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CHAPTER 1

Epidemiology of
Breast Cancer

Anne Zeleniuch-Jacquotte and Roy E. Shore

What is the frequency of breast cancer
in the world?

Breast cancer is the most common cancer (22% of all new
cases) as well as the leading cause of cancer deaths (14% of all
cancer deaths) in women worldwide.! The number of new
cases in 2000 was estimated to be 1.05 million and the num-
ber of deaths 370,000. Breast cancer is the most prevalent can-
cer in the world: in 2000, there were an estimated 3.9 million
women alive who had had breast cancer diagnosed within the
previous 5 years.'

How does breast cancer incidence vary
by country?

Incidence varies more than fourfold internationally, with
high rates in all the more developed countries except Japan
(i.e., North America, Northern and Western Europe,
Australia) (Fig. 1-1). High rates are also observed in southern
South America, especially in Uruguay and Argentina. In con-
trast, most African and Asian populations have low rates,
whereas rates in Central America and Eastern Europe are
intermediate.' The incidence of breast cancer is increasing in
most countries, with the greatest changes where rates were
previously low. Whereas the worldwide increase in incidence
between 1990 and 2000 was about 1.5% per year, many low-
risk countries recorded increases greater than this: for
instance, 2% in Japan, and 3% to 5% in some areas of China.'
Although part of these international and temporal variations
may be spurious, owing to incomplete reporting and variable
diagnostic practices, the consistent pattern of higher rates in
certain regions suggests true differences in underlying breast
cancer risk across nations.’

How does breast cancer incidence change
in immigrant populations?

Breast cancer incidence among immigrant populations grad-
ually changes from the incidence in the country of origin to
approach the incidence in the immigration country.”® For
instance, Asian Americans born in Asia, where incidence is
low, are at lower risk for breast cancer than Asian Americans
born in the United States but are at higher risk than Asian

women born and living in Asia.*® Breast cancer risk increases
with the number of years lived in the immigration country,
and in subsequent generations risk continues to increase and
to approach the risk in native-born populations.® However,
the speed with which breast cancer incidence among immi-
grants and their offspring approaches that of their adopted
country varies considerably from one ethnic group to
another” Of additional interest, among Asian American
women, immigrants from urban areas arrived in the United
States with a 30% greater risk than immigrants from rural areas.’

International geographic variations in breast cancer inci-
dence, in conjunction with the temporal changes in these rates
and results of immigrant studies, have long indicated that
lifestyle and environment play an important role in the devel-
opment of breast cancer. However, a recent study that assessed
the risk for breast cancer in women from various racial and
ethnic groups living in California and Hawaii reported that,
after adjusting for seven known lifestyle risk factors (ages
at menarche, age at birth of first child, parity, age at and type
of menopause (natural or surgical), weight, hormone replace-
ment therapy use, and alcohol consumption), the risk for
breast cancer was 65% greater in Native Hawaiian women and
11% greater in Japanese American women than in white
women.® These results suggest that genetic factors may also
play a role, although other environmental factors, such as diet,
could also explain these results.

What is the frequency of breast cancer in the
United States?

Breast cancer is the most common cancer among American
women, representing 32% of all new cancers (Fig. 1-2), and is
the second leading cause of cancer deaths in American
women, representing 15% of all cancer deaths, behind lung
cancer (25% of all cancer deaths).” On the basis of current
incidence, it is predicted that one of every eight women in
the United States will develop invasive breast cancer in her
lifetime."°

In 2005, approximately 211,240 new cases of invasive breast
cancer are expected to occur among women in the United
States."' In addition, it is anticipated that 58,490 new cases of
in situ breast cancer will be diagnosed in the same year.
These numbers represent a sharp increase over the past 30
years. From 1970 to 2005, the number of invasive breast

3
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[accessed January 29, 2004].)

Estimated incidence by country, age-standardized by world standard population.
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(Data from Parkin DM. Global cancer

cancer cases increased by approximately 200% (from 69,000
to 211,240).>" This increase, however, is due in large part to
the increase in the population of older women, who are at
higher risk of developing the disease."” In the same time pe-
riod (1970-2003), the number of deaths from breast cancer
also increased, but only by 33% (from 30,000 to 39,800), a
result of early detection by mammography screening and
improvements in treatment.

How has U.S. incidence changed over time?

To assess the temporal changes in breast cancer incidence, it is
necessary to examine age-adjusted incidence that is independ-
ent of changes in the age distribution of the U.S. population.
Such statistics are available through the National Cancer
Institute’s Surveillance, Epidemiology, and End Results
(SEER) program, which has collected cancer incidence and
survival data from population-based cancer registries since
1973 (http://www.seer.cancer.gov). Figure 1-3 shows the SEER
age-adjusted incidence of invasive breast cancer from 1975 to
2000. Three distinct phases are seen: between 1975 and 1980,
the incidence was essentially constant; between 1980 and
1987, the incidence increased by about 4% per year; between
1987 and 2000, the incidence (adjusted for delayed report-
ing') increased by 0.6% per year."™'® Using the 2000 U.S.
standard population, the 2000 age-adjusted incidence was
135.1 per 100,000 woman-years.

The increase in invasive breast cancer incidence was not
uniform across histologic types and estrogen receptor (ER)
status. The incidence of ductal carcinoma appeared to remain
essentially constant from 1987 to 1999, whereas the incidence
of lobular carcinoma increased steadily.'” Also, most of the in-
crease in breast cancer incidence appeared to be due to an
increase in incidence of estrogen receptor—positive tumors,'*’
which was not accounted for by technical improvements or
changes in tumor size, age, or nodal status.”!
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Figure 1-3 Incidence, age-adjusted to the 2000 standard U.S.
population, SEER 1975-2000. (Data from Ries LAG, Eisner MP,
Kosary CL, et al. SEER Cancer Statistics Review, 1975-2000 [Online].
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The age-adjusted incidence of in situ breast cancer
increased considerably over the past 20 years, with a 32.3%
annual increase from 1982 to 1986 and a 6.1% annual increase
from 1986 to 2000.'® This dramatic increase is largely attribut-
able to an increase in ductal carcinoma in situ (DCIS),?* which
between 1996 and 2000 accounted for 88% of all in situ breast
cancer cases.'! Between 1975 and 2000, the incidence of DCIS
increased five times faster than the incidence of invasive breast
cancer. In the same time period, the incidence of lobular car-
cinoma in situ (LCIS) also increased, but only twice as fast as
the incidence of invasive breast cancer."

What are the causes of the increase in breast
cancer incidence in the United States?

The rapid increase in invasive breast cancer incidence between
1980 and 1987 was largely due to an increase in the incidence
of small tumors (<2.0 cm), which more than doubled, while
rates of larger tumors decreased.”” The increase in incidence
was also limited to the localized stage, whereas the incidence
of breast cancer at regional and distant stages remained stable.
These data suggest that the increase may be explained in large
part by greater use of mammography screening, which detects
small tumors, many of them too small to be palpable. The
limited data available on mammography utilization before
1987 indicate that only 10% to 20% of women older than 40
years had ever had a mammogram (including for diagnostic
purposes) by the early 1980s.** The rate of mammography
screening has increased steadily since then. Data from the
National Health Interview Surveys show that the percentage
of women who reported having had a screening mammogram
in the previous year was 17% in 1987, 33% in 1990, and 55%
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in 2000.""* Although it may seem surprising that the inci-
dence increased at a much slower rate after 1987 than in the
1980 to 1987 years whereas use of mammographic screening
was still increasing sharply, this pattern is not unexpected for
a screening procedure that detects early cases that would have
been diagnosed in any case but at a later date: at the beginning
of screening implementation, the incidence increases because
screen-detected cases are added to symptom-diagnosed
cases. However, later on, although the number of screen-
detected cases keeps increasing as more women are being
screened, the number of symptom-detected cases goes down
(because some of them were detected earlier through screen-
ing), resulting in a leveling off (or even a decrease) in the
overall incidence.*

The strong increase in incidence of in situ breast cancer
was especially pronounced among women 50 years of age and
older,'"** which is consistent with the age pattern of mam-
mography screening.”> The larger impact of screening on
DCIS than LCIS incidence was also anticipated because of the
lack of specific radiologic criteria for LCIS, which is generally
not detectable by mammography.”’

Are there causes other than mammography
that explain the changes in U.S. incidence?

It has been argued that the increase in mammographic screen-
ing cannot entirely explain the increase in breast cancer inci-
dence,” and that changes in the profile of risk factors in the
U.S. population also may have played a role.” In particular,
changes in patterns of childbearing, with a trend toward
delayed first birth and decreased parity, have been suggested
as plausible causes of the rise in breast cancer incidence.”!
Indeed, it has been estimated that later age at first birth and
nulliparity account for 30% of breast cancer cases in the
United States.”® Although an increase in fertility rates was
observed following World War II (baby boom), and this
increase was shown to be associated with a reduction in breast
cancer mortality in women born between 1924 and 1938,” a
trend to lower parity and later age at first birth started in the
1960s, which would be expected to result in an increase in
incidence. Oral contraceptives and hormone replacement
therapy may also have contributed to the rise in breast cancer
incidence because both exposures are associated with small
increases in breast cancer risk during their use and for some
time after cessation.®”!

Changes in the distribution of risk factors could explain,
at least in part, the variations in the temporal trends of
the incidence according to histologic type and ER status:
for instance, nulliparity appears to be more consistently
associated with ER-positive than with ER-negative tumors,
and increasing use of combined hormone replacement
therapy™” appears to increase preferentially the risk for lobular
carcinoma.”™

What is the risk for breast cancer
in American men?

Breast cancer occurs infrequently in men, with about 1500
new cases diagnosed each year in the United States.”” The life-
time risk for being diagnosed with breast cancer is 0.11% for
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Figure 1-4 Five-year age-specific breast cancer incidence for white women (open circles) and African American women (closed circles)

from 25 through 84 years of age by estrogen receptor (ER) status of breast cancer.

(Data from Tarone RE, Chu KC. The greater impact of

menopause on ER— than ER+ breast cancer incidence: A possible explanation [United States]. Cancer Caus Cont 2002;13:7-14.)

American men, in contrast to 13.5% for women,'® a 120-fold
ratio.

What is the impact of age on breast
cancer incidence?

The incidence for invasive breast cancer strongly increases
with age. Overall, the increase in incidence with age is much
steeper before than after 50 years of age, suggesting that
menopause has a protective effect.’”® Furthermore, two recent
studies, one in Denmark and one in the United States, have
shown that only the incidence of ER-positive breast cancer
increases after 50 years of age, whereas the incidence of ER-
negative breast cancer stops increasing after 50 years of age’>*’
(Fig. 1-4). These observations, suggesting that ER-negative
tumors are more dependent on the premenopausal sex
hormone environment than ER-positive tumors, need to
be investigated further. An extensive review of the role of
reproductive factors in the development of breast cancer is
presented in Chapter 4.

What is the impact of race and ethnicity
on breast cancer incidence?

Breast cancer is the most common cancer among women in
every major ethnic group in the United States.* However,
the age-adjusted incidence varies greatly according to race
or ethnic group. It is highest among white women (140.8
per 100,000 in years 1996-2000), lowest among American
Indian or Alaska Native women (58 per 100,000), and

intermediate among African American (121.7 per 100,000),
Asian or Pacific Islander (97.2 per 100,000), and Hispanic
women (89.8 per 100,000)."” During 1992 to 2000, incidence
increased overall in Asians and Pacific Islanders (2.1% per
year), Hispanics (1.3% per year), and whites (0.9% per year)
whereas rates decreased in American Indians and Alaska
Natives (—=3.7%) and remained stable in African Americans
(Fig. 1-5).

White non-Hispanic women are more likely to present
with localized stage breast cancer than African Americans
(Fig. 1-6) and other racial or ethnic groups.** Differences in
mammography screening rates may explain this result, at least
in part: in 2000, the percentage of women 40 years and older
reporting having had a mammogram in the previous 2 years
was 72% for white women, 68% for African American
women, 63% for Hispanic women, 57% for Asian and Pacific
Islander women, and 52% for American Indian and Alaska
Native women.” However, the difference in mammography
use between African American and white women decreased
substantially since 1987.*

Other differences in tumor characteristics in relation to
race or ethnicity have been reported. SEER data show that,
compared with non-Hispanic whites, tumors in African
Americans are more likely to be hormone receptor negative
and of medullary histology, two characteristics associated
with poor prognosis, and are less likely to have a lobular his-
tology, which is associated with lower mortality.*~* Although
data are limited, the risk for hormone receptor—negative
breast cancer also appears higher in Native Americans, Asians
or Pacific Islanders, and Hispanic whites 50 years of age or
older than in non-Hispanic whites in the same age group,
although not as high as in African Americans.*
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Figure 1-5 Incidence, age-adjusted to the
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American Cancer Society. Breast Cancer Facts and
Figures 2003-2004 [Online]. Available: http://www.
cancer.org/docroot/STT/content/STT_1x_Breast_
Cancer_Facts__Figures_2003-2004.asp [accessed 40
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Figure 1-6 Stage distribution for African American and white
women, based on patients diagnosed between 1992 and 1999.
(Data from American Cancer Society. Breast Cancer Facts and Figures
2003-2004 [Online]. Available:  http://www.cancer.org/docroot/STT/
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Comparisons of the age-specific incidence in African
American and white women show an unusual racial crossover
in risk: up to age 40 years, African American women have
a higher incidence than white women, whereas after age
40 vyears, rates for white women exceed those for African
American women, and the disparity increases with age' (Fig.

T T T T 1
1980 1985 1990 1995 2000

Year

1-7). The incidence difference observed among older women
appears to reflect racial differences in socioeconomic status*’
and related reproductive patterns™: white women have a later
age at menarche, fewer births, and a later age at first full-term
pregnancy than African American women, all factors that are
known to increase the long-term risk for breast cancer.

