotes metastatic spread, establishment of systemic disease, and ultimately,
poor survival.

As indicated, interpretation of studies on the significance of inflammatory infil-
trates in breast cancer specimens is complicated by the heterogeneity of diseases
lumped under the term “breast cancer.” Many of the studies may be skewed by hav-
ing significant numbers of medullary carcinomas in their mix, a disease with a good
prognosis, or inflammatory carcinoma, a type with an overall very bad prognosis.

Furthermore, as mentioned above, the subclinical period of breast cancer devel-
opment appears to be quite prolonged so that the significance of inflammatory cell
infiltration within a clinical cancer may reflect earlier events lost in time. In this
context, the early work of Black (1972), who focused on morphological and func-
tional indicators of immune reactivity in patients with “precancerous” lesions or
carcinoma-in-situ (CIS), may be relevant. Black used a variety of approaches to
show that immune-associated parameters may signify a good prognosis. His work
remains unique in its emphasis on immune events in early disease progression, an
area that needs revisiting in light of more recent findings.

Another problem in interpreting histological reports of inflammatory cell infil-
tration is that it is difficult to know the functional status of the infiltrating cells. A
number of investigators have attempted to isolate lymphocytes from primary breast
cancers and to test their functionality in in vitro assays (Vose and Moore, 1979; Ere-
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min et al., 1981; Whiteside et al., 1986). In general, T cells tend to predominate in
isolated infiltrates, with CD8 outnumbering CD4 cells. NK cells are relatively in-
frequent. Functionally, the cells tend to be deficient or even suppressive in lympho-
cyte proliferation or cytotoxicity assays (Vose and Moore, 1979; Eremin et al.,
1981). However, a detailed clonal analysis by Whiteside and colleagues (1986) of T
cells isolated from breast cancers revealed the presence of potential cytolytic func-
tion, demonstrable in expanded cell cultures in vitro. The relevance of these obser-
vations to cell function in situ, however, is not clear.

Specific and Nonspecific Inmune Reactivity in Breast Cancer Patients

Hope that the immune response can be used to interfere with cancer growth
and development has undergone dramatic shifts since we began work in this
area. For T.S., the initial excitement came from the area of autoimmune disease.
In the late 1950s and early 60s evidence was rapidly accumulating that autoim-
mune disease was a reality. This was seen vividly in the thyroid clinic: Grave’s
disease was found to be the result of stimulation of thyroid function by antibod-
ies (McKenzie and Zakerija, 1986) and Hashimoto’s thyroiditis resulted in de-
struction of the thyroid by cellular immune mechanisms (reviewed by Volpe,
1986). An occasional patient would show features of each disease, with a period
of stimulation of function in an otherwise dying gland. As a young physician,
T.S. became aware of the possibility that the immune system could either stimu-
late or depress function.

Animal models were developed to study the mechanisms involved in the initia-
tion of autoimmune diseases. In several models, a specific disease could be induced
by inoculating the animal with the appropriate organ antigen, autologous or alloge-
neic in origin, homogenized in Freund’s complete adjuvant (FCA). In 1959 and
again in 1962, Waksman reviewed some 600 published reports. An important gen-
eralization was made: The severity of the induced disease correlated very well with
the intensity of the delayed hypersensitivity reaction (DHR) to the organ antigen in
the animal in which the disease was produced. Severe disease was accompanied by
anintense DHR, mild disease with a weak DHR. For example, Brent and colleagues
(1958) showed that the tempo of graft rejection was reflected in the DHR expressed
by recipient animals when challenged by injection of soluble histocompatibility an-
tigens of the donor animal. Where the barrier was strong, rejection was rapid and
the DHR was intense. Where the histocompatibility barrier was weak, there was a
sluggish, prolonged rejection and weak DHR to the antigen. In autoimmune dis-
ease, the severity and tempo of the immune reaction also correlated well with the
DHR to the appropriate antigen.

A further correlation could be made. In rapid graft rejection or severe autoim-
mune disease, the “round cell” stromal infiltrate of the organ would be marked. In
contrast, in sluggish, prolonged rejection, or mild disease, the infiltrate was much
less pronounced.
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In 1964, a paper was published showing that 27% of 50 patients with cancer gave
a positive DHR when skin tested with acellular extracts of their own tumors
(Hughes and Lytton, 1964). This experiment was done following a suggestion by
Medawar, who thought it would be interesting to ascertain if there was evidence of
an autoimmune reaction to cancer in humans. On returning to Ottawa from a post-
graduate year in the unit of William Beierwaltes at the University of Michigan, T.S.
decided to repeat this experiment. From 1966 to 1969, 144 patients were tested with
extracts of their own tumors (Stewart, 1969). The earlier results were confirmed:
26% of T.S.’s patients had such a reaction. Furthermore, it was discovered that the
strongest reaction was induced by cell membranes and that there was a low inci-
dence of a positive reaction when no lymphocytic or round cell infiltrate of the tu-
mor stroma was seen. Only 6% of such patients were positive compared to a much
greater frequency of positive reactions when the infiltrate was marked, 44%, or very
marked, 100%.

These were exciting findings. They suggested that there was an autoimmune
reaction to autologous tumor in at least some patients with a solid tumor. Would it
be of benefit to patients to strengthen this reaction, using the method that success-
fully induced autoimmune disease in animals, namely, vaccination with mem-
brane antigen homogenized in FCA? The literature of the time supported this
possibility. In postgestational choriocarcinoma, a tumor of fetal tissue proliferat-
ing in the maternal host, significant survival advantage was observed for those
women whose tumors showed a marked infiltrate in the tumor stroma as com-
pared with those with a mild infiltrate (Elston, 1969). In testicular seminoma,
56% of 179 patients who survived more than 10 years had tumors with a definite
Iymphoid stroma, whereas only 29% survived when such an infiltrate was absent
(Martin et al., 1965). In colon cancer, a highly significant five-year survival ad-
vantage was reported for 78 patients who had a local round cell reaction to their
tumor compared to 70 in whom this was absent (Murray et al., 1967). Spratt and
Spjut(1967) studied 1,137 patients with colon cancer, followed them for 10 years,
and also showed that an absence of such an infiltrate carried a very ominous prog-
nosis. In nonsmall carcinoma of the lung, favorable prognosis was associated
with the degree of lymphocytic infiltration of the tumor (Di Paola et al., 1977),
particularly in the case of patients with squamous cell carcinoma (Yesner, 1992 ).
In medullary carcinoma of the breast, a marked survival advantage was seen in
104 cases out of a total breast cancer cohort of 1,411 cancers, followed for 20
years by Bloom and colleagues (1970): 74% of the medullary breast cancer pa-
tients were still alive compared to 14% of cases with similar-stage, nonmedul-
lary breast cancer. A striking feature of medullary cancer, which makes up only
5% of breast cancers in the western world, is the rich stromal infiltrate by lympho-
cytes. However, improperly treated medullary cancers had a median survival of
2.2 years indicating that such tumors are potentially highly malignant. The
authors speculated that “their biological potential is countered by an effective
host resistance” (Bloom et al., 1970).



Immune Facilitation of Breast Cancer 209

Thus it was evident that in some types of cancer, a host immune reaction to the
tumor gave survival advantage. It was therefore logical to ask whether one could
achieve therapeutic advantage by increasing the intensity and frequency of such fa-
vorable reactions in the adjuvant setting following “curative” surgery. However, al-
though the prospect of using cell membrane tumor antigens homogenized with
FCA to vaccinate patients intradermally held promise, it also had potential dangers.
If normal tissue antigens were present, there was danger of inducing severe autoim-
mune disease as had been shown in men in whom severe acute orchitis was induced
following autovaccination with an homogenate of normal testicular tissue in FCA
prior to completing orchictomy as treatment for prostate cancer (Mancini, 1965).

So, before starting a potentially dangerous experiment, T.S. thought it prudent to
go back and examine the survival experience of what was the largest cohort of tu-
mor patients that had been skin- tested earlier with extracts of their own tumors,
namely, women with breast cancer. There were 56 such women of whom 12 had
shown a DHR to extracts of their tumors (Stewart, 1969, a, b). Although the longest
follow-up was only six years, T.S. was confident that he would see a survival advan-
tage in these 12 women. The results of this study were published in 1971 (Stewart
and Orizaga, 1971) and, shockingly, were exactly the opposite of that prediction.
There were three major findings. Firstly, of 52 patients tested and followed for at
least 2.5 years, 40 had a negative DHR to their own tumor; of these 31 (77.5%) were
alive and 9 (22.5%) had died of the cancer. Of 12 patients showing a positive DHR
to their tumors, 5 (41.5%) were alive and 7 (58.5%) were dead. The difference be-
tween the two groups was statistically significant. Secondly, a significant associa-
tion was found between a positive DHR and the degree of nuclear differentiation;
DHR was seen only in two of 21 patients with moderately to highly differentiated
tumors but in 10 of 35 patients with anaplastic tumors. Thirdly, antigens from one
patient gave a positive reaction in another patient with breast cancer, suggesting
common antigens. Two conclusions were suggested: that the immune system might
facilitate tumor growth and that a viral influence might be present in the origin of
breast cancer (see below).