Differences in reproductive patterns in young African
American and white women could also explain, at least in
part, the excess risk observed in young African American
women.”"* It has been shown that pregnancy has a dual effect
on breast cancer risk, with a transient risk increase for several
years after childbirth, followed by a risk reduction in later
years.”™ African American women tend to have higher
parity than white women,” which could contribute to their
higher breast cancer incidence at ages younger than 40 years
and lower incidence at older ages. Other factors possibly con-
tributing to the higher premenopausal breast cancer rates in
African Americans compared with whites are less breast feed-
ing,” younger age at menarche,”*** use of oral contracep-
tives at a younger age,” and lower physical activity.”' On the
other hand, African Americans have a younger age at first full-
term pregnancy,” are more likely to be overweight or obese,”
and are less likely to consume alcohol than whites,” all factors
that should lower their risk for premenopausal breast cancer,
as compared with white women. Additional research to assess
whether differences in known risk factor profiles are sufficient
to explain the racial age-related crossover in breast cancer
incidence is warranted.”

What is the impact of place of residence in
the United States on breast cancer incidence?

For several decades, mortality from breast cancer has been
highest in the Northeast of the United States and lowest in the
South.®>® Rates are also somewhat higher in the Midwest and
West than in the South.®” This pattern is more pronounced
among postmenopausal than among premenopausal
women, for whom little geographic variation was observed.
A cluster analysis further suggested that the New York
City—Philadelphia metropolitan area had a 7.4% higher mor-
tality rate than the rest of the Northeast.* The elevated breast
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cancer mortality observed in the Northeast has led to the sus-
picion that unknown environmental hazards, more prevalent
in this region than in others, increase the risk for breast can-
cer of Northeastern residents. Two studies, though, showed
that geographic variations in mortality or incidence could be
accounted for, at least in part, by differing regional patterns of
known risk and prognostic factors for breast cancer.”>*> One
of the major contributors to the high rates of breast cancer in
the Northeast was the tendency of Northeastern women to
have first births at later ages.*

What environmental exposures may affect
breast cancer risk?

A number of studies have demonstrated that ionizing radia-
tion causes female breast cancer. The studies range from
the Japanese atomic bomb study,” to diagnostic x-rays,”>* to
studies of radiation treatment for benign conditions™”" or
cancer.”

The studies show agreement that the dose-response rela-
tionship for breast cancer is approximately linear” and that
radiation exposure in the first two decades of life confers sev-
eral times more breast cancer risk than exposure in the adult
years, whereas exposures beyond age 50 years confer little
risk.”” Por irradiation at age 30 years, the excess relative risk
for breast cancer increases about 1% per 1 cGy (1 rad).” Of
special interest is the finding of a substantial excess of breast
cancer in patients who had received on the order of 100 fluo-
roscopic examinations in the course of pneumothorax treat-
ment for tuberculosis®®”*; these studies show that small dose
fractions have a cumulative breast cancer induction effect
similar to the risk one would expect if the total dose had been
given as one exposure. The bottom line, however, is that most
medical diagnostic radiation exposures with modern equip-
ment and techniques are sufficiently low that any breast can-
cer risk from them would be undetectable.

It has been proposed that exposure to 60-Hz electromag-
netic fields (EMFs) may confer risk for breast cancer by

inhibiting the synthesis of melatonin by the pineal gland,
which, in turn, may result in higher levels of circulating estro-
gens, or by disrupting calcium homeostasis so as to increase
oxidative stress and tumor-promoting protein kinases.”” Most
of the studies of residential EMF exposure and breast cancer
risk in females have shown no association, including those
studies that carefully included both the measurements and the
electrical transmission wire assessments of home EMF expo-
sure levels.”*”® Because electric blankets or heating pads are
close to the body for extended periods of time, several studies
have been conducted to evaluate whether EMF exposure from
this source poses a carcinogenic risk to the breast. Nearly all
studies of breast cancer and electric blanket use have been
negative.””™

In recent years, there has been concern over whether envi-
ronmental chemicals that mimic or antagonize endogenous
sex hormones (so-called endocrine disruptors) may have
adverse effects on health. Human breast cancer risk from
endocrine-disrupting chemicals has been studied largely for
persistent organochlorine compounds, most notably PCBs
(which were widely used in electrical transformers) and DDE
(a metabolite of the insecticide DDT). Studies subsequent to
the initial ones have generally not been positive,** and meta-
analyses of the several studies have shown no indication of an
association of breast cancer risk with PCBs or with DDE.*** A
study of occupational exposure to some 29 different estrogen-
mimicking chemicals did not find any statistically significant
associations with breast cancer, but it had limited statistical
power.”

More than 50 studies have shown that alcohol consumption
is a moderate risk factor for breast cancer. Recent pooled
analyses have found that the relative risk for breast cancer
increases on the order of 7% to 10% for each additional drink
per day on average, and the association is reasonably linear.”””'
The mechanism by which alcohol influences breast cancer risk
appears to be primarily by increasing endogenous estrogen
levels’>”*; hence, one might expect alcohol to influence
hormonally responsive tumors. Although the data are not
entirely consistent, alcohol consumption appears to be more



strongly associated with ER-positive and progesterone
receptor—positive breast cancers than with others, as expect-
ed.” Similarly, alcohol use is more strongly associated with
lobular breast cancer, probably because lobular breast cancer
is more often ER postive and progesterone negative than
is ductal breast cancer. There are suggestions that alcohol
may confer greater risk for breast cancer among women who
have genetic polymorphisms in the CYP19 gene (which plays
a key role in estrogen biosynthesis)” or in the alcohol-
metabolizing genes, alcohol dehydrogenase III (ADH3)* or
CYP2E1,” but these results require confirmation by additional
studies.

The weight of evidence from more than 35 studies,
including the large Women’s Health Initiative,” indicates
that increased physical activity is protective against post-
menopausal breast cancer.” At least 16 studies have found an
inverse dose-response association, and the average decrease in
risk among those who exercise regularly is 30% to 40%.”
However, the seeming protective effect of exercise on breast
cancer risk may be confounded with, or secondary to, associ-
ated variations in body mass index, because obesity is a known
risk factor for breast cancer. Exercise may also be a surrogate
for a composite of lifestyle factors that collectively diminish
risk. The modest number of studies available on pre-
menopausal breast cancer are more mixed in their results and
probably indicate a smaller protective effect of physical exer-
cise at premenopausal ages.”'*"*

Although most studies suggest that regular use of non-
steroidal anti-inflammatory drugs (NSAIDs), such as aspirin
and ibuprofen, affords a modest protection against breast
cancer risk, the case is not fully convincing because of a
number of null results and conflicting evidence about
whether the protective effect is limited to aspirin or includes
all NSAIDs.'”'% More importantly, a randomized controlled
trial is needed to ensure that the apparent beneficial effect of
NSAIDs on breast cancer risk is not an artifact of lifestyle dif-
ferences between users and nonusers.

What is the impact of family history on breast
cancer risk?

One long-known feature of breast cancer occurrence has been
the familial aggregation of the disease. The recent, striking
advances in our understanding of the genetic basis for this
familial aggregation are discussed in Chapters 2 and 20; the
epidemiologic features of familial aggregation of breast cancer
is briefly outlined here. A first question is, at the population
level, what percentage of breast cancer is of heritable origin?
One large study of monozygotic and dizygotic twin pairs esti-
mated the heritability as 27%,'® but statistically more appro-
priate analyses of those twin data and of large family-cancer
databases in Sweden and among Utah Mormons suggest that
heritability is on the order of 10% to 15%.'""'” If one consid-
ers only early breast cancer (<50 years of age), heritability is
up to two times as high.'*

Several major studies have conducted more detailed analy-
ses and agree that about 6% of breast cancers before age 55
years are linked to a family history of breast cancer in first-
degree relatives.'"” If one also includes any first-degree relative
with a history of ovarian cancer and second-degree relatives
with breast cancer, then about 13% to 15% of breast cancer
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Table 1-1 Odds Ratios (Relative Risks) for Reported Family
History of Breast Cancer among 2080 Breast Cancer Patients cf.
2058 Control Subjects, Ages 20—44 Years

0Odds Ratio (95%

Breast Cancer in Female Relatives Confidence Interval)

First-degree relative

Mother affected 3.1 (2.3%-4.2%)
Sister affected 3.1 (1.8%-5.3%)
Two or more affected 6.8 (2.5%-20%)

Second-degree relative

Maternal grandmother/aunt affected
Paternal grandmother/aunt affected
Two or more affected

1.4 (1.2%-1.8%)
1.6 (1.2%-2.0%)
2.2 (1.4%-3.4%)

Data from Thompson WD. Genetic epidemiology of breast cancer. Cancer
1994;74:279-287.

cases before age 55 years have a positive family history. On the
other hand, for breast cancers occurring at ages 60 to 80 years,
only 3% to 5% have a familial component.'"" It is notable that
about one third of the familial aggregation of breast cancer is
not accounted for by BRCAI or BRCA2 mutations; thus, there
is clearly more to be learned about genetics and shared envi-
ronmental factors in breast cancer.

Table 1-1 presents a summary of familial breast cancer
risks in younger women from a large population-based study
conducted by the U.S. Centers for Disease Control and
Prevention.""” As expected for autosomal dominant traits, the
elevation in relative risk is appreciably greater when a first-
degree relative is affected than when only a second-degree rel-
ative is affected. Having more than one relative affected greatly
increases risk. It is of interest that another major study, which
showed a twofold breast cancer risk before age 40 years when
a first-degree relative had breast cancer, also showed a 1.5-fold
risk for breast cancer even after the age of 70.'"* Studies seem
to disagree on whether having a relative with bilateral breast
cancer confers more risk than having a relative with unilateral
breast cancer.""” However, a woman with a family history of
breast cancer is more likely to develop metachronous bilateral
breast cancer than one with a negative family history.

The risk for breast cancer from a family history of several
other cancers has been studied. Ovarian cancer in a first-
degree relative appears to confer a breast cancer relative risk of
about 1.5 to 2 overall, although the subset for whom the ovar-
ian cancer is associated with BRCAI and BRCA2 mutations
may have much higher risks. There is some indication,
although it is not firmly established, that a family history of
prostate cancer or thyroid cancer may confer breast cancer
risks of about 1.5 and 1.7, respectively.'””!'” In contrast, a fam-
ily history of endometrial cancer does not appear to confer
breast cancer risk.

What is the impact of endogenous hormone
levels on breast cancer risk?

Studies of reproductive risk factors and exogenous hormones
and theories of the roles of various hormones in breast cancer
are reviewed in Chapter 4. This section briefly summarizes
results of studies on breast cancer risk in relation to endoge-
nous levels of estrogens and androgens. These studies have
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been conducted mostly in postmenopausal women because
cyclic variations in estrogen levels among premenopausal
women have made meaningful assessments difficult in large
populations. Nine prospective studies have now reported on
the association between circulating estrogen and androgen
levels in postmenopausal women and subsequent breast can-
cer risk, and a pooled analysis of the original data of these
studies (663 cases and 1765 controls) concluded that both
estrogen and androgen hormones were strongly associated
with risk."” The breast cancer risk for women whose estradiol
levels were in the top quintile was twice the risk of women
whose estradiol levels were in the bottom quintile.

Similar results were observed for the other hormones
studied, that is, estrone, estrone sulfate, androstenedione,
testosterone, dehydroepiandrosterone, and dehydroepian-
drosterone sulfate. As expected, the strongest associations
were observed with free estradiol and estradiol not bound to
sex hormone-binding globulin (SHBG), which comprises
both free and albumin-bound estradiol, because only estra-
diol not bound to SHBG can readily enter cells. The hormone
and breast cancer risk associations remained after subjects
whose date of diagnosis was within 2 years of blood donation
were excluded from the analysis. A more recent study showed
that levels of sex hormones measured 5 to 13 years before
diagnosis were elevated in breast cancer cases as compared
with controls."™* The association of circulating estrogens with
breast cancer risk appeared to be present regardless of whether
the breast cancer was ER positive or ER negative.'”

The New York University Women’s Heath Study also sug-
gested that the contribution of androgens to breast cancer risk
is largely through their role as substrates for estrogen produc-
tion,'"* whereas in the pooled analysis of prospective studies,
androgens appeared to be associated with risk independently
of estrogens.'”” However, sorting out the role of estrogens and
androgens is complicated by the high correlations between
hormones and the fact that usually only a single hormonal
measurement is available for each participant in epidemio-
logic studies, whereas the hormonal levels of interest are the
long-term average levels.">'"*

How can the individual risk for developing
breast cancer be estimated?

The lifetime probability of developing breast cancer (1 in 8 in
women in the United States) is a striking statistic that conveys
the public health importance of the disease. However, it is
a valid estimate for a girl born today only if incidence and
mortality remain unchanged over her lifetime,"® an unlikely
assumption. Furthermore, it does not convey the fact that the
longer a woman lives without breast cancer the lower her risk
is over the remainder of her lifetime.'”” Estimates of risk at dif-
ferent ages and for a more tangible time horizon, for example,
the next 10 or 20 years, are more informative to women and
their physicians, as well as more reliable.""® Table 1-2 provides
such estimates, calculated with the method of Feuer and col-
leagues,'”"* for both African American and white women.
The estimates provided in Table 1-2 reflect the average risks
for developing breast cancer in women from the general pop-
ulation. However, the risk is not homogeneous across women
of the same race and age. Models to predict individual risk
have been developed and can be useful decision-making tools

Table 1-2  Risk for Being Diagnosed with Breast Cancer in 10,
20, and 30 Years, Given that a Woman |s Cancer Free at Current
Age, for White and African American Women

African American
White Women (%) Women (%)

Current

Age (yr) +10yr +20yr +30yr +10yr +20yr +30yr
20 0.04 0.43 1.90 0.07 0.51 1.86
30 0.39 1.86 4.64 0.44 1.80 4.06
40 1.48 4.29 7.98 1.39 3.70 6.34
50 2.90 6.70 10.4 2.43 5.21 7.66
60 4.06 8.05 10.4 3.09 5.80 7.26

Data from Feuer E, Wun LM. DEVCAN: Probability of developing or dying
of cancer software, version 5.0 [Online]. Available: http://www.seer.cancer.gov/
faststats/html/dev_breast.html (accessed January 29, 2004).

for women considering preventive use of tamoxifen or pro-
phylactic mastectomy.'” The most frequently used is the
model developed by Gail and associates, for which a software
program is available from the National Cancer Institute at
http://bcra.nci.nih.gov/bre/ql.htm."*'*° Graphs derived from
this model to estimate individual risks and corresponding
confidence intervals have also been published.” The Gail
model estimates the chance that a woman with given age
and risk factors who is screened annually will develop breast
cancer over the next 5 years and for her lifetime. The risk fac-
tors taken into account are age, ages at menarche and first live
birth, number of previous breast biopsies, presence of atypical
hyperplasia on biopsy, and number of first-degree relatives
with breast cancer. The model was shown to perform well for
white women who receive annual mammograms.'?*'*""*
However, it has several limitations: it overestimates risk for
women with infrequent mammography screening; it fails to
take into account certain risk factors, such as the personal his-
tory of in situ breast cancer'” or major genetic risks such as
BRCAI, BRCA2, Cowden syndrome, or Li-Fraumeni syn-
drome'*'?%; and it has been validated only among whites.'”
This simple model, though based on data easily obtained from
the medical history, is quite useful and is currently being used
to assess eligibility for the NSABP P-2 chemoprevention trial,
a randomized study of tamoxifen versus raloxifene in women
at high risk for breast cancer.

Several other models have been developed to predict
breast cancer risk,'® " but they focus on the family history
of breast cancer in high-risk families and are not broadly
applicable."”"!

What is the survival from breast cancer in the
United States?

Overall, survival from invasive breast cancer has improved in
the United States: the 5-year relative survival rate was 86.6%
for women diagnosed in 1995 versus 74.9% for women
diagnosed between 1975 and 1979." The increase in survival
likely results from both the “stage shift” toward increasing
diagnosis at early stage, owing to greater use of mammo-
graphic screening, and therapeutic improvements."”> Factors
influencing survival include age, stage at diagnosis, and race



(Table 1-3). For patients diagnosed between 1992 and 1999,
the 5-year relative survival rate was slightly lower for women
diagnosed before age 50 years (84.5%) than for older women
(87.5%), which may be due to younger women’s having
tumors that are more aggressive and less responsive to hor-
monal therapy. Race and stage at diagnosis also affect survival
rates (see Table 1-3). The lower stage-specific survival among
African American women may be due to more aggressive
tumors: tumors appear to be more often of medullary histol-
ogy,* hormone receptor negative,* and of higher grade'” in
African American than in white women, all factors associated
with poor prognosis. Less access to health care and differences
in treatment may also be contributing factors."**

What is the breast cancer mortality in the
United States?

In the years 1996 to 2000, the female breast cancer age-adjusted
mortality rates (per 100,000) were 27.2 in white women,
35.9 in African American women, 17.8 in Hispanic women,
14.9 in American Indian or Alaska Native women, and 12.5 in
Asian or Pacific Islander women'”® (Fig. 1-8). Trends over
time indicate that between 1970 and 1990, the mortality rate
remained fairly constant among white women but increased
among African American women, with an annual change of
+0.9%. Between 1990 and 2000, the mortality rate decreased

Table 1-3  Five-Year Relative* Survival Rates by Race, Stage, and
Age at Diagnosis (1992-1999 SEER Data)

African American
White Women (%) Women (%)
Stage <50yr 250 yr <50 yr 250 yr
Localized 95.0 98.4 85.7 91.9
Regional 80.8 80.2 66.3 65.7
Distant 32.6 22.2 19.5 13.0

*Relative survival rates are adjusted for expected mortality from causes
other than breast cancer.
Data from http://surveillance.cancer.gov/statistics/types/survival.html.
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in both white and African American women, but the decrease
was steeper among white (annual percent change, —2.5%)
than among African American (—0.9%) women. In these
same years, annual percent changes were —1.1% in Hispanic
women, —1.5% in Asian or Pacific Islander women, and +0.2%
in American Indian or Alaska Native women. The overall
decline in breast cancer mortality since 1990 has been attrib-
uted to both improvements in treatment and early detection.
Several factors may contribute to the 30% greater mortality in
African American than in white women. Although in recent
years rates of mammography screening in African American
women have been approaching the rates in white women,
African American women tend to present with higher-stage
disease than white women, raising the question of whether
they receive screening at appropriate time intervals. In addi-
tion to higher stage, tumors in African American women
present more often with poor prognosis characteristics than
tumors in white women. Finally, differences in access to health
care and treatment may also contribute to the excess in mor-
tality observed among African American women."*®

CONCLUSION

The steady increase in breast cancer incidence observed in the
United States in the 1980s appears to have subsided in the
1990s, whereas mortality has decreased since 1990."° These
trends are attributable, at least in part, to large-scale use of
mammographic screening. It is important to emphasize, how-
ever, that early detection of breast cancer requires periodic
screening, not just one-time mammograms.'””'"** Adjuvant
multiagent chemotherapy and use of antiestrogen therapy,
such as tamoxifen, have also contributed to the decrease in
mortality."”” Further research is needed to assess differences
in incidence and mortality in African American and white
women as well as epidemiologic differences according to
tumor characteristics.

Breast cancer remains the most common cancer and the
second most common cause of cancer death in women in the
United States. Incidence of breast cancer has been increasing
in most countries, and the increases have been particularly
rapid in several Asian countries where a “westernization” of
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the lifestyle has been observed. These rapid changes, together
with studies in migrants, underscore the importance of envi-
ronmental factors in the development of the disease. However,
to date, well-established “lifestyle” risk factors (later age at first
birth, nulliparity, and family history of breast cancer) account
for only about 40% of breast cancer in the United States. It is
not clear that these risk factors may be altered, which limits
their relevance for prevention.”® The two most important
modifiable risk factors known currently are to decrease alco-
hol consumption and increase exercise and physical activity.
Additional research to identify modifiable risk factors for
breast cancer, as well as to elucidate underlying biologic
mechanisms, may help devise preventive strategies.
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CHAPTER 2

The Oncogenetic Basis

of Breast Cancer

Ramon Parsons

What is the cause of breast cancer?

The cause of breast cancer cannot be explained by a single
etiologic agent. Rather, the genesis of breast cancer can be
viewed as the result of the accumulation of damage over
many years to cells within the breast. Broadly speaking, two
types of molecular trauma produce cancer: mutation of
DNA and induction of cell proliferation.”” Mutation of
DNA occurs within critical genes that are responsible for
regulating cell growth, death, differentiation, and chromoso-
mal replication. Mutations either activate or inactivate the
affected genes. Proliferation, on the other hand, exerts its
tumor-forming effects by promoting the expansion of a cell
population.” The induction of proliferation proceeds through
two mechanisms. Mitogenic agents directly induce cell divi-
sion and proliferation, whereas toxic agents induce pro-
liferation in the surviving cells that repopulate an injured
tissue.*

What is the genetic model of cancer
development?

The genetic model of cancer development is based on the the-
ory that the transformation of a normal breast cell into a
breast tumor depends on the alteration of genes found in the
normal cell.’ These genetic changes are induced by either
internal or external factors. According to this theory, all breast
cancers have a genetic basis for their pathogenesis. Thus,
all the cellular insults that can lead to breast cancer, which
include mutations, induction of proliferation, and induction
of cell death, ultimately lead to the alteration of genes that
control cell growth. Although the stimulation of proliferation
does not directly result in the mutation of growth-control
genes, it provides an environment for mutated cells to divide,
acquire additional mutations, and outgrow their normal
neighbors.

What agents lead to the genetic changes
found in breast cancer?

The answer to this question is unclear. A simplified model
compartmentalizes the potential causes of breast cancer
into either internal or external causes' (Fig. 2-1). External

causes, which are defined as arising from outside of the
body, fall into many types of environmental exposures.
However, the identification of specific environmental agents
associated with breast cancer has been slow. Moreover, the
external agents that have been identified are associated with
only a small proportion of breast cancers. These agents
include radiation exposure during childhood (at high doses
encountered during the treatment of Hodgkin’s lymphoma
and the atomic bombing of Japan) and cigarette smoking
(among women who are slow acetylators of cigarette smoke
carcinogens).*®

Other poorly defined environmental agents affect breast
cancer incidence as well. The rate of breast cancer varies
widely throughout the globe.” In general, an increased inci-
dence is associated with a Western standard of living."
Immigrant families from low-incidence countries that come
to the United States experience an increase in breast cancer
incidence within a few generations."

Internal causes of breast cancer, which are defined
as cancer-causing agents arising from within the body,
include a variety of extracellular and intracellular processes.
The principal extracellular factor associated with breast
cancer is estrogen. The extent of estrogen exposure over the
course of a woman’s life is a significant risk factor for
breast cancer.'” Early menarche, late menopause, and nulli-
parity are all associated with an increased risk for breast
cancer. This is likely to be due to the proliferative response
of breast epithelial cells to estrogen through the estrogen
receptor.” Regarding the intracellular processes, these in-
clude errors in DNA synthesis, which occur with each
cell division." Occasionally, the resulting mutation is within
a critical gene that allows a tumor to begin to develop.
Thus, the known factors associated with an increased risk
for breast cancer induce either mutation or proliferation of
cells.

Perhaps the most basic internal cause of breast cancer is the
inheritance of a mutated gene that increases an individual’s
risk for developing breast cancer.” In this case, every cell in
the body has an identical genetic alteration that substantially
increases an individual’s risk for breast cancer over a lifetime.
Intriguingly, however, this genetic predisposition is not
deterministic even in highly susceptible families; about 20%
of carriers never develop breast cancer.'® Therefore, the devel-
opment of cancer in predisposed individuals requires envi-
ronmental insults as well.

15
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Figure 2-1 External and internal agents affecting tumor forma-

tion. External agents include radiation exposure, cigarette smoke,
and a Western lifestyle. Internal agents include estrogen, acquired
mutations due to replication errors, and inherited mutations.
These agents slowly lead to the accumulation of genetic damage
that may eventually result in a tumor.
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What is an oncogene?

The word “oncogene” is derived from two Greek words: onkos
for mass and gignesthai for birth, which is the etymologic root
for the word “gene.” An oncogene has a more specific meaning
than its name implies, however. Oncogenes are a class of genes
that cause tumor growth when activated.” These genes behave
dominantly because they promote tumor enlargement.

Oncogenes were first found to reside within retroviruses.
The first example of such a retrovirus was discovered by
Peyton Rous near the turn of the century.” This virus was
capable of causing tumors in chickens and is known as
Rous sarcoma virus (RSV). Over 20 years ago, the src
gene, which is the gene in RSV that is responsible for its
tumorigenic activity, was found to be an activated form of a
gene that is normally found in chickens."® In effect, the virus
had taken the src gene from the cell and modified it to produce
tumors.

How are oncogenes activated?

In humans, oncogenes are rarely activated by viruses. Instead,
the activation is typically triggered by mutation of the gene,
usually by one of three major mechanisms (Fig. 2-2). The first
mechanism of activation was identified in the ras family of
oncogenes; these genes are mutated in a variety of human
tumors."” A single amino acid alteration activates the ras pro-
tein product to continuously signal the cell to divide.” The k-
ras gene is mutated in about half of all colon cancers.”'

The second mechanism of oncogene activation occurs
through chromosomal translocation, which was first observed
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Figure 2-2 Mechanisms of oncogene activation. The three mechanisms of oncogene activation are depicted: amino acid alteration,
translocation, and amplification. The level of transcription from their promoters is indicated by the 90-degree angle arrows to the left of
each gene. More arrows indicate increased levels of transcription. A, Activation by point mutation leading to a new amino acid.
B, Activation by translocation. The normal promoter of a gene is replaced by a very active promoter from another chromosome, which
induces overexpression. C, Amplification. Multiple copies are present in tandem, each with a functional promoter. The level of amplifica-
tion can be anywhere from 5-fold to 100-fold, as indicated by the symbol + (gene),.



in chronic myelogenous leukemia.” The end result of a
translocation is the overexpression of a protein that either
stimulates cell division or prevents cellular death.” In the case
of chronic myelogenous leukemia, the translocation of chro-
mosomes 9 and 22 leads to the overexpression of the ber-abl
fusion protein, which is an active tyrosine kinase that
signals the cell to divide.** Another important example is the
translocation of chromosomes 14 and 18, which is found in
follicular lymphomas.” This translocation leads to the over-
expression of the bcl-2 oncogene, which functions to prevent
cell death. In general, by placing a strong promoter of gene
transcription near an oncogene, translocations lead to gene
overexpression and tumor growth.

The third mechanism of activation of oncogenes is amplifi-
cation, in which multiple copies of a gene are reproduced in
a single chromosome.” By increasing the gene dosage, the
protein product of the gene is overexpressed within the cell.
Genes activated in this way in breast cancer include the epi-
dermal growth factor (EGF) receptor, erbB-2/HER-2/neu,
c-myc, and cyclin D1, all of which stimulate cell division.”
Each of these genes is amplified in breast cancer; hence, ampli-
fication is the major mechanism of oncogene activation in
breast cancer.*

How do oncogenes function in the cell?

Oncogenes can either stimulate cellular division or prevent
cell death (Fig. 2-3). All of the genes that stimulate division
have a role in transmitting a signal from a growth factor
receptor to the nucleus to initiate cellular replication.
Oncogenes of this type vary in their specific functions,
whether they are receptors, guanosine triphosphate (GTP)-
binding proteins, kinases, or transcription factors, but all
stimulate the cell to leave a resting state (G,) and enter the
DNA synthesis (S) phase of the cell cycle.”® Bcl-2 and its
homologues stimulate tumor growth by a completely different
mechanism. These genes function to inhibit apoptosis or pro-
grammed cell death.” Less is known about the cell death path-
ways, but they clearly function through a protease cascade to
cleave nuclear DNA and destroy the nuclear and plasma
membranes.”