In 1971, T.S. abandoned any further study of breast cancer. For the next 20 years,
he collaborated with Ariel Hollinshead in the study of immune reactivity of
nonsmall-cell lung cancer patients (Hollinshead, et al, 1974). In 1973, they started a
trial of specific active immunotherapy in patients having had curative surgery. Over
the years their initial positive findings of improved survival in those patients who
had received adjuvant vaccination (Stewart, et al, 1977) were independently con-
firmed by Takita and colleagues (1985) in a study of squamous-cell lung cancer pa-
tients and eventually in a large Canadian-U.S. multicenter trial. However, this last
trial gave a negative overall result, a cause of much tribulation. In the paper describ-
ing this study, three pages were used to describe the massive protocol violations that
were recognized (Stewart et al., 1984).

By 1991, T.S. and Hollinshead had accumulated six cases in which nonregional
metastases regrew many years following curative resection of lung cancer, with no
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new primary tumor, an exquisitely rare observation in lung cancer (Stewart et al.,
1990, 1991). On the strength of these observations, the first international workshop
on tumor dormancy was held in Ottawa in October 1991 (Stewart and Wheelock,
1992). In preparation for this workshop, two meta-analyses of lung cancer trials
were performed. The first examined 10 randomized trials of atkylating agents given
as adjuvant therapy for nonsmall-cell lung cancer (Stewart and Raman, 1992). A
significant worsening of survival was seen in patients receiving such therapy as
compared with controls. [This finding has been confirmed in a much larger meta-
analysis published in 1995, with a combined hazard ratio of 1.15 (P=0.005) (Lung
Cancer Collaborative Group, 1995)]. The second meta-analysis showed a highly
significant survival advantage in patients able to mount a >2 cm DHR to tumor anti-
gen at one year postsurgery compared to nonimmunized, randomized controls who
did not show this reaction (Raman and Stewart, 1992).

Taken together, T.S. concluded that boosting autoimmune reactivity to lung can-
cer is beneficial in the adjuvant setting, whereas the use of strongly immunosup-
pressive alkylating agents worsens the prognosis, perhaps by disarming such
helpful reactivity. This was in contrast, however, to the growing experience in the
adjuvant treatment of breast cancer, where such immunosuppressive drugs as mel-
phalan or, more convincingly, CMF (Cyclophosphamide, methotrexate, 5 fluorou-
racil) are beneficial (Early Breast Cancer Trialists Collaborative Group, 1992).
Similarly, the use of cortisone in advanced lung cancer was found to be detrimental
in a randomized trial (Wolf et al., 1960), causing more rapid death due to lung can-
cer growth, whereas, in advanced breast cancer, cortisol can be beneficial (Stewart,
et al, 1984) and nonspecific immunostimulation can be detrimental (see below).

IMMUNE FACILITATION OF HUMAN BREAST CANCER

Cell-Mediated Reactivity and Prognosis

Thus, for T.S., the question of possible immune facilitation of breast cancer was
again raised along with the suspicion that the role of the immune system in breast
cancer may be unique. A first approach to following up these possibilities was to re-
view the experience of others in regard to DHR and related assays of cell-mediated
immunity in breast cancer patients. This review has been published (Stewart and
Tsai, 1993) and only the highlights are reiterated here:

* Nonspecific stimulation of breast cancer patients using the method of Bacil-
lus Calmette Guerin inoculation or scarification as an adjuvant therapy sig-
nificantly worsened prognosis by 20% (Early Breast Cancer Trialists
Collaborative Group, 1992).

o In a study of 134 patients with breast cancer and 63 patients with benign
breast lesions, low lymphocyte reactivity in vitro to various mitogens and an-
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tigens correlated with low overall risk compared to that of patients with high
or intermediate risk disease (Wanebo et al., 1976).

o Inaseries of 77 patients with inflammatory breast cancer treated with radio-
therapy and chemotherapy, half of whom were randomized to receive BCG,
patients who were tuberculin negative on skin testing survived significantly
better than those who were tuberculin positive (Pouillart, et al, 1981).

e Tunisian women, who have a high frequency of inflammatory breast cancer,
had a DHR to soluble breast cancer antigen with a frequency three times
greater than that in women with other forms of breast cancer (Mourali et al.,
1978). Tunisian adults were shown to have increased immune reactivity
when compared to a comparable cohort of adult Americans (Levine et al.,
1981). As mentioned before, inflammatory breast carcinoma is extremely
aggressive.

¢ The thymidine labeling index (TLI) was studied in primary invasive breast
carcinomas of 133 patients (Meyer and Hixon, 1979). Operable patients with
TLIs above the median had a significantly higher rate of occurrence than
those with indices below. There was a significant linear increase of log TLI
with increasing degrees of inflammatory cell reaction at the margin of the
breast cancer.

e Cannon and colleagues (1981) studied the lymphoproliferative responses of
peripheral blood mononuclear cells from 95 stage I and Il breast cancer pa-
tients and 35 lung cancer patients in the early postoperative period following
mastectomy or full or partial lobectomy. The test used was one-way mixed
leukocyte culture (MLC) against a pool of mitomycin-C—treated lympho-
cytes from allogeneic donors. Depressed lymphoproliferative responses
were associated with significantly longer disease-free intervals in breast can-
cer patients and significantly shorter disease-free intervals in lung cancer pa-
tients.

This literature, although clearly not definitive nor easily interpreted, certainly
suggested that if the immune system has arole in breast cancer development at all, it
is not as an unequivocal host defense response .

Breast Cancer in Inmunosuppressed Patients

Reinforcing the suspicion of immune facilitation of tumor growth in a substantial
subset of women with breast cancer is the fact that all nonsurgical treatments that have
given positive results in breast cancer have one thing in common—they are immuno-
suppressive to a greater or lesser degree. Again this topic has been reviewed in detail
(Stewart et al., 1994) and only salient points will be emphasized here:

e Median response rates of 30% lasting 3—14 months following treatment with
corticosteroids have been reported in patients with metastatic breast cancer.
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Additive effects are seen when corticosteroids are combined with endocrine
therapy. The immunosuppressive effects of corticosteroids are quite clear
cut: a clear dose response exists for suppression of the production of lym-
phokines including IL-1, IL-2, IL-6, and TNF (Stewart et al., 1994).

e Adjuvant chemotherapy with CMF is immunosuppressive and causes pro-
longed impairment of certain aspects of B, T, and NK cell function. Zielinski
and colleagues (1990) reviewed their studies showing a depression of anti-
body production following vaccination, prolonged impairment of mitogen-
induced, soluble IL-2 receptor production, and a decrease in proliferation of
peripheral blood mononuclear cells following phytohemagglutinin stimula-
tion. The depressed activity was seen up to three years following cessation of
CMEF therapy.

o Escalating doses of chemotherapy followed by allogeneic or autologous
bone marrow transplantation cause marked and prolonged immunosuppres-
sion lasting up to two years (Welte et al., 1984; Olsen et al., 1988). Defective
production of IL-2 is seen up to 18 months following high-dose cyclophos-
phamide and whole body irradiation.

e Locoregional radiotherapy following mastectomy for breast cancer has been
found to confer a systemic benefit for survival (Stewart, 1994). One explana-
tion for improved survival is that there is a significant T-cell lymphopenia
and decreases in T-cell responses that can persist for as long as 11 years in
women so treated for breast cancer.

e Robinson and colleagues (1993) found that, in women treated for bilateral
breast cancer and without evidence of disease, NK cell activity was higher
than in normal controls, but that this activity declined on long-term ta-
moxifen therapy. Tamoxifen also reduced CD4 cells and the CD4/CDS8 ratio
in such patients.

If successful treatment regimens for breast cancer are immunosuppressive, one
might ask whether women who are chronically immunosuppressed show a low
population incidence of de novo breast cancers. Such a prediction was made April
1994, in Brugge at the Lancet conference, The Challenge of Breast Cancer (Evans,
1994). To investigate this hypothesis the incidence of breast cancer was assessed in
just such a population—female transplant recipients. Results based on data pro-
vided since 1983 to the Collaborative Transplant Study in Heidelberg were pub-
lished in 1995 (Stewart et al., 1995). Indeed, overall incidence of breast cancer was
found to be significantly lower among 25,914 transplant recipients than would be
expected from background rates. During a follow-up period of 1-11 years, 86 cases
were observed compared to 113.8 expected (X }=6.75, p =0.009). Incidence was
particularly low in the first year following transplant with a relative risk of 0.49
(95% C10.64 to 1.03). A subset of 13,003 women received a combination of cyclo-
sporin, azathioprine, and steroids (CSA), and the remainder, only one or two of
these drugs. There were 30 cases of breast cancer in the 13,003 patients against 53.8
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expected, and 56 cases in 12, 911 patients treated otherwise against 60 expected,
(RR0.58,95% C10.36 to 0.93, p =0.011). Furthermore the CSA group had a very
low rate in the years following the first year, with 24 observed cases rather than the
39.8 expected, giving an SIR of 0.60. The low breast cancer rate applied only to kid-
ney recipients, particularly the 8,166 North American women in whom the inci-
dence was halved. (The number of heart recipients was small, 2,185, and the results
are less reliable.) All other major cancers had higher than expected incidence, in
some cases substantially, with marginal increases in others.

IMMUNOBIOLOGY OF MOUSE MAMMARY TUMORS

In vivo Evidence of Immune Recognition

About the time that T.S. was beginning to think about the possibility of treating
breast cancer patients with preparations of their cancer, G.H. was being introduced
to the new era of experimental tumor immunology by her graduate school advisor,
David Weiss. There, in the laboratory, hopes for using the immune response to pre-
vent or treat cancers were also running high. Pioneering work by Prehn and Main
(1957) and the Klein’s laboratory (1960), among others, had demonstrated potent
immune responses specifically able to inhibit cancer growth in syngeneic animals
that had been previously exposed to the cancer cells. These studies carried out with
a variety of nonmammary tumor models had also revealed some apparent rules; for
example, cancers induced by chemical carcinogens express immunogens unique to
each cancer, whereas virus-induced cancers are immunologically cross-reactive
(Habel, 1961).

Inlight of these promising results, Weiss had decided to give up his career on the
immunology of tuberculosis and shift to cancer immunology, specifically breast
cancer immunology. He joined the University of California (Berkeley) Cancer Re-
search Genetics Laboratory, which was a mecca for workers in mouse mammary bi-
ology, and developed a team of students and post-docs to investigate aspects of the
immune response to mammary tumors.

Over the next few years, a number of important observations on the immuno-
biology of mouse mammary cancers were made by the Weiss group (Weiss et al.,
1966). Firstly, it was possible to immunize mice, by a number of ways, to trans-
plants of either autografts or isografts of mammary tumors. However, the specific-
ity of the response depended upon the type of host being tested. The tumors used
were ones associated with the mouse Mammary Tumor Virus (MMTYV). In hosts
that had been neonatally infected (i.e., through their mother’s milk) with MMTYV,
the immune response only extended to the tumor used for immunization. In synge-
neic but MMTV-free hosts, immune responsiveness included other tumors of the
same origin as the immunizing tumor. The interpretation of these results was that
neonatal infection resulted in a state of effective “tolerance” to MMTYV and associ-
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ated antigens, so that only noninfected mice could respond to the common, viral-
associated antigens expressed by tumor cells. The fact that infected mice could,
however, mount an immune response to the particular tumor used for immunization
meant that there were other, non-MMTV-associated immunogens in the system.
The direction of the immune response was also interesting. Although immunized
mice could respond to a challenge by inhibiting tumor growth, the opposite was
also seen, that is, stimulation of tumor growth in previously sensitized hosts.

Much of this work, as well as the vast majority of studies in experimental tumor
immunology, was done with transplantable tumors. However, Weiss and associates
(1964, 1966) also studied the immune reactions to autochthonous mammary tu-
mors, that is, to tumors as they developed, in their original host. The overall results
of these studies were sobering: About 1/3 of the cancers produced no detectable re-
sponse in the host of origin, whereas about 1/3 grew better than when transplanted
into naive, syngeneic mice. Only 1/3 appeared to induce a protective response. Al-
though these studies were logistically difficult and statistically problematic, it was
clear that even in inbred strains of mice the immunological relationship between
mammary cancers and their own hosts were heterogeneous and not necessarily pro-
tective.

G.H.’s work in Weiss’ laboratory took a different approach, although with simi-
larly sobering results. A number of investigators had shown that immunosuppres-
sion of mice by neonatal thymectomy greatly increased susceptibility to the growth
of various kinds of nonmammary tumors (Law, 1966; Miller et al., 1963). G.H. de-
cided to follow their lead to see whether neonatal thymectomy would alter the spon-
taneous development of mammary tumors in MTV-infected mice. Much to her
surprise, the development of tumors as well as of their morphological precursors,
hyperplastic alveolar nodules (HANs), was inhibited or delayed by neonatal thy-
mectomy (Heppner et al., 1968), a finding also reported by others (Martinez, 1964;
Squartini et al, 1970; Belyaev and Gruntenko, 1972). Other means of immunosup-
pression, for example, by anti-lymphocyte serum, had the same effects (Lappe and
Blair, 1970). The mechanisms behind these unexpected findings were complex and
included hormonal as well as immunological and viral factors. However, the “bot-
tom line” result did not suggest that the immune response was protective.

In vitro Assays of Mammary Tumor Immunity

In the late 1960s the overall excitement in the field of tumor immunology had led
to attempts to develop in vitro assays of anti-tumor reactivity in patients. A variety
of in vitro assays were described in which lymphocytes from patients or animal
hosts were tested for their ability to kill or to inhibit the proliferation of cancer cells.
As a post-doctoral student, G.H. went to work in the laboratory of Karl-Eric and In-
gegerd Hellstrom in Seattle and applied the then current “colony- inhibition assay”
to the mouse mammary tumor system. Using lymphocytes from mice that had been
transplanted with syngeneic mammary tumors, she was able to reproduce the ob-
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servations from the in vivo transplantation experiments in Weiss’ laboratory (Hepp-
ner and Pierce, 1969). Again depending upon the MMTYV status of the host,
immunity (i.e., inhibition of tumor colony formation) was demonstrable either only
to the immunizing tumor or extended to other tumors of similar origin. With this as-
say, inhibition was fairly easy to demonstrate with lymphocytes that had been iso-
lated from their host. However, the addition of serum from the same host often
abrogated the inhibitory activity of their lymphocytes, a circumstance that was at-
tributed to the presence of “blocking antibody” or antigen—antibody complexes
(Heppner, 1969). These observations were not unique to mammary tumors, but
were reproduced in a variety of other tumor types, both animal and human (Hepp-
ner, 1972).

“Immune Stimulation” of Mammary Tumor Cell Proliferation

The generally optimistic view of tumor immunology during the 1960s and
1970s was not without challenge. Prehn and Lappe (1971) suggested that a weak
immune response, of the sort most likely to be seen against naturally occurring
(nontransplanted) tumors that gradually develop without the involvement of
“strong” carcinogens and become established without alerting their host in a threat-
ening way, might be stimulatory rather than inhibitory (see Prehn, 1994 for arecent
expansion of this concept). This suggestion was not well-received by the rapidly
growing number of tumor immunologists; Indeed, it was mostly treated with ridi-
cule. By this time, however, G.H., in collaboration with Dan Medina, had decided to
test another mouse mammary tumor model involving tumors that arose spontane-
ously in mice implanted with a series of HAN lines that Medina (1973) had estab-
lished and characterized. With these transplantable HAN lines, particularly the
lines known as D2 and C4, it was possible to focus on the immune events during the
critical time of progression from the preneoplastic to neoplastic phenotype. A first
effort was to see whether the colony inhibition or newer microcytotoxicity assays
for lymphocyte reactivity would reveal an immune response to D2 or C4 HANs and
tumors. However, as reported in 1973 (Medina and Heppner) and more extensively
in 1976 (Heppner et al.), stimulation, rather than inhibition, of HAN or tumor cell
growth was often the result of in vitro exposure to host lymphocytes. Stimulation
was not a random, or “feeder,” effect, but was instead specific to particular combi-
nations of lymphocytes and tumors.

In Fidler et al, (1974) stimulation of tumor growth in vitro by low ratios of sensi-
tized Iymphocytes to tumor cells was reported. Of the 13 dogs used in his studies,
two had breast cancer—a miniature poodle and a beagle. The addition of autolo-
gous serum to the lymphocyte—tumor cultures potentiated the stimulation of
growth. These authors concluded, as had Medina and Heppner (1973), that their re-
sults supported the work and hypothesis of Prehn.

More recently, Ogmundsdottir and colleagues (1995) were able to establish pri-
mary cultures of human breast cancers and unaffected tissues in the serum-free,



216 T.H.M. STEWART and CLORIA H. HEPPNER

hormonally defined, highly supplemented growth medium, CDM3, of Petersen and
van Deurs (1987). Co-cultures of fresh samples of breast carcinoma and autologous
peripheral lymphocytes were successful in 20 cases. Cancer cell growth signifi-
cantly above control levels was seen with lymphocytes in 11 such cultures. Optimal
growth was also seen in five of 17 co-cultures of uninvolved breast tissue and lym-
phocytes. Growth stimulation in response to lymphocytes was significantly associ-
ated with the expression of MHC class I by the tumor cells, suggesting that it
depended upon immune recognition. Growth stimulation was not seen with a series
of breast cell lines—only with primary cultures.