What is a tumor suppressor gene?

The concept of tumor suppressors is the result of two differ-
ent branches of cancer research: studies of tumor cells in vitro
and studies of families with a hereditary predisposition to
cancer. The original in vitro studies of tumor suppression
were derived from the observation that when a tumor cell
was fused with a nontumor cell, the resulting fused cell lost
its tumor characteristics.” These experiments were further
refined by the observation that a single normal chromosome,
when introduced into a tumor cell, could suppress the growth
of the tumor cell. The interpretation of these findings was that
normal cells have tumor suppressor genes that are inactivated
in the tumor. A similar model of tumor suppressors was
developed by Knudson for explaining the mechanism of
inheriting a predisposition to retinoblastoma.’ This model
is based on the concept that with the exception of the sex
chromosomes, people normally have two functional alleles
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Figure 2-3 Mechanism of oncogenic stimulation of tumor
growth. Oncogenes are depicted to signal (+) the cell to leave G,
and commit to mitosis. In addition, they also inhibit (-) the induc-
tion of the cell death pathway (apoptosis).

(copies) of every gene. For a tumor to develop, both alleles of
a specific gene must be inactivated.

What is Knudson'’s hypothesis for tumor
suppressor genes?

By comparing rates of retinoblastoma in predisposed families
and the general population, Alfred Knudson proposed his
“two-hit” model, in which both alleles of a gene must be inac-
tivated before tumor formation can occur™ (Fig. 2—4). In his
model of tumor suppression, he proposed that the early-onset
and multiple tumors found in familial forms of cancer could
be accounted for by the inheritance of one defective allele. His
insight was to realize that this inherited mutation was not suf-
ficient alone for the formation of a tumor. He hypothesized
that inactivation of the second healthy allele of the same gene
was also necessary and could thus explain the dominant
inheritance pattern found in families. Thus, both alleles are
altered in the tumor. This is a paradox of genetics in which the
mutated gene behaves dominantly during transmission in
families but behaves recessively during tumorigenesis within
the cell. With the prominent exception of the germline muta-
tion of the c-ret oncogene in multiple endocrine neoplasia
syndrome,” Knudson’s tumor suppressor hypothesis for
retinoblastoma has proved to be broadly applicable to all of
the tumor predisposition syndromes characterized to date.”®
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Figure 2-4 Knudson’s model of tumor suppressors. A pair of
autosomal alleles (A and B) is indicated for individuals with (left)
and without (right) an inherited germline mutation of a tumor
suppressor gene. The inherited mutation is indicated by an X on
allele A of the predisposed individual. Tumor establishment occurs
much faster in an individual who is predisposed because only one
further copy need be inactivated. In the individual without predis-
position (wild type), the inactivation of both alleles is a rare event.
The large deletion seen on the B allele is an example of loss of
heterozygosity (LOH).

How are tumor suppressor genes inactivated?

Genes have now been identified not only for retinoblastoma
but also for inherited predispositions to a variety of tumors,
including those of the breast (see below), ovary, kidney, colon,
skin, lymphocytes, and peripheral nerves.”* In all cases, one
defective copy is inherited and the second copy is altered in
the tumor. Many of these genes are also inactivated in spo-
radic tumors of people who inherit two functional alleles.
Because mutation of both copies of the gene must occur so-
matically, sporadic tumors occur later in life and in a smaller
proportion of nonpredisposed individuals. However, because
sporadic tumors are much more common than familial
tumors, somatic mutation is the most common form of
tumor suppressor inactivation.

What is loss of heterozygosity?

In familial cancer syndromes, the mechanism of inactivation
of the normal copy of a tumor suppressor usually occurs
through loss of heterozygosity (LOH), which is due to the
deletion of a large chromosomal region containing the wild-
type tumor suppressor allele (see Fig. 2—4). In sporadic cancer,

LOH may be the first or second event in the inactivation of a
tumor suppressor.

How commonly are tumor suppressors
inactivated in sporadic tumors?

Mutation of tumor suppressor genes is by far the most com-
mon genetic alteration found in the tumors of nonpre-
disposed individuals. A handful of tumor suppressors are
inactivated in a large fraction of nearly all invasive cancers
regardless of organ of origin. The p53 tumor suppressor
is the most commonly mutated cancer gene.”” The pl6/
CDKN2/ARF and PTEN tumor suppressor loci vie for second
place.”*!

Why are tumors clonal?

Unlike a model based on the relative simplicity of inheriting a
single mutation in a tumor suppressor gene, Peter Nowell’s
model for the development of a solid tumor depends on the
mutation of many genes.”” The model is based on two princi-
ples: (1) the principle of clonal expansion, in which a mutant
cell with a selective advantage for growth will outgrow its
neighbors; and (2) the principle that expansions occur in con-
secutive waves that result in the accumulation of multiple
genetic alterations within the evolving tumor. Somatic muta-
tions that take place with each advancing wave of tumor
expansion occur in both tumor suppressor genes and onco-
genes. In the case of tumor suppressors, both alleles must be
inactivated during tumor development. For oncogenes, point
mutations, amplifications, and translocations lead to activa-
tion. For a tumor to evolve, several distinct regulatory path-
ways must be compromised, including those regulating the
cell cycle, apoptosis, and genomic stability. The clonal nature
of a tumor allows for the accumulation of multiple growth
disruptions within one cell. Because multiple independent
mutations must accumulate within a single clone, the evolu-
tion of a tumor occurs over years to decades.

What is genomic instability?

In general, the rate of mutation is low within genes (for any
given gene, mutations occur once in every 1 x 10° cell divi-
sions).” Based on the low frequency of mutations in the genes
of a normal cell, tumor formation should be an extremely rare
event because it would require occurrence of several rare
events within a single cell during the course of a lifetime.
Because tumor formation is a common occurrence, however,
it is believed that the rate of gene mutations must be increased
during the clonal expansion of a tumor. This increase in the
rate of mutation is known as genomic instability.

A great deal of evidence currently supports the theory that
tumors become genomically unstable during their develop-
ment.” Tumor cells inactivate pathways that normally ensure
that errors in the genetic code are repaired. Thus, the fre-
quency of genetic alterations increases in the tumor cell. The
result of this increased genetic instability is that cells within a
tumor acquire mutations that allow them to outgrow their
neighbors.



What causes genomic instability?

Three major systems are involved in preserving the integrity
of the genome during each replication cycle. The first major
system depends on the cell’s various biochemical mechanisms
for replicating and dividing (the cell cycle system).” The coor-
dination of the different phases of the cell cycle—Gj, S (syn-
thesis), G,, and M (mitosis)—is orchestrated by a variety of
gene products, which include the cyclins (A, B, D, and E) and
their respective cyclin-dependent kinases (CDKs) (Fig. 2-5A).
Aberrant overexpression of cyclin E has been shown to
increase genomic instability.”> CDKs are regulated by CDK
inhibitors, which are capable of blocking the cell’s progress
through the cell cycle in response to signals from within and
without the cell. Also included in the cell cycle system are the
various replication enzymes and the mitotic spindles that
function to reproduce a daughter genome and separate the
two genomes into daughter cells. Mistakes or inappropriate
signals in any of these pathways can lead to genetic damage.

The second major system is composed of the various repair
pathways that fix genetic alterations once they are detected
(the DNA repair system). These include the ultraviolet (UV)
excision repair system and the double-strand break repair sys-
tem, which repair external DNA damage, and the mismatch
repair system, which repairs mismatches generated during
DNA replication.”®

The third major system comprises the checkpoint control
pathways of the cell (the checkpoint system)® (Fig. 2-5B).
These pathways monitor the genome for alterations that affect

p21
p27
CDK p21
inhibitors x/ x/

A

Chapter 2. The Oncogenetic Basis of Breast Cancer

its integrity and can regulate the cell cycle and DNA repair sys-
tems. Alterations can be due to external mutations from ion-
izing radiation or from errors in replication during S phase or
the separation of chromosomes during mitosis. Checkpoint
pathways respond to these alterations by inhibiting the cell’s
progress through the cell cycle and coordinating the assembly
of the proper DNA repair machinery. In effect, these pathways
stall the cell to give it an opportunity to repair itself before
proceeding to the next phase of the cycle.

The best characterized checkpoint pathway in humans is
induced by ionizing radiation. The ATM gene encodes a pro-
tein kinase that senses genetic damage and transmits this
information to other checkpoint proteins in the cell by phos-
phorylating them.***" ATM is able to activate a large number
of different checkpoint and repair pathways. In one of these
pathways, ATM transmits a signal to p53, a transcription
factor and tumor suppressor, to induce the expression of the
CDK inhibitor p21, which arrests the cell in the G, phase of
the cell cycle.” In the absence of functional ATM or p53, the
arrest in response to DNA damage is impaired. Alternatively,
DNA damage can induce programmed cell death (apoptosis),
a process that is p53 dependent.” In addition, the ATM—p53
pathway appears to regulate checkpoint controls in other
phases of the cell cycle. In particular, p53 has a role in
monitoring the fidelity of mitosis.”” In the absence of p53,
chromosomes segregate aberrantly, and cells soon become
polyploid.** Another branch of the ATM pathway regulates
the cell cycle without the help of p53. In this branch, DNA
damage activates ATM, which phosphorylates the check
point kinases (CHKI1 and CHK2), key kinases that in turn

. DNA damage
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Figure 2-5 Regulation of the cell cycle and its checkpoints. A, The phases of the cell cycle G;, S, G, and M are regulated by a series of
cyclin protein—cyclin-dependent kinase (CDK) complexes that are synthesized and degraded at discrete times. The D cyclins are induced
by mitogenic stimuli and remain elevated as long as the cell is cycling. They are potently inhibited by the CDK inhibitors p76 and p217.
Cyclin E is the critical cyclin for entry into S phase and is tightly regulated by p27, a CDK inhibitor, and also responds to p21. Cyclins A
and B are involved in shepherding the cell through S phase, G,, and mitosis when they are degraded. B, The best understood checkpoint
in the mammalian cell cycle is the response to high-energy radiation. The ensuing DNA damage is detected by the ATM gene, which sig-
nals p53 to induce p21 and arrest the cell in G;, induces arrest in S and G,, or by a different pathway signals the cell to undergo apop-
tosis; p53 is clearly a nodal point in the cell’s response to DNA damage.
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phosphorylate the CDC25 tyrosine phosphatases to induce
their inactivation.®® After their inhibition due to CHKI,
CDC25 tyrosine phosphatases no longer remove a critical
phosphate residue from CDKs to activate cyclin-CDK com-
plexes in different phases of the cell cycle. Yet another branch
of the ATM pathway mediates the repair of double-strand
DNA breaks. To respond to DNA damage, this branch
depends on the BRCAI protein.®

Genes involved in the regulation of the cell cycle, check-
point, and DNA repair systems frequently behave as either
tumor suppressor genes or oncogenes when mutated.
Alterations of these genes lead to an increase in genomic
instability. These include cyclin D, p53, ATM, and the mis-
match repair genes hMSH2 and hMLHI1>* Cells with
aberrations of either p53 or cyclin D are permissive for
gene amplification of other genes.”” Cells with inactive
hMSH?2 or hMLH]I have an increased frequency of point and
frameshift mutations.*>* Finally, as mentioned above, a cell
deficient for ATM or p53 is unable to properly repair DNA
damaged by ionizing radiation.®* All of these genes are com-
ponents of one of the major cellular systems for preventing
genetic damage.

What are the different forms of familial
breast cancer?

There are several forms of familial breast cancer.”” Familial
early-onset breast-ovarian cancer is an autosomal dominant
disease that usually affects those at risk before 50 years of age
and is typically due to BRCAI mutation. Breast cancer with-
out ovarian cancer can be seen in families as well and is asso-
ciated with either BRCAI or BRCA2 mutations. This form of
disease also has an early onset and is associated with male
breast cancer in families with BRCA2 mutations.

How were the BRCAT and BRCA2
genes discovered?

Large extended families with autosomal dominant patterns
of inheritance of breast cancer risk were the impetus for
genome-wide scans to find breast cancer susceptibility genes.
Because no knowledge of the function or location for such a
hypothesized gene existed, DNA was collected from the blood
of as many family members as possible and subjected to link-
age analysis. With linkage analysis, the DNA from both affected
and unaffected individuals is characterized to determine the
size of polymorphic alleles at known chromosomal locations
distributed throughout the entire genome. Polymorphic al-
leles that are shared among affected family members are
linked to the disease (Fig. 2—6). However, alleles may be shared
due to random clustering because each offspring of an affect-
ed carrier has a 50% chance of coinheritance of breast cancer
susceptibility along with one of any two alleles throughout the
22 autosomal chromosomes. As the size of the family under
study increases, the likelihood that polymorphic alleles are
linked to disease and are not merely chance clusterings
increases as well. This approach led to the identification of
polymorphic markers on chromosome 17q21 and on chro-
mosome 13q12 that were highly linked to breast cancer in

specific families.®*** A search for genes within these regions
uncovered BRCAI and BRCA2 on chromosomes 17 and 13,
respectively.’®” These two genes were definitively identified as
the causative lesions within these families by virtue of the
mutations found in their DNA sequence that segregated with
affected family members. Mutations of both of these genes
usually disrupt the open reading frame, leading to a truncated
protein product. Moreover, in the tumors of these patients,
the remaining functional allele of the gene is also mutated
somatically in most cases.

Who is at risk for inheriting mutations
of BRCA1 and BRCA2?

Individuals at risk are obviously those with a family history of
breast cancer. In families with an identified mutation, the risk
for being a carrier is 50%. In addition, about 10% of women
without a family history but with a breast cancer diagnosis
before 35 years of age are born with a mutation of BRCA1.”
Perhaps the largest population of women at risk for harboring
germline mutations can be found among Ashkenazi Jews
of Eastern European descent. The combined frequency of
germline mutation of BRCAI and BRCA2 among these
women is about 2%.”"”* Patients with these mutations fre-
quently lack a family history of breast cancer.”