Immune Facilitation of Mouse Mammary Tumor Progression

As mentioned, the HAN model of Medina offered a good opportunity to investi-
gate whether the immune response affects preneoplastic progression to mammary
cancer. The particular HAN model chosen for further work was the preneoplastic C4
HAN line. The HAN lines are transplanted into “cleared” (i.e., epithelium-free)
mammary fat pads of syngeneic, strain BALB/c mice; the HAN implants grow out to
fill the pads; eventually, after periods of many months, focal tumors arise within the
HAN tissue. Thus, tumor development is spontaneous and within the mammary site,
although it occurs in transplanted HAN tissue. With this model, a variety of ap-
proaches were tried to detect an immune response to mammary tumor development.

The results with the C4 model were clear: The host response appeared to stimu-
late the development of the cancers by a mechanism that involved NK cells. Acti-
vated NK cells were thus found to be present in higher numbers in HANs (as
compared with normal mammary epithelium) (Wei and Heppner, 1987), and sup-
pression of NK activity was accompanied by a lengthening of the latency period
and reduction in the frequency of tumor formation (Wei et al., 1989). In contrast,
NK stimulation correlated with shortening of the latency period and increased tu-
mor formation (Wei et al., 1989; Tsai et al., 1992). The idea that NK activity may be
a stimulatory factor in mammary tumor growth is also supported by results in an-
other animal model, the androgen-responsive Shionogi’s mouse mammary tumor,
in which Rowse and associates (1995) have demonstrated a positive correlation be-
tween tumor size and NK activity as a function of stress.

As stated above, NK activity has been reported to be low in human breast can-
cers, and breast cell infiltrates have been found capable of suppressing NK activity
(Vose and Moore, 1979; Eremin et al., 1981 ). Similarly, although the numbers of
NK cells were elevated in both C4 HAN and tumors, in comparison to normal
glands, unlike in the HAN, tumor NK activity was depressed, probably due to the
presence of suppressor cells. These C4 results resemble those of Pross and co-
workers (1984), who found that a subset of women characterized as being of high-
risk for developing breast cancer due to a mammographic pattern defined as “be-
nign breast syndrome” had a history of abnormally high, peripheral NK activity.
Pross and associates speculated that prolactin (PRL), reported to be at high levels in
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patients with proliferative breast disease (Cole et al., 1977; Franks et al., 1974),
might contribute to NK stimulation. Interestingly, inhibition of pituitary PRL pro-
duction by bromocriptine simultaneously decreases both progression of C4 HAN
to tumors and the HAN-infiltrating NK activity (Tsai et al, 1992). Prolactin also
stimulates NK activity in vitro (Tsai and Heppner, 1994). Taken together, these re-
sults suggest a possible influence at the level of the interface of the immune and en-
docrine systems during the early progression of breast cancer.

One reason that the C4 system was chosen for studies of immune activity during
neoplastic progression was the belief that there was no viral agent (i.e., MMTV) pres-
ent. However, this belief has since been shown to be false. Wei and associates (1991)
have described a new, milk-transmitted virus, MMTYV (C4), which is produced by C4
HAN. This virus encodes a superantigen that causes thymic deletion of T cells with
the VP2 segment in their T cell receptor. MMTYV (C4) has been shown to be responsi-
ble for at least some of the NK activation in this system (Gill et al., 1994).

The involvement of MMTYV (C4) in the NK-mediated stimulation of preneoplas-
tic progression, the evidence that PRL also contributes to this stimulation, and the
work of Pross and colleagues (1984) indicating the possibility that PRL-driven NK
cells are a feature in a subset of women at high risk of developing breast cancer
raises the old question of a possible MMTV-like agent in human breast cancer. This
is a topic that has had a rocky history. However, there are data that show 38-40% of
human breast cancers contain gene sequences homologous to the MMTYV env gene
that are absent from other tumors and tissues (Wang et al., 1995). Indeed, Pross and
co-workers (1984) suggested that the increased NK activity they observed could be
due to viral stimulation of interferon production. Of particular relevance is the ob-
servation made by Cannon and colleauges (1982) that women with hyperplastic be-
nign breast disease had a higher frequency of positive MMTV antigen leucocyte
migration assays (a test of cell-mediated immunity) than did women without. Such
hyperplastic lesions were judged homologous to the HAN in mice. Once again this
calls to mind the work of Black (1972) who, using similar techniques, demonstrated
enhanced migration to cryostat sections of noninvasive, in situ lesions with much
less reactivity to invasive cancers, a study that was reproduced in detail by Wei and
colleagues (1979) in the C4 HAN and tumor system. The parallel effects of immu-
nosuppression on mice bearing preneoplastic lesions and on women immunosup-
pressed for organ transplantation also suggest that a viral cause of breast cancer ina
subset of women should be considered. If true, future strategies could be developed
to reduce the incidence of this pandemic cancer.

MECHANISMS OF IMMUNE FACILITATION OF BREAST
CANCER DEVELOPMENT

The idea that immune responses may facilitate cancer development is initially
counter- intuitive, given our basic assumption that immunity is a “host-defense” re-
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action. The immune system does protect us from external threats, ones that are suf-
ficiently foreign to be perceived as not-self. There are many examples from
parasitology, however, in which the foreign invader avoids immune destruction by
becoming “like” the host. It should not be surprising that cancer cells, which differ
from their hosts in only the most minute ways, can also escape immune destruction.
Nevertheless, escaping the immune response is not the same as using it to promote
growth. What special mechanisms might underlie immune facilitation?

To begin with, it is important to consider the difference between a cause—effect
relationship, versus an association of events that are themselves quite independent.
It has become recognized in recent years that the immune system is not an “island”
with its own, unique mechanisms of modulation and control, but rather is connected
with the other organ systems of the body via a variety of shared growth factors and
hormones. Many, if not all, of the same factors that control the differentiation or
proliferation of lymphoid cells also control other cell types (Paneri, 1993; Weigent
and Blalock, 1995). For example, in the C4 HAN system described earlier, PRL ap-
pears to act as a mitogen for infiltrating lymphocytes (Tsai and Heppner, 1994) and
possesses its well-known stimulatory effects on mammary epithelial cells (Welsch
annd Nagasawa, 1977). Thus, although suppression of pituitary PRL suppresses
HAN-infiltrating NK activity and simultaneously interferes with C4 HAN progres-
sion, this correlation is not in itself evidence that NK activity facilitates HAN pro-
gression. Quite simply, both cell types may be sensitive to the same control factor
and yet be independent of each other.

There is evidence, however, that tumor-associated inflammatory cells are them-
selves the source of many factors that can act, in a paracrine fashion, as direct
growth factors for cancer cells, and can act to influence cancer growth indirectly by,
for example, enhancing angiogenesis. Again, in reference to the C4 HAN example,
activated lymphocytes have been reported to produce a molecule with PRL activity
(Montgomery et al., 1990), so that C4 HAN epithelial cells may be stimulated by
PRL produced in situ by infiltrating lymphocytes, as well as by that produced by the
pituitary. Tumor-associated macrophages produce a variety of endothelial cell cy-
tokines and proteases that contribute to angiogenesis (Leek et al., 1996) thereby in-
directly aiding tumor progression. They are also a source of active oxyradicals that
could act as endogenous mutagens to increase the genetic instability of tumor cells
and enhance the probability of progression (Mahoney et al., 1989; Yamashinaet al.,
1986).

Human breast tumor-infiltrating lymphocytes (TILs) have been extensively
studied for their capacity to produce cytokines (Rubbert et al., 1991; Schwartzen-
truber et al., 1992; Vitolo et al., 1992). Two recent reviews (Mantovani et al, 1992;
Michiel and Oppenheim, 1992) show clearly that cancer-infiltrating mononuclear
cells produce cytokines that can either downregulate or stimulate cancer growth.
This is an important conclusion that must be emphasized as it is not universally ap-
preciated. Rubbert and colleagues (1991) found that TILs could produce tumor ne-
crosis factor (TNF) when exposed to autologous tumor cells in vitro.
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Mitogen-stimulated TILs also produced TNF, as well as IL2 and IFNa. Vitolo and
colleagues (1992) studied the TILs expression of cytokine mRNAs. In the stroma of
ductal breast cancers that contained intracellular or intraductal mucous, up to 30%
of lymphoid cells expressed IL-2, TNFa, IFNa, and IL-2R mRNA. Schwartzentru-
ber and colleagues (1992) showed that TILs stimulated by autologous breast can-
cers secreted TNFo, GM-CSF, and IFNa. Peoples and colleagues (1995) have
shown that TILs produce heparin-binding epidermal growth factor-like growth
factor (HB-EGF) and basic fibroblast growth factor (bFGF) in vitro as well as in
vivo. HB-EGF and bFGF derived from TILs directly stimulated breast cancer cell
proliferation in vitro and also stimulated vascular smooth muscle cells, whereas
bFGF displayed angiogenic properties. Another potent angiogenic factor, vascular
endothelial growth factor (VEGF), is produced by TIL in situ at bioactive concen-
trations in human prostate and bladder cancers (Freeman et al., 1995). Recent data
(Lu and Brodie, 1996) have shown that both hormone-dependent and -independent
human breast cancer cell lines are stimulated to grow by VEGF. Thus, a wealth of
cytokines are produced by infiltrating inflammatory cells. The next question is
which of these are most likely to be responsible for immune facilitation of breast
cancer development?

TNF is a leading candidate for an inflammatory cell-produced cytokine that
stimulates breast cancer development. Using a model of rat mammary epithelial
cells growing in serum-free medium in a reconstituted basement membrane, Ip and
associates (1992) found that TNFa stimulates epithelial cell proliferation at opti-
mal growth conditions and markedly stimulates morphogenesis in suboptimal or
EGF-deficient medium. Tsai and colleauges (1992) have found TNFa to be a posi-
tive growth factor for normal mouse mammary cells as well as for preneoplastic C4
HAN and C4 tumor cells. She has also demonstrated TNFo. mRNA expression in
both HAN-infiltrating lymphocytes (HILs) and HAN epithelial cells. In the milieu
of HAN tissues, HILs are in close contact with HAN cells and may be constitutively
secreting TNFa in response to autologous HAN stimulation. C4 HAN epithelial
cells also express mRNA for both the p55-60 receptor and the p75-80 TNFa recep-
tors. Most importantly, in vivo treatment of C4 HAN-bearers with TNFa decreases
the latency period and enhances the frequency of HAN progression to tumor (Hepp-
ner and Miller, 1996). These results indicate that stimulation of epithelial cell pro-
liferation by HIL-produced TNFa is one mechanism responsible for the immune
facilitation of neoplastic progression in the HAN model. However, growth stimula-
tion may not be the only mechanism by which TNFa affects progression; TNFo
may promote tumor progression indirectly by its ability to stimulate angiogenesis
(Vukanovic and Isaacs, 1995), to enhance epithelial cell motility (Rosen et al.,
1991), or to induce increased expression of adhesion molecules (Spriggs et al.,
1987), among other possibilities.

Other candidate inflammatory cell-produced, breast cancer—stimulating cytoki-
nes include IL-6 and colony-stimulating factor (CSF). Although IL-6 can inhibit
the proliferation of several duct carcinomas of breast in vitro, it also enhances mo-
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tility of breast cancer cells and causes increased cell—cell separation with decreased
adherens-type function formation (Sehgal and Tamm, 1991). Furthermore, human
mammary epithelial cells transfected with the inz-2 gene are stimulated to grow by
IL-6 (Basolo et al., 1993). CSF-1 has been suggested as a key mediator of breast
cancer invasion and metastasis (Scholl et al., 1993). Autocrine growth stimulation
due to the combined expression of CSF-1 and its receptor in breast cancer cells is
possible.

In addition to cytokines, infiltrating lymphocytes may be the source of other fac-
tors of specific relevance to breast cancer. Prolactin has already been mentioned. A
number of investigators are exploring the possibility that lymphocytes either pro-
duce enzymes involved in estrogen synthesis (Berstein et al, 1993), or that inflam-
matory cell-produced cytokines affect the activity of such enzymes (Reed et al.,
1995). Indeed, Singh and colleagues (1997) have recently shown that exposure of
fibroblasts from normal breast tissue to conditioned medium from cultures of lipo-
polysaccharide- stimulated monocytes and lymphocytes obtained from an immu-
nosuppressed kidney transplant recipient receiving cyclosporin A therapy resulted
in a significant reduction in aromatase activity stimulation. This was in comparison
with the marked stimulation seen using conditioned medium derived from mono-
cytes and lymphocytes taken from a woman with breast cancer. The authors postu-
late that reduction in cytokine-induced estrogen synthesis in breast tissue of
immunosuppressed patients may play an important role in lessening the incidence
of breast cancer in such patients (Stewart et al., 1995). So far, there appear to be no
studies of estrogen synthesis modulation by TIL, although Berstein and colleagues
(1993) have reported that peripheral lymphocytes from breast cancer patients have
a higher capacity to convert androstendione to estrogen than do peripheral lympho-
cytes of age- matched control women.

Antibodies are also a possible mechanism of breast cancer stimulation. Parkes
and colleagues (1988) analyzed material taken from 34 patients who had been oper-
ated on for primary breast cancer in 1976 and followed for 11 years. Plasma cells
were found in cancers from 84% of women who had relapsed and died (19 patients)
whereas they were detected in only one tumor of 15 women who had survived (6%),
acase of medullary carcinoma, free of disease. The authors concluded that the pres-
ence of plasma cells in infiltrating duct carcinoma and mixed infiltrating duct and
lobular carcinoma is associated with a poor prognosis.

Using the Prausnitz-Kustner reaction, Grace and Dao (1958) found that a pati-
ent’s antibodies may be responsible for inflammation in inflammatory breast can-
cer. HER-2/neu protein is amplified and overexpressed in inflammatory breast
cancer and noninflammatory breast cancer with positive axillary nodes (Guerin et
al., 1989). Antibody responses have been seen in breast cancer patients having this
oncoprotein, in 647 cases that also had a lympho-plasma cell infiltrate (Pupa et al,
1993), and in 11 of 20 premenopausal breast cancer patients (Disis et al., 1994).
One patient also showed a significant proliferative T cell response to the
HER-2/neu protein and peptides. Antibodies to growth factors or growth factor re-



Immune Facilitation of Breast Cancer 221

ceptors may facilitate cancer cell growth by contributing to the stimulus for signal
transduction through that receptor. For example, in a recent study of a newly iso-
lated human breast cancer cell line, it was shown that a monoclonal antibody that
binds to the extracellular domain of erb B-2 is a potent growth factor in vitro for
these cells (Ethier et al., 1996). Complimenting this finding is an earlier study by
Stancovski and colleagues (1991) showing that monoclonal antibodies to the extra-
cellular portion of the erbB2 protein of human breast cancer cell lines could either
inhibit or strongly stimulate the growth of these cancers in athymic mice. They cau-
tion that antibody therapy could accelerate tumor growth.

CONCLUDING COMMENTS

The hope that the immune response may be harnessed to control cancer develop-
ment and growth continues to burn brightly and, indeed, has received new fuel in
the form of recent advances in gene and molecular therapy. It is likely that the treat-
ment of many types of cancers will be impacted favorably by these advances and we
surely wish that breast cancer will be one of these cancers. For this to be so, how-
ever, it is first necessary to confront the data on the role of immunity in the natural
history of breast cancer. Unfortunately, these data are not encouraging. To be sure,
immune responses of various types can be demonstrated and, in some types of labo-
ratory settings, shown to be growth inhibitory. However, in human breast cancer as
well as in experimental models of mammary cancer development (as opposed to
growth of transplantable lines), it often seems that the inflammatory/immune re-
sponse is associated with facilitation of cancer growth and progression. Potential
mechanisms of facilitation include inflammatory cell-produced cytokines, modu-
lators of steroid hormone metabolism, and antibodies, working either directly on
the cancer cells themselves or indirectly through effects on angiogenesis or stromal
cell behavior. The implications of these observations include the possibility that
immunosuppression may actually be therapeutic for breast cancer. Optimistically,
one may argue that any type of immune response to cancer may be better than no re-
sponse at all in the sense that it indicates that the host does recognize the presence of
“an invader” and, therefore, that there may be a basis for engineering that recogni-
tion to achieve a clinically favorable outcome. To do so, it will be necessary to select
those immunogens and conditions that are able either to overcome or to deflect the
immune-faciliatory responses that appear to play a significant role in the natural
history of breast cancer development.