How does the BRCAT gene function in the
body to prevent breast cancer?

A clue to identifying the regions of the gene that are function-
ally important may be gained from analyzing the BRCAI gene
in other species. A homologue of BRCAI is present in the
mouse, and only two domains show significant areas of con-
servation of the amino acid code.” One of these is a ring-
finger domain near the amino terminus of the protein.” Ring
fingers are zinc-binding protein motifs. The other conserved
domain is at the carboxyl terminus of the protein (Fig. 2-7).
This domain has been shown to activate transcription when
fused to the DNA-binding domain of GAL4, a yeast transcrip-
tion factor.”” These data suggest that BRCAI may be involved
in the regulation of transcription. Interestingly, point muta-
tions (mutations that change only a single amino acid) of
BRCA1 that disrupt the zinc-binding amino acids or disrupt
the activation of transcription are found in breast cancer fam-
ilies.””’® Mutation of the mouse BRCAI gene in mammary tis-
sue predisposes these animals to a high rate of mammary
tumors.” Other early studies of BRCAI indicate that it is
capable of slowing cellular proliferation and inhibits tumor
growth in vitro.”® The gene may be exerting its effects during
G, and S phases of the cell cycle when BRCAI is most
expressed.”

Several genetic and biochemical facts have emerged that are
leading to a better understanding of the function of BRCAI.
After DNA damage, BRCAI is recruited to sites of double-
strand DNA breaks.*® Recruitment appears to be important
because mutation of BRCA1 in cells leads to increased suscep-
tibility to DNA damage.®’ BRCAI is an integral part of the
ATM pathway because it is phosphorylated by ATM after DNA
damage at the sight of DNA breaks.*® Moreover, disruption of
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Figure 2-6 Segregation of a polymorphic marker in a family with hereditary breast cancer. A family affected by six cases of breast
cancer over three generations is depicted. The numbers below each individual indicate the alleles that each has inherited for a specific
marker located very close to the BRCAT gene. The numbers refer to the size of the allele, with 1 being the smallest and 8 being the largest
allele. This allele is highly polymorphic because nearly all cases have alleles of two different sizes. In cases with two alleles of differing size,
the marker is said to be informative because one is able to trace the origin of the alleles in the parents. The circled allele 6 has the same
pattern of inheritance as breast cancer and appears at first glance to be linked. In one case in the third generation, the disease has not
become penetrant. To test this hypothesis, one must compare the observed results with the likelihood of a similar segregation pattern of
a marker far from the diseased locus.
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Functional domains of human BRCAT. The ring-finger domain is a putative zinc-binding domain that may be involved

in ubiquitin ligation of proteins (minimally amino acids 25-64). The transcription transactivating domain is at the carboxyl terminus
from amino acids 1528 to 1863. Arrows below the gene indicate amino acid point mutations that are associated with early-onset
breast cancer. Mutations of the ring finger would disrupt zinc, whereas mutations of the transactivation domain are known to disrupt

transactivation.

BRCALI in cells interrupts DNA repair signals downstream
of ATM. BRCAL exists in a heterodimer with another ring-
finger protein, BARD1.** Together, BRCA1 and BARD1 form
a potent ubiquitin ligase enzyme complex that is able to con-
jugate chains of ubiquitin onto other proteins. The nature of
these substrates is currently unknown. Presumably, BRCAI
is involved in the regulation of repair proteins through
ubiquitination.

How does the BRCA2 gene function?

Like BRCA1, mutation of mouse BRCA2 predisposed animals
to mammary cancer.” Cells lacking BRCA2 are highly sensi-
tive to DNA damage and display marked genetic instability.*
Analysis of Fanconi anemia patient samples, which are highly
sensitive to DNA damage, has demonstrated that two of the
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Fanconi anemia complementation groups are due to biallelic
mutation of BRCA2.%* Biochemical analysis of the BRCA2
protein has demonstrated that it is part of the homologous
recombination DNA repair complex that repairs double-
strand breaks.*

Are there other genes that cause a
predisposition to breast cancer?

More than half of the families with early-onset breast cancer
in the absence of ovarian cancer (breast site—specific families)
have no identified mutation of either BRCAI or BRCA2.*
This information suggests that an unidentified gene exists that
also increases susceptibility to breast cancer. Two rare syn-
dromes, Li-Fraumeni and Reifenstein syndromes, occasion-
ally lead to breast cancer as well. They are caused by genetic
lesions in p53 and the androgen receptor, respectively.**¥ In
addition, heterozygote carriers of ataxia-telangiectasia, who
harbor ATM mutations, as well as patients with Cowden syn-
drome who are born with PTEN mutations, are at increased
risk for breast cancer.®®

What is the difference between sporadic
breast cancer and familial breast cancer?

Sporadic breast cancer is defined as breast cancer that occurs
without an identifiable inherited risk. The risk for breast can-
cer over a lifetime is about 13%.%° In contrast, familial breast
cancer is an autosomally dominant inherited predisposition
to breast cancer. The lifetime risk for breast cancer for carriers
in these families is about 80%. This increased risk is due to the
inherited mutation of BRCAI or BRCA2 or perhaps other
genes.

How is the estrogen receptor altered
in breast cancer?

The first gene product studied in detail for breast cancer was
the estrogen receptor.” This protein is not expressed in about
40% of both ductal carcinoma in situ (CIS) and invasive
breast cancers.” ™ Because the proportion of tumors lacking
estrogen receptor does not change during the transition from
CIS to invasive breast cancer, one interpretation is that loss of
the receptor influences CIS development but not the transi-
tion to invasive cancer. Even though tumor progression
appears to be influenced by the loss of estrogen receptor
expression, this gene does not behave as a typical tumor sup-
pressor. In particular, the lack of expression in tumors is not
associated with mutation of the gene or loss of heterozy-
gosity. Rather, loss of expression appears to be due to repres-
sion of transcription through hypermethylation of nearby
CpG islands, which are found in the transcriptional control
region (promoter) of a gene.”* This form of down-regulation
of gene expression inactivates tumor suppressors, such as p16,
in a variety of tumors.”

Which oncogenes are altered in breast cancer?

The early analysis of genetic alterations in sporadic breast can-
cer focused on oncogenes. The two oncogenes that are com-
monly altered are the erbB-2/HER-2/neu oncogene and cyclin
D oncogenes.”™” These genes are overexpressed in both CIS
and invasive carcinoma of the breast.”*” The basis for over-
expression is often amplification of the gene; however, overex-
pression is often seen in the absence of gene amplification.
Other oncogenes are also altered by amplification in invasive
breast cancer. They include EGFR, c-myc, and IGFIR.

What tumor suppressors are altered
in breast cancer?

The most commonly mutated tumor suppressor in breast
cancer is p53.”' Although an inherited mutation of p53 is a
rare cause of cancer, p53 is mutated in nearly half of all inva-
sive breast tumors.’"* Immunohistochemical analysis of p53
in ductal CIS also indicates a similar proportion of altered
tumors.'”™'”* Of course, BRCAI and BRCA2 are mutated in
tumors of patients who inherited a defective copy of one of
these genes, but these two genes are not mutated in sporadic
breast cancer.'”'"* However, silencing of BRCAI transcription
due to methylation of the BRCAI promoter is detected in
about 10% of unselected cancers and is particularly prevalent
in medullary and mucinous carcinomas.'” E-cadherin is
mutated in a high fraction of lobular carcinomas and is
methylated and silenced in a large proportion of ductal carci-
nomas.'*'”” PTEN protein expression is not detected in about
one third of sporadic carcinomas.'” In addition, the tumor
suppressors Rb and p16 are rarely mutated.'”''

How do these oncogenes and tumor
suppressors normally function in the cell?

The oncogenes that are altered in breast cancer and some of
the tumor suppressors all share one major feature. They are
key components of signal transduction pathways that regulate
the cell cycle by controlling the entrance into S phase® (Fig.
2-8). In particular, erbB-2/HER-2/neu, EGFR, c-myc, cyclin D,
Rb, and p16 are all part of a pathway that responds to EGF (as
well as other growth factors), which stimulates the cell to
divide. PTEN is a negative regulator of signals that emerge
from cell surface receptors.

How does p53 normally function?

The function of p53 is quite distinct from the other oncogenes
and tumor suppressors. Instead of regulating the cell cycle,
this gene appears to monitor and preserve genomic integrity.”
Cells lacking p53 become genomically unstable and quickly
lose the ability to maintain the correct number of chromo-
somes.” The p53 gene responds to genetic damage by stalling
the cell in G, S, or G, phase of the cell cycle to prevent mito-
sis before repairs on the damaged DNA can be made™ (see
Fig. 2-5B). Alternatively, after sensing damage, p53 can induce
the cell to undergo apoptosis.”



How do genetic changes correlate with
breast cancer development?

Breast cancer evolves over many years and is likely to involve
the mutation of many genes. The natural history of the disease
is unclear but may occur as follows: a normal breast epithelial
cell acquires genetic damage that leads to a clonal prolifera-
tion of cells that eventually evolves into a CIS. The in situ
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Figure 2-8 Mitogenic pathways and their relationship to breast
cancer. Mitogenic pathways that stimulate cell division are af-
fected in multiple ways in breast cancer.
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lesion then matures to an invasive carcinoma, which in turn
metastasizes to the lymph nodes and other organs'' (Fig.
2-9). Current models of tumor progression for colon cancer
correlate alterations of genes with the different phases of
tumor development.'> The simplistic model of breast tumor
progression presented here (see Fig. 2-9) attempts to integrate
much of the molecular information attained to date.

What is the earliest point in tumor
development associated with genetic
alterations?

The earliest genetic alterations have been observed in mor-
phologically normal breast lobules and ducts near the site of a
primary tumor'” (see Fig. 2-9). Similar structures distant
from the tumor have no genetic changes. The alterations
observed are large chromosomal deletions (LOH). These nor-
mal-appearing breast cells may be precursors of the nearby
tumor because identical losses are seen in the more advanced
lesion. These foci of histologically normal cells may have been
the direct precursor of an invasive breast cancer or may have
passed through the intermediate step of CIS. Nevertheless, no
genes that are necessary for the early steps in tumor develop-
ment have been identified.

What genetic changes are associated with
carcinoma in situ?

Many genetic alterations have occurred by the time CIS has
developed. These include alterations of the estrogen receptor,
P53, erb-2/HER-2/neu, and cyclin D.>' In addition, CIS is usu-
ally genetically unstable, as evidenced by the high frequency of
aneuploidy and alteration of both p53 and cyclin D.""'
These data have three important implications. First, the many
mutations seen at this stage of development indicate that these
lesions have gone through many rounds of clonal selection
and are many steps away from their normal epithelial precur-
sors. Second, the level of genetic instability seen in these
lesions implies that selective pressure for the tumor to invade
the basement membrane is likely to ultimately allow for the
emergence of an invasive clone. Third, the frequency of alter-
ations of estrogen receptor, p53, erb-2/HER-2/neu, and cyclin

HER-2/neu
p53
Cyclin D
16q PTEN 15q
? 17q 11q ?
Normal "Predisposed”
breast morphologically Carcinoma Invasive Metastatic
L normal in situ carcinoma carcinoma
epithelium epithelium

Figure 2-9 Model of breast cancer progression from normal epithelium to metastatic tumor. A possible pathway of tumor progression
is shown. A question mark indicates that at present no gene has been identified that is altered specifically at the indicated transition point.
Although many alterations have been observed in invasive breast cancer, they are also shared by carcinoma in situ.
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D apparently peaks with CIS, which implies that most of the
genetic steps in the tumor’s development occur before inva-
sion. On the other hand, although CIS differs tremendously
from normal breast epithelial cells, CIS apparently differs
little from invasive breast cancer.

What are the genetic changes associated with
invasive and metastatic breast cancer?

Little is known about what genetically distinguishes CIS from
invasive breast cancer. One clue is that loss of PTEN expres-
sion appears to occur in carcinomas and is rarely seen in CIS.
Similarly, no genetic lesions have been identified that mark the
transition to metastasis. However, a distinct gene expression
pattern is associated with tumors that are destined to become
metastatic.'"* This suggests that one or more programs of gene
expression are altered in tumor to favor metastasis.

Are there other genes altered
in breast cancer?

Our understanding of the genetic basis for the pathogenesis of
breast cancer is incomplete. In the past 15 years, great strides
have been made to delineate some of the pathways targeted for
mutation. Most of these alterations seem to occur in pathways
affecting proliferation and genomic stability. Nothing is
known of the initiating events in sporadic breast cancer, nor
has the actual chain of genetic events been determined
for familial tumorigenesis involving BRCAI or BRCA2.
Identification of a breast stem cell population should lead to
a better understanding of breast epithelial development.
Aberrant expansion of breast stem cells may provide the basis
for tumor initiation and expansion.'>!'® Furthermore, no
genes that are responsible for the transition from CIS to inva-
sive carcinoma have been identified, although one locus has
been implicated in this transition. Finally, the transition from
locally invasive to metastatic disease is also likely to be associ-
ated with specific genetic alterations. Characterization of
these genetic events will define the pathogenesis of breast can-
cer and hopefully produce the rational targets for drug
therapy that are needed to improve patient care.

REFERENCES

1. Weinstein IB. The origins of human cancer: Molecular mechanisms of
carcinogenesis and their implications for cancer prevention and treat-
ment—twenty-seventh G.H.A. Clowes Memorial Award Lecture.
Cancer Res 1988;48:4135—4143.

2. Weinberg RA. Oncogenes and antioncogenes, and the molecular basis
of multistep carcinogenesis. Cancer Res 1989;49:3713-3721.

3. Cohen SM, Ellwein LB. Cell proliferation in carcinogenesis. Science
1990;249:1007-1011.

4. Ames BN, Gold LS, Willett WC. The causes and prevention of cancer.
Proc Natl Acad Sci U S A 1995;92:5258—5265.

5. Loeb LA. Mutator phenotype may be required for multistage carcino-
genesis. Cancer Res 1991;51:3075-3079.

6. Bhatia S, Robison LL, Oberlin O, et al. Breast cancer and other second
neoplasms after childhood Hodgkin’s disease. N Engl ] Med 1996;
334:745-751.