As stated at the outset of this chapter, our views of the role of the immune re-
sponse in breast cancer development are a convergence of two, quite different path-
ways of investigation: clinical observation of human populations and laboratory
studies of mouse models. The mouse models have all involved the presence of an
overt viral agent. This would not seem to be the case for human breast cancer. How-
ever, mouse tumor—associated viruses are, in reality, endogenous genes packaged
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for export. One of the most fascinating recent findings of MMTYV biology is the rec-
ognition that the murine mls genes, the genes that specify T cell-receptor, V3-chain
specificity, and the Mtv provirus genes are, in fact, the same (Wei et al., 1993). The
MMTYV (C4) virus is the exogenous form of a gene that leads to deletion of the V32
specificity from the T cell repertoire and, as reviewed above, appears to contribute
to the enhanced NK activity observed in the C4 model. Thus, it may be that the in-
volvement of MTV-like genes (if not MTV viruses) in human breast cancer im-
munobiology is not as far-fetched a concept as it might have appeared even a few
years ago. If so, there are some clear opportunities for clinical exploitation.
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In this chapter, early work up to the end of the nineteenth century will be considered
chronologically. Our understanding in the twentieth century of the clinical and
pathologic features of the disease, the hormonal influences, and genetic factors will
be discussed under these headings.

EARLY HISTORY

Diseases of the male breast have been known since antiquity, but male breast can-
cer was not recognized until the Middle Ages. Because the early history of male
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breast cancer does not appear to have been collected before, I will review it in some
detail.

Gynecomastia has been recognized since ancient times and is represented in
both early and primitive art. While it was known to Aristotle (Melville, 1933), the
term gynecomastia was first coined by Galen in the second century B.C. (Erdheim,
1930), who used it to describe increased amounts of fat in the breast. There are sev-
eral anecdotal cases of men with gynecomastia who have suckled children (Chase,
1964) but none of these stand up to close scrutiny (Karsner, 1946). Although, on oc-
casion, carcinoma in situ may be seen in ducts in association with gynecomastia,
there is no good evidence linking sporadic gynecomastia with an increased risk of
breast cancer. A possible exception is in patients with Klinefelter’s syndrome who
frequently have longstanding gynecomastia and are at increased risk for the devel-
opment of breast cancer (v. infra).

The earliest reference to a tumor in the male breast is to be found in Case 45 of
the Edwin Smith Surgical Papyrus which dates from 1600 BC (Figure 1). The hiero-
glyphics have been translated (Breasted, 1930).

If thou examinest a man having bulging tumors on his breast, (and) thou findest that
[swellings] have spread over his breast; if thou puttest thy hand upon his breast upon
these tumors (and) if thou findest them very cool, there being no fever at all therein
when thy hand touches him; they have no granulation, they form no fluid, they do not
generate secretions of fluid, and they are bulging to thy hand, thou shouldest say
concerning him: One having bulging tumors. An ailment with which I will contend.
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Figure 1. Case 45— “Bulging Tumors of the Breast,” from the Edwin Smith Surgical
Papyrus. A copy of the original hieroglyphics, which are translated in the text. The
hieroglyphics for tumor are underlined. (Modified from Azar, A.H. Pathology of Human
Neoplasms, (1988). p. 2. reprinted by permission of Lippincott-Raven Publishers.)
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While this case has been interpreted as a tumor, Sandison and Wells, (1967) feel
that it is better regarded as superficial presentation of caseous tuberculous osteitis.
In their opinion there is no convincing evidence of breast cancer in ancient Egyptian
literature.

The first description of male breast cancer in the Western world is attributed to
John of Arderne (1307-1390), who came from an established family in the English
Midlands (Power, 1910). He is thought to have been educated at Montpelier, and
served as a surgeon in the British Army in the Hundred Years’ War. He returned to
England to practice first in Newark and later in London where he made his reputa-
tion by his operation for fistula-in-ano, a common and, at that time, incurable condi-
tion. In his description of male breast cancer, he recounts the story of “a priest of
Colstone” to whom “there fell a sore of the right pap within the skin” (Graham,
1939). Over a 2-year period, the cancer extended and the skin became livid. After
trying various medicines, the priest consulted a barber (surgeon) who promised to
cure the condition. But before undergoing treatment, he consulted John of Arderne.
When asked “if that he were curable or if that he might suffer any cutting or corro-
sive or any such medicine,” Master John of Arderne’s advice was “that he should in
nO manner put no corrosive nor none other violent medicines, nor let no cuttings
come therenigh.” He further warned the priest that any of these treatments “would
bring him to death without any recovery.” It seems likely that this is not only the first
clinical description of breast cancer in a man, but also of Paget’s disease of the nip-
ple.

Francesco Arceo or Arceus (1493-1571), who practiced in Spain when medi-
cine there was at its zenith, wrote (1588; Figure 2):

Of the curing of the Canker happening in womens
breaftes,Cap.3.

oo Ancers Boe happen mofE efpeciallp fo Toos
A, men,and fo thole aboue others that are bars
WA, ren eptber by nature o3 bp electicn.

JY) Dt iwbich fatare Honnes , ¢others that

baue cholen & continent and fingle life, thep

' Boe bappen alfo tomen , but that eloome,

£he Yealing of thele (wmed to bs wotbie to fettc dotwne

£n t;iting in this boke , becanle it i3 a great deale mo&:
(7

Figure 2. The beginning of Francesco Arceo’s description of breast cancer from “A
most excellent and COMPENDIOUS METHOD of curing woundes in the head, and in
other partes of the body, with other precepts of the same Arte, practiced and written by
that famous man FRANCISCVS ARCEVS, Doctor in Phisicke & Chirugery: and translated
into English by john Read; Chirurgion,” London, 1588.



232 PETER ). DAWSON

Of the Curing of Canker Happening in Womens Breasts

Cancers doe happen most especially to women, and to those above others that are
barren either by nature or by election. Of which last are Nunnes, and others that have
chosen a continent and single life, they doe happen also to men, but that seldome ...

He distinguished ulcerating from nonulcerating tumors and recognized that the
former can only be palliated. For the latter, he advocated surgery. He recalls: “a cer-
taine man, a priest, we did so preserve above XX yeeres with this kinde of cure, be-
fore he ended his life, he was thoroughlie cured. And when he deceased he was
more than foure score yeeres of age.”

Ambroise Paré (1510-1590), a leading French surgeon of the sixteenth century
was also well aware of breast cancer, he wrote (1634):

Every cancer is held almost incurable ...a Cancer is not easily staied until it hath eaten
even to the innermost of the part which it possesses. It invades women more
frequently than men, and those parts which are laxe rare, fungous, and glandulous are
therefore opportune to receive a deflection of a grosse humor, such are the
breasts...When it possesses the breasts, it often causes inflammation to the armholes,
and sends the swelling even to the glandules thereof.

It is not clear that his reference to cancer being more common in women than
men, refers specifically to breast cancer; nor is it clear that he actually was aware
that the latter could occur in men. However, he did understand that it might spread to
axillary lymph nodes. Paré also described a case of a woman who feigned breast
cancer and was whipped for her wickedness.

Wilhelm Fabricius, also known as Fabricius Hildanus (1560-1636), was born in
Germany at Hilden near Diisseldorf but practiced in Switzerland and is considered
to be the founder of German surgery. He described, in a certain Monsieur Polier of
Lausanne, an ulcerated tumor of the left breast the size of a hen’s egg (Hildanus,
1606). Treatment with emollients caused inflammation and pain, and so was dis-
continued. The patient lived a long-time.

The Danish anatomist Thomas Bartholin (1616-1680) is often credited with an
early description of breast cancer in a man (1671-2). However, the patient was
called Christina and appears to have been a woman.

A German surgeon, named Wolff described (1742) a nodule in a 50-year-
old man that appeared in the breast following a “pinch” that grew to the size
of a fist over a three year period. The patient refused surgery and went to an-
other physician who first treated it with caustics and then incised it. One
week later the patient developed paralysis of the lower jaw, presumably teta-
nus, and died.

Lorenzo Heister (1683-1758) was born in Frankfurt and studied medicine at the
University of Giessen. He was professor of Anatomy and Surgery at the University
of Helmstaedt from 1720 to 1758. His textbook, A General System of Surgery was
the first modern and comprehensive surgical text (Heister, 1750). In it he wrote:
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A Cancer, as well as a Scirrhus, will arise in almost any part of the Body, but most
frequently in the Breasts of Women, nay sometimes of Men; a very memorable
Instance of which you will find recorded by Bidloo.

Govert Bidloo (1649-1713) was professor of Anatomy at Leyden. He published
in his Opera Omnia Anatomico-Chirurgica (1715) anaccount of a breast tumor that
developed in a 22-year-old trumpeter following a hunting accident. The patient was
cured by mastectomy. However, the lesion was almost certainly inflammatory.

Giovanni Batista Morgagni (1682-1771), Professor of Anatomy at the Univer-
sity of Padua for more than 50 years, published his magnum opus De Sedibus et
Causis Morborum in 1761. In it, he mentions that he had seen a tumor in the breast
of a goldsmith, but it is also not clear that it was car;:inoma (Morgagni, 1769).

A novel approach to breast cancer was taken by Domenico Rigoni-Stern
(1810-1855) who was educated at Padua and became deputy professor of clinical
medicine there. He analyzed cancer incidence data over a long period of time in the
expectation of increasing our understanding of the disease, and was thus one of the
first cancer epidemiologists. He communicated to the surgical section of the IV
Congress of Italian Scientists the results of his epidemiologic studies in the city and
suburbs of Verona during the period of 1760 to 1839 (Rigoni-Stern, 1842). He ob-
served that the highest frequency of breast cancer was between the 6th and 7th dec-
ades and that it was five times more frequent in nuns than among other women and
that it was more common in the left than the right breast. He also recorded four cases
of breast cancer in men, all of them priests. It will be recalled that both John of Ar-
derne and Francesco Arceus also described breast cancer in priests. (It is not clear
whether this is of etiological significance or simply reflects the higher probability
of an educated man seeking medical attention.) Rigoni-Stern speculated that the
high incidence of breast cancer among members of religious orders might be due to
excessive use of fish or garlic or long periods of abstinence; or possibly to the ef-
fects of pressure from corsets or prolonged kneeling.

Velpeau (1795-1867), who was professor of surgery in Paris, published Traité
des Maladies du Sein et de la Region Mammaire (1854). In the chapter on diseases
of the male breast, he mentioned that he had observed nine or 10 cases of breast can-
cer in men and described several of them in detail. He concluded that the disease in
men too closely resembled that in women to justify separate detailed treatment in
his book.

There appears to have been continuing interest in the subject in France. Horte-
loup (1872) gave a comprehensive account of male breast disease in his thesis pub-
lished in Paris in 1872, and Chenet (1876) addressed the same subject in his thesis.
Poirier (1883) published the first systematic survey of cancer of the male breast, the
first paragraph of which was quoted by Wainwright (1927).

The condition more often begins in the second half of life, 45 to 65 years. It begins
ordinarily as a small limited induration, under or near the nipple. It remains in this
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state sometimes for a considerable period without causing appreciable pain and
without affecting the general health. Then suddenly, after six months to five years, the
tumor increases in volume and soon is the size of a nut or an egg. The skin becomes
adherent and dimpled. The nipple retracts and becomes buried. The tumor becomes
hard and nodular. Ordinarily about this period one or two glands appear in the axilla,
sometimes they are connected to the tumor by a nodular cord. Quite often one now
sees small nodules or tubercles appearing around the tumor, they have the
characteristics of the principal mass. The patient now begins to complain of
lancinating pains. Then only the skin, distended and adherent to the tumor, reddens
and perforates, there is ulceration; the ulcer is excavated, the borders hard, the base is
firm, it increases slowly and it may be the seat of hemorrhages. Such is the picture
which presents ordinarily. The general health is good for a long time, progress is
always slow. This clinical type corresponds to the anatomical form which we have
described under the name of scirrhus carcinoma. But other cases with a different
histological structure progress more rapidly. They are much more rare.

The earliest descriptions of the histopathology of male breast cancer were made
by Poirier (1883) and by Courtade (1885). Imbert (1891) reported two cases of male
breast cancer with microscopic descriptions of the tumors that were surprisingly
modern and complete.

On low power, we observe a considerable dilation of external ducts; these are lined by
a layer of epithelium much thicker than normal. Rare ducts have an intact basement
membrane that is infiltrated and destroyed by an epithelial proliferation, focally or
along its entire circumference..... The cells that invade the basement membrane
around the acini are of cylindrical type; the most advanced are rounded and have a
large nucleus. In the excretory ducts, the cells are cylindrical with multiple nuclei, but
the lumina of these ducts are filled with necrotic cellular debris.... The sections from
the nipple perpendicular to the lactiferous ducts allows (sic) us to notice that these
ducts are large, tortuous and lined by several layers of cylindrical cells. In certain foci,
these cells form from intracanalicular masses; it is at this level that the basement
membrane of the duct is destroyed and invaded by epithelial cells that form irregular
prolongations that are poorly limited but, however, following the form of circles or
cylinders depending on the cut.

Working in Germany, Schuchardt compiled (1885) a remarkable series of 406
cases of breast disease in men, of which 348 were cancers. The majority of these
came from Western Europe; cases from Russia, Japan, and North America were
also included. In this series, patients ranged in age from under 20 to 84 years. Gen-
erally, the disease was far advanced when medical advice was sought; for example,
61 of 70 cases had ulcerated tumors. In 25 cases, the tumor was attributed to pre-
existing trauma or inflammation and in one case to suspenders. Survival ranged
from three months to 18 years.

Williams established the now generally accepted relative incidence of breast
cancer in women and men; he reported that, among 2422 cases of breast cancer
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from three London teaching hospitals, 25 were in men (incidence = 1%; Williams,
1889). He noted the same age range as Schuchardt, probably because many of the
cases were common to the two series. His youngest patient was 20 years, the oldest
82 years. The fact that his mean age was 50 years (about 8 years Jess than that now
generally accepted) may be a reflection of the shorter life span experienced then.
Blodgett reported (1897) a histologically confirmed case in a youth of 14 years 8
months and Lunn described (1896-7) breast cancer in a 91-year-old.

Although Arderne’s case involved the pap (nipple), it was not until 1880, 6 years
after Paget’s description that Forest described this condition in a man (Forrest, 1880).
The patient, aged 72 years, gave a history of a “leakage on one side of the nipple,” of a
secretion described by the patient “as resembling women’s milk.” Subsequently, nip-
ple retraction developed and an underlying carcinoma became apparent.

By the end of the nineteenth century, breast cancer in men had become a well
recognized, albeit rare, entity. The clinical features were generally known, although
the disease had been studied pathologically in only a few cases. Most cases were too
far advanced for treatment to be effective and the prognosis was generally bad.
Aside from the observations of Rigoni-Stern, little was known about etiology or
pathogenesis.

MODERN CLINICOPATHOLOGIC STUDIES

Wainwright published the first modern description of breast cancer in men (1927).
This was composed of 154 personally studied cases and an additional 264 from the
literature. Two features distinguish this report from those of the nineteenth century,
namely, a uniformity of clinical detail and histopathological confirmation of the di-
agnosis. Clinically, he emphasized that ulceration, pain, and nipple discharge were
more frequent and more dangerous signals in men than in women and that the dis-
ease occurred at an older age in men. His paper includes a detailed account of the
normal and pathologic anatomy including the microscopic findings, although his
classification is archaic by modern standards.

A number of authors have shown that breast cancer is histopathologically indis-
tinguishable in men relative to that seen in women (Norris et al., 1969; Visfeldt et
al., 1973). The majority of cancers in men are infiltrating ductal carcinomas (NOS);
however, medullary and mucoid types occur. The incidence of papillary carcinoma
in men is much higher than the 1% usually given for women—=8% and 13%, respec-
tively, for the two series cited above. Lobular carcinoma is thought not to occur in
men, although Sanchez and colleagues (1986) report one such case in a man with
Klinefelter’s syndrome. This is not totally unexpected as prolonged estrogen stimu-
lation can result in acinar development (Sandison, 1962; Schwartz et al., 1963).
Paget’s disease of the nipple appears to be rarer in men than women.

Studies comparing tumor-related antigens in male and female breast cancer have
generally failed to show differences between the sexes, and the oncogene c-erbB-2
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appears to be overexpressed in a similar percentage of cases in both sexes (Lundy, et
al., 1986; Dawson et al., 1992).

The incidence of metastases to the male breast is similar to that in the female (1%
of all breast tumors) with the striking difference that the majority occur in patients
with disseminated carcinoma of the prostate undergoing estrogen therapy (Berge,
1971).

The primary mode of therapy in men has remained surgical since the nineteenth
century. The concept of cure in cases of breast cancer is less than 100 years old dat-
ing from Halsted’s introduction of radical mastectomy (1894). Williams (1889) had
outcome data on only 18 of 100 cases. In the five patients who underwent breast am-
putation, three survived from 117 to 273 months. In the remaining 13, survival
ranged from 11 to 85 months from the time the disease was first noticed. By the time
of Wainwright’s (1927) paper, the importance of accurate follow-up had been ap-
preciated, and of 418 cases studied, data was available in 111. The average survival
in patients was 5.2 years without axillary involvement and fell to 2.8 years when
this was present. Ulceration was also a poor prognostic sign. Using the criteria set
out by Greenough (1925) for grading breast cancer in women, Wainwright was able
to show a correlation between tumor grade and survival among male patients. He
noted that recurrences could occur after very long latent periods, just as in women.
He also felt that the prognosis in men was not as good as in women. The prognosis
of breast cancer in men versus that of women has been a continuing controversy.
Without going into a detailed review of this subject, survival, when tumor stage and
age at onset are controlled for, appears to be the same between the sexes (Adami et
al., 1985; van Geel et al., 1985).