7. Tokunaga M, Land CE, Yamamoto T, et al. Incidence of female breast
cancer among atomic bomb survivors: Hiroshima and Nagasaki,
1950—1980. Radiat Res 1987;112:243-272.

o

Nel

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Ambrosone CB, Freudenheim JL, Graham §, et al. Cigarette smoking,

N-acetyltransferase 2 genetic polymorphisms, and breast cancer risk.
JAMA 1996;276:1494-1501.

. Muir C, Waterhouse J, Mack T, et al. Cancer Incidence in the Five

Continents, vol. 5. Lyon, France, International Agency for Research on
Cancer, 1987.

. Kelsey JL, Horn-Ross PL. Breast cancer: Magnitude of the problem

and descriptive epidemiology. Epidemiol Rev 1993;15:7-16.

. McMichael AJ, Giles GG. Cancer in migrants to Australia: Extending

the descriptive epidemiological data. Cancer Res 1988;48:751-756.

. Kelsey JL, Bernstein L. Epidemiology and prevention of breast cancer.

Ann Rev Pub Health 1996;17:47—67.

. Nandi S, Guzman RC, Yang J. Hormones and mammary carcinogene-

sis in mice, rats, and humans: A unifying hypothesis. Proc Natl Acad
Sci U S A 1995;92:3650-3657.

. Strauss BS. The origin of point mutations in human tumor cells.

Cancer Res 1992;52:249-253.

. Szabo CI, King MC. Inherited breast and ovarian cancer. Hum Mole

Genet 1995;4:1811-1817.

. Easton DF, Bishop DT, Ford D, et al. Genetic linkage analysis in famil-

ial breast and ovarian cancer: Results from 214 families. Am ] Hum
Genet 1993;52:678-701.

. Rous P. The challenge to man of the neoplastic cell. Science 1967;

157:24-28.

. Stehelin D, Varmus HE, Bishop JM, Vogt PK. DNA related to the trans-

forming gene(s) of avian sarcoma viruses is present in normal avian
DNA. Nature 1976;260:170-173.

Barbacid M. ras Genes. Ann Rev Biochem 1987;56:779-827.
Schlessinger ], Bar-Sagi D. Activation of ras and other signaling path-
ways by receptor tyrosine kinases. Cold Spring Harbor Symp Quant
Biol 1994;LIX:173-179.

Vogelstein B, Fearon ER, Hamilton SR, et al. Genetic alterations
during colorectal-tumor development. N Engl ] Med 1988;319:525—
532.

Rowley JD. A new consistent chromosomal abnormality in chronic
myelogenous leukemia identified by quinacrine fluorescence and
Giemsa staining. Nature 1973;243:290-293.

Rabbitts TH. Chromosomal translocations in human cancer. Nature
1994;372:143—-149.

McLaughlin J, Chianese W, Witte ON. Alternative forms of the BCR-
ABL oncogene have quantitatively different potencies for stimulation
of immature lymphoid cells. Mol Cell Biol 1989;9:1866—1874.

White E. Life, death, and the pursuit of apoptosis. Genes Dev 1996;10:
1-15.

Roberts JM, Buck LB, Axel R. A structure for amplified DNA. Cell
1983;33:53-59.

Lin CR, Chen WS, Kruiger W, et al. Expression cloning of human
EGF receptor complementary DNA: Gene amplification and three
related messenger RNA products in A431 cells. Science 1984;224:843—
848.

Semba K, Kamata N, Toyoshima K, et al. A v-erbB-related protoonco-
gene, c-erbB-2, is distinct from the c-erbB-1/epidermal growth
factor-receptor gene and is amplified in a human salivary gland
adenocarcinoma. Proc Natl Acad Sci U S A 1985;82:6497—6501.
Collins S, Groudine M. Amplification of endogenous myc related
DNA sequences in a human myeloid leukemia cell line. Nature
1982;298:670-681.

Jiang W, Kahn SM, Tomita N, et al. Amplification and expression of
the human cyclin D gene in esophageal cancer. Cancer Res 1992;52:
2980-2983.

Devilee P, Schuuring E, van de Vijver MJ, et al. Recent developments
in the molecular genetic understanding of breast cancer. Crit Rev
Oncogenesis 1994;5:247-270.

Fraser A, Evan G. A license to kill. Cell 1996;85:781-784.

Stanbridge EJ. Suppression of malignancy in human cells. Nature
1976;260:17-20.

Knudson AG. Mutation and cancer: Statistical study of retinoblas-
toma. Proc Nat Acad Sci U S A 1971;68:820—-823.

Mulligan LM, Kwok JBJ, Healey CS, et al. Germ-line mutations of the
RET protooncogene in multiple endocrine neoplasia type 2A. Nature
1993;263:458—-460.

Knudson AG. Hereditary cancer, oncogenes, and antioncogenes.
Cancer Res 1985;45:1437-1443.

Friend SH, Bernards R, Rogelj S, et al. A human DNA segment
with properties of the gene that predisposes to retinoblastoma and
osteosarcoma. Nature 1986;323:643—646.



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Miki Y, Swensen J, Shattuck-Eidens D, et al. A strong candidate for
the breast and ovarian cancer susceptibility gene BRCAI. Science
1994;266:66-71.

Wooster R, Bignell G, Lancaster J, et al. Identification of the breast can-
cer susceptibility gene BRCA2. Nature 1995;378:789-792.

Latif F, Tory K, Gnarra J, et al. Identification of the von Hippel-Lindau
disease tumor suppressor gene. Science 1993;260:1317-1320

Kinzler KW, Nilbert MC, Su L, et al. Identification of the FAP locus
genes from chromosome 5q21. Science 1991;253:661-669.

Groden J, Thliveris A, Samowitz W, et al. Identification and character-
ization of the familial adenomatous polyposis coli gene. Cell 1991;66:
589-600.

Fishel R, Lescoe MK, Rao MRS, et al. The human mutator gene
homolog MSH2 and its association with hereditary nonpolyposis
colon cancer. Cell 1993;75:1027-1038.

Leach FS, Nicolaides NC, Papadopoulos N, et al. Mutations of a MutS
homolog in hereditary nonpolyposis colorectal cancer. Cell 1993;
75:1215-1225.

Kamb A, Gruis NA, Weaver-Feldhaus J, et al. A cell cycle regulator
potentially involved in genesis of many tumor types. Science 1994;264:
436-440.

Malkin D, Li FP, Strong LC, et al. Germ line p53 mutations in a famil-
ial syndrome of breast cancer, sarcomas and other neoplasms. Science
1990;250:1233-1236.

Wallace MR, Marchuk DA, Andersen LB, et al. Type I neurofibro-
matosis gene: Identification of a large transcript disrupted in three
patients. Science 1990;249:181-186.

Rouleau GA, Merel P, Lutchman M, et al. Alteration of a new gene
encoding a putative membrane-organizing protein causes neuro-
fibromatosis type 2. Nature 1993;363:515-521.

Hollstein M, Sidransky D, Vogelstein B, Harris CC. p53 Mutations in
human cancers. Science 1991;253:49-53.

Sherr CJ. Cancer cell cycles. Science 1996;274:1672-1677.

Parsons R. Human cancer, PTEN and the PI-3 kinase pathway. Semin
Cell Dev Biol 2004;15(2):171-176.

Nowell PC. The clonal evolution of tumor cell populations. Science
1976;194:23-27.

Strauss BS. The origin of point mutations in human tumor cells.
Cancer Res 1992;52:249-253.

Hartwell LH, Kastan MB. Cell cycle control and cancer. Science
1994;266:1821-1828.

Spruck CH, Won KA, Reed SI. Deregulated cyclin E induces chromo-
some instability. Nature 1999;401:297-300.

Cleaver JE. It was a very good year for DNA repair. Cell 1994;76:1—4.
Symington LS. Role of RAD52 epistasis group genes in homologous
recombination and double-strand break repair. Microbiol Mol Biol
Rev 2002;66(4):630-670.

Petrini JH. The Mrell complex and ATM: Collaborating to navigate S
phase. Curr Opin Cell Biol 2000;12:293-296.

Elledge SJ. Cell cycle checkpoints: Preventing an identity crisis. Science
1996;274:1664—-1671.

Savitsky K, Bar-Shira A, Gilad S, et al. A single ataxia telangiectasia
gene with a product similar to PI-3 kinase. Science 1995;268:1749—
1753.

Bakkenist CJ, Kastan MB. Initiating cellular stress responses. Cell
2004;118:9-17.

Kastan MB, Canman CE, Leonard CJ. p53, Cell cycle control and apop-
tosis: Implications for cancer. Cancer Metastasis Rev 1995;14:3—15.
Cross SM, Sanchez CA, Morgan CA, et al. A p53-dependent mouse
spindle checkpoint. Science 1995;267:1353-1356.

Fukasawa K, Choi T, Kuriyama R, et al. Abnormal centrosome ampli-
fication in the absence of p53. Science 1996;271:1744-1747.

Sorensen CS, Syljuasen RG, Falck J, et al. Chkl regulates the S phase
checkpoint by coupling the physiological turnover and ionizing radi-
ation-induced accelerated proteolysis of Cdc25A. Cancer Cell 2003;3:
247-258.

Cortez D, Wang Y, Qin J, Elledge SJ. Requirement of ATM-dependent
phosphorylation of brcal in the DNA damage response to double-
strand breaks. Science 1999;286(5442):1162—1166.

Parsons R, Li G-M, Longley M]J, et al. Hypermutability and mismatch
repair deficiency in RER+ tumor cells. Cell 1993;75:1227-1236.

Hall JM, Lee MK, Newman B, et al. Linkage of early-onset familial
breast cancer to chromosome 17q21. Science 1990;250:1684-1689.
Wooster R, Neuhausen SL, Mangion J, et al. Localization of a breast
cancer susceptibility gene, BRCA2, to chromosome 13q12-13. Science
1994;265:1088-1090.

Chapter 2. The Oncogenetic Basis of Breast Cancer

70.
71.
72.
73.
74.

75.

76.
77.

78.

79.

80.

81

82.

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

25

Langston AA, Malone KE, Thompson JD, et al. BRCA1 mutations in a
population-based sample of young women with breast cancer. N Engl
] Med 1996;334:137-142.

Struewing JP, Abeliovich D, Peretz T, et al. The carrier frequency of the
BRCA1 185delAG mutation is approximately 1% in Ashkenazi Jewish
individuals. Nature Genet 1995;11:198-200.

Oddoux C, Struewing JP, Clayton CM, et al. The carrier frequency of
the BRCA2 6174delT mutation among Ashkenazi Jewish individuals is
approximately 1%. Nature Genet 1996;14:188-190.

FitzGerald MG, MacDonald DJ, Krainer M, et al. Germ-line BRCA1
mutations in Jewish and non-Jewish women with early-onset breast
cancer. N Engl ] Med 1996;334:143—149.

Abel KJ, Xy J, Yin GY, et al. Mouse Brcl: Localization sequence analy-
sis and identification of evolutionary conserved domains. Hum Mol
Genet 1995;4:2265-2273.

Chapman MS, Verma IM. Transcriptional activation by BRCAL.
Nature 1996;382:678—679.

Shattuck-Eidens D, McLure M, Simard J, et al. A collaborative survey
of 80 mutations in the BRCAI breast and ovarian cancer susceptibili-
ty gene. JAMA 1995;273:535-541.

Xu X, Wagner KU, Larson D, et al. Conditional mutation of BRCAl in
mammary epithelial cells results in blunted ductal morphogenesis and
tumour formation. Nat Genet 1999;22(1):37-43.

Holt JT, Thompson ME, Szabo C, et al. Growth retardation and inhi-
bition by BRCA1. Nat Genet 1996;12:298-302.

ChenY, Farmer AA, Chen CF, et al. BRCAL1 is a 220-kDa nuclear phos-
phoprotein that is expressed and phosphorylated in a cell cycle-
dependent manner. Cancer Res 1996;56:3168-3172.

Scully R, Chen J, Ochs RL, et al. Dynamic changes of BRCA1 subnu-
clear location and phosphorylation state are initiated by DNA damage.
Cell. 1997;90(3):425-435.

. Scully R, Ganesan S, Vlasakova K, et al. Genetic analysis of

BRCALI function in a defined tumor cell line. Mol Cell 1999;4(6):
1093-1099.

Baer R, Ludwig T. The BRCA1/BARD1 heterodimer, a tumor suppres-
sor complex with ubiquitin E3 ligase activity. Curr Opin Genet Dev
2002;12(1):86-91.

. Ludwig T, Fisher P, Murty V, Efstratiadis A. Development of mamma-

ry adenocarcinomas by tissue-specific knockout of BRCA2 in mice.
Oncogene 2001;20(30):3937-3948.

Sharan SK, Morimatsu M, Albrecht U, et al. Embryonic lethality and
radiation hypersensitivity mediated by Rad51 in mice lacking BRCA2.
Nature 1997;386:804—810.

Howlett NG, Taniguchi T, Olson S, et al. Biallelic inactivation of
BRCA2 in Fanconi anemia. Science 2002;297(5581):606—609.

Phelan CM, Lanchaster JM, Tonin P, et al. Mutation of the BRCA2
gene in 49 site-specific breast cancer families. Nat Genet 1996;13:
120-122.

Wooster R, Mangion J, Eeles R, et al. A germline mutation in the
androgen receptor gene in two brothers with breast cancer and
Reifenstein syndrome. Nat Genet 1992;2:132-134.

Swift M, Morrell D, Massey RB, et al. Incidence of cancer in 161
families affected by ataxia-telangiectasia. N Engl ] Med 1991;325:
1831-1836.

Liaw D, Marsh DJ, Li ], et al. Germline mutations of the PTEN gene in
Cowden disease, an inherited breast and thyroid cancer syndrome. Nat
Genet 1997;16:64—67.

Breast Cancer Facts and Figures: 2003-2004. Atlanta, American
Cancer Society, 2004.

Folca PJ, Glascock REF, Irvine WT. Studies with tritium labeled
hexoestrol in advanced breast cancer. Lancet 1961;11:796.

Giri D, Dundas S, Nottingham J, et al. Oestrogen receptors in benign
epithelial lesions and intraduct carcinomas of the breast: An immuno-
histological study. Histopathology 1989;15:575-584.

Bur M, Zimarowski M, Schnitt S, et al. Estrogen receptor immunohis-
tochemistry in carcinoma in situ of the breast. Cancer 1992;69:
1174-1181.

Ottaviano YL, Issa JP, Parl FF, et al. Methylation of the estrogen recep-
tor gene CpG island marks loss of estrogen receptor expression in
human breast cancer cells. Cancer Res 1994;54:2552—-2555.

Herman JG, Merlo A, Mao L, et al. Inactivation of the CDKN2/p
16/MTS 1 gene is frequently associated with aberrant DNA methyla-
tion in all common human cancers. Cancer Res 1995;55:4525-4530.
Slamon DJ, Clark GM, Wong SG, et al. Correlation of relapse and
survival with amplification of the HER-2/neu oncogene. Science
1987;235:177-182.



26

97.

98.

99.

100.

101.

102.

103.

104.

105.

Keyomarsi K, Pardee AB. Redundant cyclin overexpression and gene
amplification in breast cancer cells. Proc Natl Acad Sci U S A 1993;
90:1112-1116.

Van de Vijver MJ, Peterse JL, Moor WJ, et al. Neu protein overexpres-
sion in breast cancer. Association with comedo-type ductal carcinoma
in situ and limited prognostic value in stage II breast cancer. N Engl J
Med 1988;319:1239-1245.

Ramachandra S, Machin L, Ashley S, et al. Immunohistochemical dis-
tribution of c-erbB-2 in in situ breast carcinoma—a detailed mor-
phological analysis. ] Pathol 1990;161:7-14.

Weinstat-Saslow D, Merino MJ, Manrow RE, et al. Overexpression of
cyclin DmRNA distinguishes invasive and in situ breast carcinomas
from non-malignant lesions. Nat Med 1995;1:1257-1260.

Poller D, Roberts E, Bell ], et al. p53 Protein expression in mammary
ductal carcinoma in situ: Relationship to immunohistochemical
expression of estrogen receptor and erbB-2 protein. Hum Pathol
1993;24:463-468.

Leal CB, Schmitt FC, Bento MJ, et al. Ductal carcinoma in situ of the
breast. Histologic categorization and its relationship to ploidy and
immunohistochemical expression of hormone receptors, p53, and
c-erbB-2 protein. Cancer 1995;75:2123-2131.

Futreal PA, Liu Q, Shattuck-Eidens D, et al. BRCA1 mutations in pri-
mary breast and ovarian carcinomas. Science 1994;266:120-122.
Teng D, Bogden R, Mitchell ], et al. Low incidence of BRCA2 muta-
tions in breast carcinoma and other cancers. Nature 1996;13:241-244.
Esteller M, Silva JM, Dominguez G, et al. Promoter hypermethylation
and BRCALI inactivation in sporadic breast and ovarian tumors. ] Natl
Cancer Inst 2000;92(7):564—569.

SECTION |. MOLECULAR AND EPIDEMIOLOGIC ISSUES

106.

107.

108.

109.

110.

111.
112.
113.
114.

115.

116.

Berx G, Cleton-Jansen AM, Nollet F, et al. E-cadherin is a tumour/
invasion suppressor gene mutated in human lobular breast cancers.
EMBO J 1995;14(24):6107-6115.

Graff JR, Herman JG, Lapidus RG, et al. E-cadherin expression is
silenced by DNA hypermethylation in human breast and prostate car-
cinomas. Cancer Res 1995;55:5195-5199.

Bose S, Crane A, Hibshoosh H, et al. Reduced expression of PTEN
correlates with breast cancer progression. Hum Pathol 2002;33:405—
409.

Lee EY, To H, Shew JY, et al. Inactivation of the retinoblastoma sus-
ceptibility gene in human breast cancers. Science 1988;241:218-221.
Brenner AJ, Aldaz CM. Chromosome 9p allelic loss and p16/CDKN2
in breast cancer and evidence of p16 inactivation in immortal breast
epithelial cells. Cancer Res 1995;55:2892-2895.

Page DL, Anderson TJ. Diagnostic Histopathology of the Breast.
Edinburgh, Churchill-Livingstone, 1987.

Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis.
Cell 1990;61:759-767.

Deng G, Lu Y, Zlotnikov G, et al. Loss of heterozygosity in normal
tissue adjacent to breast carcinomas. Science 1996;274:2057-2059.
van’t Veer LJ, Dai H, van de Vijver MJ, et al. Gene expression profiling
predicts clinical outcome of breast cancer. Nature 2002;415:530-536.
Dontu G, Abdallah WM, Foley JM, et al. In vitro propagation and
transcriptional profiling of human mammary stem/progenitor cells.
Genes Dev 2003;17(10):1253-1270.

Al-Hajj M, Wicha MS, Benito-Hernandez A, et al. Prospective identi-
fication of tumorigenic breast cancer cells. Proc Natl Acad Sci U S A
2003;100(7):3983-3988.



CHAPTER 3

Molecular, Cellular, and
Developmental Biology

of Breast Cancer

Sarah Hatsell, Minoti Hiremath, Peter Shamamian,

and Pamela Cowin

Breast is a dynamic gland that undergoes considerable post-
natal development and dramatic, cyclic morphologic changes
throughout a woman’s reproductive life. The temporal and
spatial synchronization of these events requires endocrine and
paracrine signals as well as a host of self-regulatory con-
straints. The chain of command begins with temporal signals
from globally dispersed hormones. These are sensed by cells,
discretely positioned throughout the breast, expressing hor-
mone receptors. Hormone receptor—positive cells respond to
hormones by producing highly localized growth factors that
activate their receptors on neighboring cells. This in turn gen-
erates intracellular signals that produce the expression of
cytoskeletal, adhesion, and extracellular matrix proteins as
well as protein involved in tissue remodeling, cell cycle, and
apoptosis.

Cancer research has approached breast biology with two
major goals: to identify proteins that could serve as prognostic
indicators or tumor cell markers and to curb breast cell prolif-
erative pathways. Yet breast tumors grow slowly, developing
with long latency, and mortality from breast cancer relates
principally to metastatic spread and high rates of tumor recur-
rence. Cancers arise from inherited or acquired mutations.
An increasing number of genetic mouse models, which pro-
vide powerful and incisive tools to dissect the consequences of
such mutations, have suggested links between normal devel-
opment and pathology of mammary gland. Moreover, a recent
focus on stem cell biology has highlighted potential connec-
tions between normal breast stem-progenitor cells and cancer
stem cells that are thought to be responsible for tumor recur-
rence. This chapter focuses on a selection of proteins and
processes implicated in breast cancer viewed through the lens
of their normal role in breast development and function.

Does the evolution of mammary glands
suggest a mechanism for breast cancer
metastases to bone?

Mammary glands are epidermal appendages that likely
evolved from hair-associated apocrine glands.' Evidence for

this may be found in a number of living species. For example,
duck-billed platypuses have mammo-pilo-sebaceous units,
which secrete milk that is lapped by their hatchlings from the
ends of specialized hairs; koala bears form vestigal mammary
hairs that regress as nipples form; and squirrels show bilateral
development of sensory hairs and nipples from the same
original epidermal anlage.'! Molecular evidence suggests
that lactation evolved from cutaneous secretions serving as
antimicrobial protectants and as egg supplements.' Prolactin,
the hormone that stimulates milk protein expression,
belongs to the inflammatory cytokine gene family, and the o.-
lactalbumin subunit of the lactose synthetase enzyme re-
sembles lysozyme, an antimicrobial component of egg yolk.

The ability of the mammary gland to promote bone resorp-
tion is thought to have evolved from ancient mechanisms
involving estrogenic mobilization and transfer of maternal
skeletal calcium reserves to eggshell in birds and to egg vitel-
logenin in freshwater fish.” Mammary glands mobilize bone
calcium by secreting parathyroid hormone-related protein
(PTHrP). This protein was discovered as a tumor product that
induced humoral hypercalcemia of malignancy (HHM), a
metabolic complication of many cancers. Expression of
PTHrP within primary breast tumors is predictive of bone
metastases. PTHrP is proposed to promote osteotropism by
enabling breast cancer metastases to carve a foothold and
simultaneously release growth factors from bone. Thus, bone
tropism of breast cancer metastases may be considered
an unintended consequence of a physiologic mechanism
that evolved to trigger bone resorption for the purpose of
lactation.?

How do mammary glands develop in the
embryo?

PTHIP is essential for the earliest stages of embryonic mam-
mary development. Mammary glands form during early
embryonic development as bilateral epidermal placodes that
coalesce and invaginate to form mammary buds (Fig. 3-1).
Epithelial cells within the mammary buds secrete PTHrP,
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Figure 3-1 Diagram of the development of the mammary gland

during puberty and pregnancy indicating some of the major sig-
naling proteins involved. The mammary bud forms on about
embryonic day 13 when epithelium, under the control of parathy-
roid hormone-related protein (PTHrP) and lymphoid-enhancer
binder factor 1 (Lefl), grows down into the mammary mes-
enchyme and branches to form the small ductal structure present
at birth. The gland stays quiescent until puberty, when estrogen
receptor (ER), growth hormone (GH), and insulin-like growth fac-
tor (IGF) induce ductal elongation. In early pregnancy, proges-
terone receptor (PR) and Wnt4 stimulate side branching.
Alveologenesis occurs in mid to late pregnancy and is controlled
by B-catenin (Bcat), CCAAT-enhancer binding protein beta
(C/EBP), STAT5 (Signal transducer and activator of transcription),
prolactin (PRL), cyclin D1 (cycD1), and receptor activator of NF-
Kappa B ligand (RANKL). At the cessation of lactation, involution
is mediated by matrix metalloproteinases (MMPs), STAT3, and
IGF-binding protein (IGBP), where the gland undergoes remodel-
ing to resemble a virgin gland.

which induces underlying stromal cells to become mammary
mesenchyme.” Mammary mesenchymal cells signal back,
inducing the epidermis to form nipple skin and suppress hair
follicle formation.” PTHrP induces mesenchymal expression
of androgen receptor (AR) and the transcription factor Lef-1,
which is critical for elongation and formation of the rudi-
mentary mammary tree.” Male fetal androgens stimulate
mammary mesenchymal cells to constrict around the mam-
mary bud, leading to its degeneration. PTHrP~~ and Lef-17"~
mice fail to specify the mammary mesenchyme, extend the
mammary ductal tree, or show sexual dimorphism.** This
phenotype is seen in Blomstrand chondroplasia, a form of
human dwarfism resulting from mutations in the PTHrP
gene.” During embryogenesis in females, the mammary bud
elongates and branches to form a rudimentary mammary tree
that remains quiescent until puberty.

What are the normal roles of estrogen,
growth hormone, and insulin-like growth
factor in pubertal mammary development?

Pituitary and ovarian hormones produced during puberty
induce proliferation of cap cells occupying multilayered club-
shaped structures known as terminal end buds (TEBs) (Fig.
3-2). This results in rapid ductal elongation and progressive
branching’ (see Fig. 3-1). Both estrogen and growth hormone
(GH) are required for this to occur.” These hormones act
synergistically on stromal cells to induce insulin-like growth
factor-1 (IGF-1).* This protein appears to be the critical
paracrine effector because ductal extension does not proceed
in the absence of IGF-1, even when estrogens and GH are
present.” At the end of puberty, TEBs disappear, and the gland
again becomes dormant.

What are the contributions of estrogen
to breast cancer?

Alveola-like eruptions appear transiently in response to hor-
monal surges in estrogen and progesterone accompanying
estrus or ovulation. The number of ovulatory cycles is a sig-
nificant risk factor in breast cancer, suggesting that such tran-
sient hyperplasia could be important in the etiology of breast
tumors. However, because epithelial estrogen receptor (ER)
is required for progesterone receptor (PR) expression, it is
presently unclear whether ovulation-induced hyperplasia is
stimulated by estrogen or progesterone.” Estrogen’s role in
breast cancer was first noted when oophorectomy in pre-
menopausal women resulted in tumor regression.” The role
of estrogen in breast cancer was further supported by the
observation of enhanced risk for breast cancer associated with
early menarche, late first full-term pregnancy, late menopause,
or oral contraception use. This has been interpreted as result-
ing from increased lifetime exposure to estrogen. However, the
finding of the Women’s Health Initiative Trial that estrogen-
only hormone replacement therapy does not increase the risk
for breast cancer suggests that these earlier epidemiologic data
need re-evaluation regarding the potential detrimental role of
progesterone in these processes.'

Estrogen’s biologic activities are mediated through ER,
which occurs in o and B isoforms. In normal breast, ER-
positive cells are seldom associated with markers of prolifera-
tion. Estrogen is thought to exercise its mitogenic effects by
stimulating further paracrine signals.”” In breast cancer, ER
expression and proliferative markers overlap. About 70% of
breast cancers express ER, and ER-positive breast tumors pro-
liferate in response to estrogen when implanted into athymic
nude mice."”” The acquisition of proliferative capacity by ER-
positive cells occurs at the earliest stages of tumorigenesis and
therefore appears to contribute to breast tumor formation.'