HORMONAL INTERACTIONS

The seminal observation on the hormonal responsiveness of breast cancer was
made by Beatson (1896). It was not, however, until Dodds and colleagues reported
the synthesis of stilboestrol (1938), that interest in the endocrine manipulation of
breast cancer developed. Generally speaking, the ablative techniques tried in men
followed those employed in women. Farrow and Adair (1942) reported the effects
of surgical castration on a 72-year-old man with breast cancer and noted regression
of a large ulcerated breast tumor and clinical and objective improvement in osseous
metastases. The patient survived three years and died of hypostatic pneumonia fol-
lowing a cerebral hemorrhage. Subsequently, Treves reported (1949) a series of 13
cases with similar good results. These observations led to orchiectomy as the treat-
ment of choice for palliation of male breast cancer. The effects of adrenalectomy in
seven cases of breast cancer were reported by Huggins and Bergenstal (1952). One
patient was a man; by the third postoperative week, he showed a significant de-
crease in both pulmonary and intracranial metastases that was maintained for four
months. Luft and Olivecrona (1955) reported their results with hypophysectomy in
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30 cases of breast cancer, two of whom were men. Both had local and skeletal and
pulmonary metastases and both were considerably improved.

The next obvious step was the use of the antiestrogen tamoxifen. The first reports
appeared in 1978 (Abele et al., 1978; Jeffreys and Efthimiou, 1978; Morgan and
Hong, 1978). In a series of 31 cases of male breast cancer including those mentioned
above, Patterson and colleagues (1980) found a response rate of 48%, which was bet-
ter than that seen in women, although this may be a reflection of the older age inci-
dence in men. Tamoxifen remains an important agent in palliating male breast cancer.

Following the introduction of orchiectomy and stilboestrol therapy for prostatic
carcinoma, a number of patients developed breast cancer that was attributed to the
therapy (Benson, 1957). The majority of these occurred within a comparatively
short time after the onset of therapy in patients with widely disseminated prostate
cancer. Immunocytochemical studies (Kumar et al., 1986; Aziz et al., 1986) have
confirmed that these so-called breast cancers were in fact intramammary metasta-
ses from the prostate. Nevertheless, there remain occasional reports of breast can-
cer in men following long-term administration of estrogens (Schlappack et al.,
1986). Evidence that high doses of unopposed estrogen over a long period of time
can induce breast cancer is provided by reports of breast cancer in three men who
underwent transsexual change (Symmers, 1968; Pritchard et al., 1988). These indi-
viduals not only underwent bilateral orchiectomy but received very high doses of
estrogen for long periods.

There is thus a considerable body of data linking the male and female sex hor-
mones in a reciprocal way with breast cancer in men. Steroid hormone imbalance
may also be the final common pathway associated with such disparate etiologies as
a history of orchitis (in adults) and bilharzia infection. The latter has been associ-
ated with gynecomastia and the relatively high male-to-female ratio of cases of
breast cancer in Egypt (El-Gazayerli and Adel-Aziz, 1963). Patients with Klinefel-
ter’s syndrome have low testosterone and elevated estradiol levels (Wang, et al,,
1975), but there is also evidence linking breast cancer more directly with the extra X
chromosome (v infra).

In a more general way, estrogen has been linked with male breast cancer via gy-
necomastia. The association between gynecomastia and breast cancer is, however,
unclear. In one series, only 17 of 625 (less than 3%) of men with breast cancer gave a
history of prior gynecomastia (Crichlow, 1972). Scheike and Visfeldt (1973) found
a history of pre-existing gynecomastia in only 10 of 265 patients with male breast
cancer. Histological features of concomitant gynecomastia were present in 10 of 79
cases where this could be evaluated. Although not proven, they felt that gynecomas-
tia might be premalignant in certain circumstances. It should, however, be borne in
mind that gynecomastia is a rather common finding in elderly men.

The presence of estrogen receptors in female breast cancer and its value as a pre-
dictor of a therapeutic response to endocrine ablation is well known. In fact, the per-
centage of estrogen receptor—positive breast cancers in men is even higher than in
women, and has been reported in 85% of cases (Everson et al., 1980).
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GENETIC FACTORS

The earliest report of familial breast cancer in men appears to be that of Williams
(1889).1n 29 of his 100 cases where inquiry was made, there was a history of cancer
in seven families. In three families, the patient’s sister had breast cancer and in an
additional family the father had breast cancer. Kozak and colleagues (1986) were
able to collect 12 additional families in which two related males had breast cancer
and another family has been added since (Demeter, et al., 1990). In six of the fami-
lies, the patients were brothers, and in four, they were father and son. In two fami-
lies, three males were affected. In six of the families, a first-degree female relative
also had breast cancer. These data suggest that men as well as women can inherit a
predisposition to breast cancer.

The first suggestion of a link between a specific genetic abnormality and male
breast cancer was made by Bauer and Erickson (1955). They reported an 80-year-
old man with Klinefelter’s syndrome who had long-standing gynecomastia and
subsequently developed carcinoma of the breast and later carcinoma of the prostate.
At autopsy, the patient also had an adrenal cortical adenoma.

Jackson and colleagues (1965) noted the occurrence of breast cancer in a man
with extremely small testes. Screening of 21 men with breast cancer revealed that
three had chromatin-positive buccal smears. Subsequent karyotyping revealed that
two patients were 47XXY and the third was mosaic 46XY/47XXY/48XXXY.
While only a small percentage of male breast cancer patients have Klinefelter’s syn-
drome, Jackson’s observation was the first to link breast cancer with a specific ge-
netic defect, namely, the presence of a supernumerary X chromosome. More than
27 cases of Klinefelter’s syndrome with breast cancer have been reported; while the
majority have the XXY genotype, some, including one of Jackson’s cases, were
mosaics with a more complicated genotype. There are two major controversies in
relation to breast cancer and Klinefelter’s syndrome. The first concerns the inci-
dence of breast cancer among these individuals, and the second concerns the
mechanism of carcinogenesis. Lynch and colleagues (1974) have suggested the ex-
tra X chromosome present in men with Klinefelter’s syndrome is responsible for
elevating the risk of breast cancer to a level similar to that found in women. In a
study of 466 X chromatin—positive Klinefelter’s patients, Price and colleagues
(1985) observed that deaths from breast cancer were comparable to those expected
if female mortality rates were applied, although there were only 2 breast cancer
deaths in the series. If, however, the problem is approached from the perspective of
what percentage of men with breast cancer are chromatin-positive, then a different
result has been obtained. From a series of 242 male breast cancer patients from
Denmark screened for sex chromatin, Scheike and colleagues (1973) found nine
with Klinefelter’s syndrome. From this, they calculated that the chances of develop-
ing breast cancer in patients with the syndrome were one-fifth of those in women
and 20 times those for normal genotypic males. Evans and Crichlow (1987) applied
a similar calculation to American data and concluded that 3% of Klinefelter’s pa-
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tients might be expected to develop breast cancer. The precise role of the genotypic
abnormality in the induction of breast cancer is unknown.

Not surprisingly, breast cancer has been described in true hermaphrodites (i.e.,
individuals with both ovaries and testes) with an XX karyotype (Decker et al.,
1982). Preliminary data by flow cytometry indicate that the majority of breast can-
cers in men are diploid (Wolman et al., 1995). Only a few cases have been analyzed
cytogenetically; the majority appeared pseudodiploid. In one case analyzed after
Giemsa-banding (Mitchell, 1990) abnormalities were found on chromosomes #8
and #13 as well as alterations in the long arm of chromosome #1. These changes are
similar to those described in diploid breast cancers in females.

Recently, genetic linkage studies have lead to the recognition of two breast can-
cer genes, BRCA 1 and BRCA2, located on chromosomes #17 and #13, respectively
(Halletal., 1990; Wooster et al., 1994). These have been subsequently cloned (Miki
etal., 1994; Wooster et al., 1995). While both have been associated with heredity,
breast cancer alterations in the BRCA2 gene have been associated particularly with
familial breast cancer in men. However, the incidence in the reported series varies
rather widely (Thorlacius et al., 1996; Phelan et al., 1996; Couch et al., 1996), per-
haps reflecting the diversity, or lack thereof, of the individual gene pool.

CONCLUSIONS

Male breast cancer remains an interesting rarity which, unlike female breast cancer,
is not increasing in incidence in the United States (Parker et al., 1997). The disease
in the two sexes is remarkable for its similarities rather than its differences. These
include not only the clinical and morphologic appearances but tumor markers as
well. While estrogen stimulation, either endogenous or exogenous, may play arole
in some cases, it is clear that this is not necessary for breast cancer to develop in
men. The association with Kleinfelter’s syndrome suggests that one or more factors
associated with the X chromosome may be involved. The discovery of specific
breast cancer genes, particularly BRCA2 with its strong association with male
breast cancer, makes more likely the hope that the study of breast cancer in men will
contribute to our understanding of the much more prevalent cancer in women.
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