In the absence of estrogen, ER is complexed with chaperone
proteins (Hsp90, p23, Cyp-40, and FKBP52) that modulate ER
DNA binding abilities. In the presence of estrogen, ER
dissociates from chaperone proteins that bind to estrogen
response elements (EREs) in the 5’-flanking regions of
estrogen-responsive genes and initiates transcription in
conjunction with coactivators (SRC-1, GRIP1, AIBI1). ER
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Figure 3-2 Diagram of a terminal end bud showing the major pathways involved in ductal extension during puberty. Estrogen and
growth hormone (GH) promote ductal extension by stimulating estrogen receptor (ER)- and growth hormone receptor (GHR)-positive
stromal cells surrounding the terminal end bud to produce insulin-like growth factor-1 (IGF1). IGF induces the proliferation of the cap
cells, which differentiate and move to the more proximal part of the duct to become myoepithelial cells. The body cells divide and dif-
ferentiate into luminal cells. Macrophages stimulated by colony-stimulating factor-1 (CSF1) are required for ductal elongation. EGF,

epidermal growth factor; TGFo, transforming growth factor-o.

coactivators function by recruiting a histone acetyltransferase
(CBP/p300) and basal transcription machinery (RNA poly-
merase, TBP, TFIIB). EREs are found in many promoters, and
a large number of estrogen-responsive genes have been
described (http://research.i2r.a-star.edu.sg/promoter/Ergdb-v11/
index.htm). Genes encoding growth factors, such as IGF-1, and
cell cycle regulators cyclin DI and c-myc are important tran-
scriptional targets in the mitogenic response of breast to estro-
gen. In addition to its transcriptional targets, ER may also
affect growth through “nongenomic activity” An alternative
plasma membrane-associated ER is proposed to stimulate
growth through activation of the mitogen-activated protein
kinase (MAPK) pathway by forming complexes with the
MNAR scaffold protein and src, or with shc.” Despite the
demonstrated mitogenic effects of estrogen, ER-positive
tumors are associated with better clinical outcome than
ER-negative tumors, likely because ER also stimulates breast
differentiation and contributes to epithelial stability and archi-
tecture by indir-ectly regulating expression of the E-cadherin
breast tumor suppressor gene (discussed subsequently).

ER expression predicts tumor responsiveness to selective
estrogen receptor modifiers (SERMs) such as tamoxifen and a
related drug, raloxifene. SERMs have been used successfully as
anti-cancer adjuvant therapies against hormone-responsive
breast cancer.'’ They compete with estrogen for ER binding
and act in a tissue-specific manner as estrogen agonists or
antagonists. ER crystal structures indicate that the receptor
adopts different conformations when bound to specific lig-
ands (estrogen, tamoxifen, and raloxifene)."'"> The type of
steroid receptor coregulator in the tissue determines the
effects of the ligand. For example, in the breast cancer cell line
MCF7, both tamoxifen and raloxifene recruit corepressors
and histone deacetylases (HDACs) to inhibit transcription of
estrogen-stimulated genes, such as c-mycand IGF-1. However,
in the uterus, tamoxifen, but not raloxifene, recruits the SRC-
1 coactivator and promotes transcription of these genes.'®
This explains the observations of the STAR (Study of
Tamoxifen and Raloxifene) trial in which tamoxifen, but not
raloxifene, increased the risk for uterine cancer in breast can-
cer patients treated with these drugs. Although SERMs are
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effective adjuvant therapies, reducing the incidence of ER-
positive breast cancer and significantly prolonging survival,
the benefits of these drugs are complicated by significant
increases in gynecologic cancer and in cardiovascular deaths.
In addition, most patients who show an initial response
to SERMs eventually develop resistance to the treatment.
Alternatively, aromatase inhibitors, such as anastrozole, which
inhibits estrogen production rather than selectively modulat-
ing ER activity, have been effective. The ATAC (Arimidex,
Tamoxifen, Alone or in Combination) trial has shown that
anastrozole is superior to tamoxifen in reducing the incidence
of contralateral invasive breast cancers. Anastrozole is better
tolerated and induces fewer cardiovascular events and
endometrial carcinomas. Side effects include bone loss from
estrogen deprivation."”

What are the connections between cell-cell
adhesion proteins and breast cancer?

Mammary ductal and alveolar epithelia are arranged in two
layers (Fig. 3-3). Epithelial cells (expressing keratins 8, 18, and
19) line the central lumen and are surrounded by myoepithe-
lial cells (expressing keratins 5 and 14) that directly contact
the basal lamina. Cells in both layers are connected by cad-
herins (calcium-dependent cell-cell adhesion proteins). These
proteins are essential for cell adhesion and exert profound
effects on cell polarity, growth factor-mediated cell survival,
and cell migration. Luminal cells adhere to one another by E-
cadherin, and myoepithelial cell adhesion is mediated by P-

Myoepithelial cell Luminal cell

Basal lamina

PR

Small light
cell

ESA, SCAT1, K19, p21,
musashi, vimentin

cadherins

E-cadherin P-cadherin

K8, K18, MUC1, EpCAM, ER

cadherin.'" Luminal and myoepithelial layers interconnect
through the desmosomal cadherins, desmogleins (Dsg 2/3),
and desmocollins (Dsc 2/3). Each of these proteins has a doc-
umented role in mammary development and breast cancer.

E-cadherin, the best characterized breast tumor suppressor
protein, mediates luminal cell-cell adhesion.” It also stabilizes
growth factor receptors, sustains survival signals, and is
required for the formation of tight junctions, which maintain
cell polarity and seal the alveolar lumen during lactation.”!
Loss of E-cadherin™ in the mouse mammary gland causes
precocious apoptosis and involution during late pregnancy.”
Germline mutations in the E-cadherin gene, CDHI, mildly
predispose individuals to breast cancer. Loss of heterozygosity
(LOH) of 16q22.1, which contains CDHI, is the second most
frequent somatic genetic event in sporadic breast cancer,
occurring in both lobular breast cancer and ductal carcinoma
in situ (DCIS).” LOH with subsequent inactivating mutations
in CDHI occurs in 50% of lobular breast cancers and is used
as a diagnostic indicator of this type of tumor. LOH also
occurs early in the more common grade 1 DCIS and preinva-
sive lobular carcinoma in situ (LCIS) but is not accompanied
by further CDH1 inactivating mutation.”

Abundant evidence links poor E-cadherin expression
with tumor invasion and metastasis, which has been corre-
lated with metastasis and poor prognosis.” Increasing E-
cadherin expression reduces the invasive capacities of cells
in vitro by restoring cell-cell adhesion, sequestering the
B-catenin proto-oncogene, and elevating expression of the
p27 cell cycle inhibitor. However, several studies of human
breast cancer cell lines have shown that decreased E-cadherin

Figure 3-3 Diagram of a cross-
section through mammary duct
showing expression of markers com-
monly used to distinguish myoep-
ithelial and luminal cell populations.
Adherens junctions contain P-
cadherin between myoepithelial
cells and E-cadherin between lumi-
nal epithelial cells. Desmosomal
cadherins link the two cell types.
Progesterone receptor (PR) is
expressed nonuniformly along the
duct in mature virgins, where it is
involved through the paracrine
action of Wnt4 in side branching.
The small light cell population is
thought to comprise the stem and
progenitor cells of the mammary
gland. This cell population shows
expression of several putative stem
cell markers, including epithelium-
specific antigen (ESA), K19, p21,
stem cell antigen-1 (SCA1), and
musashi. EpCAM, epithelial cell
adhesion molecule; ER, estrogen
receptor; SMA, smooth muscle
actin.

K5, K14, SMA, p63, p73

Desmosomal
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expression level is not an absolute predictor of tumor invasive
and metastatic behavior and that derivative metastases
frequently show strong E-cadherin expression.”””' In con-
trast, increased expression of other cadherins, N-, P-, and
OB- (osteoblast cadherin 11), correlates with experimental
parameters of invasion and metastasis. Little is known about
expression patterns of these cadherins in normal breast,
but they have been noted in several invasive breast cancer
cell lines.** P-cadherin™ mice show precocious mammary
development, suggesting that loosening of myoepithelial
cell junctions may be a key event precipitating alveologene-
sis.”® P-cadherin expression is associated with high histologic
grade of ER-negative DCIS and invasive carcinomas.” N-
cadherin is proposed to enhance motility and epithelial-
to-mesenchymal transition (EMT) by stabilizing the
surface expression of the fibroblast growth factor receptor-1
(FGFR-1), enhancing its responsiveness to fibroblast growth
factor-2 (FGF-2), and sustaining activation of the MAPK
pathway.” This, in turn, increases expression of matrix
remodeling agents, such as matrix metalloproteinase-9
(MMP-9).*

The intracellular domain of cadherins associates with
catenins.*® o-Catenin, which connects the adhesion complex
to the actin cytoskeleton, is down-regulated in breast cancer.’’
B-Catenin, which forms a modulatable link between cad-
herins and o.-catenin, shows aberrant expression and phos-
phorylation in human breast cancer and induces mouse
mammary adenocarcinomas.”**” Reduction in cell adhesion
due to down-regulation of the desmosomal cadherin, Dsc 3,
or the desmosomal plaque proteins desmoplakin and plako-
globin has been reported in poorly differentiated and invasive
ductal carcinomas.”***

What do slug and snail transcription
factors have to do with metastasis?
Is estrogen good or bad?

Studies have suggested that estrogen regulates epithelial
architecture through modulating E-cadherin.’®*" Estrogen-
activated ER indirectly stimulates expression of MTA3, a com-
ponent of Mi-2/NuRD, nucleosome-remodeling complex.”
This represses expression of snail, a transcription factor and
master regulator of epithelial-to-mesenchymal transition.
Snail, like its related transcription factors slug and SIP,
represses transcription from the E-cadherin promoter.*' Snail
expression correlates with infiltration by ductal carcinomas
and down-regulation of the aromatase gene.* Slug expression
correlates with lack of E-cadherin transcripts in breast cancer
cell lines.*** Estrogen is hypothesized to maintain epithelial
architecture by constraining these transcriptional repressors
of B-cadherin expression.” Studies in Drosophila species
have also identified genetic connections between taiman, the
homologue of the estrogen coactivator amplified in breast
cancer (AIBI), cadherin expression, and cell migration.”™*
Thus, evidence is accumulating that estrogens, ER, and estro-
gen coactivators function to regulate cell morphology and
migration in addition to proliferation. Each of these factors
likely functions in the continual remodeling that is required of
normal breast throughout the mammary cycle, but when dys-
regulated, each promotes invasion and metastasis, which lie at
the root of breast cancer mortality.

What are the contributions of growth
hormone and insulin-like growth factor
to breast cancer?

IGF-1 is a potent mitogen that is essential during puberty for
ductal proliferation and extension. Estrogens induce IGF-1, its
receptor IGFR-1, and the downstream signaling molecules
insulin receptor substrate-1 (IRS-1) and IRS-2, leading to
enhanced epithelial survival in response to IGF-1.* IGF-1 is
also a key survival factor for the breast epithelium during
lactation.”” Involution, following cessation of lactation, is
triggered by STAT3-induced expression of an IGF-binding
protein (IGF-BP), which provokes breast epithelial apoptosis
by sequestering the IGF survival factor.”” High IGF-BP levels
have been associated with both increased and decreased risk
for premenopausal breast cancer.” Increased levels of GH and
IGF-1 are found in premenopausal breast cancer, and IGFRs
are increased 40-fold.>"”* IGFR-1 represses apoptosis that
would result from the unbridled activity of other oncopro-
teins.” Its antiapoptotic effects may also negatively affect
therapies dependent on radiation-induced cell death and
underlie resistance to HER-2 inhibitors, such as trastuzumab
(Herceptin), that develop under selective pressure of breast
cancer treatment.”

What is the role of the HER family in
mammary development and breast cancer?

All four members (HER-1-4) of the HER/erbB/EGFR gene
family are expressed in breast.” The HER genes encode trans-
membrane receptors that bind growth factors and initiate
internal mitogenic signal transduction pathways through their
tyrosine-kinase domains. Although they are potent breast
mitogens, they can also stimulate apoptosis when overex-
pressed.” HER-1 binds epidermal growth factor (EGF), trans-
forming growth factor-a (TGF-0), and amphiregulin. HER-1
and HER-4 bind betacellulin, epiregulin, and HBEGF. HER-3
and HER-4 bind neuregulins 1 to 4. Many of these ligands
are lipid bound in precursor form to the surface of the cells
that produce them. Their polarized expression, cleavage, bind-
ing to heparin sulphate proteoglycans, and subsequent recep-
tor internalization are important points of regulation that
affect the initiation and duration of their signals. HER-2 and
HER-3 are unusual in that so far no HER-2 ligand has been
identified and HER-3 lacks intrinsic kinase activity.**

On binding to ligand, members of the HER receptor family
dimerize and phosphorylate specific tyrosine residues within
their cytoplasmic domains. Each receptor contains specific
phosphorylation sites that form binding sites for different
downstream signaling molecules. Phosphorylation can lead
to the association of Src-homology 2 proteins (SH2) and
phosphotyrosine-binding domain proteins (PTBs), such as
Src, PLCy, and PI3K, and to adaptor proteins, such as Sh,
Grb2, Grb7, and Nck.” These proteins link to intracellular sig-
naling pathways, including the MAPK/ERK1. Downstream
mediators also provide ample opportunity for integration
with TGF-f and BMP2 signaling through MAPK-mediated
phosphorylation of the Smad pathway.

The complexities introduced by receptor dimerization, lig-
and redundancy, and multiple levels of signal regulation make
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defining the roles of individual HER proteins in breast biology
challenging. This remains a work in progress. However, the
following generalizations may be made. Epithelial amphireg-
ulin and stromal HER-1/2 heterodimers play significant roles
in ductal extension and maintain the survival of periductal
stromal cells. During pregnancy, HER-1 TGF-a heterodimers
affect side branching and alveologenesis. The naturally occur-
ring HER-1 hypomorph, waved-2 mouse, shows impaired
lactation. HER-3 and the neuregulins play a major role
in proliferation and differentiation, and HER-4 is critical for
lactation.”

Deregulated expression of HER-1 and HER-2 occurs
frequently in breast cancer and may provide routes to
estrogen-independent growth. HER-2 is amplified in 30% of
breast cancers, and this overexpression results in ligand-
independent activation of its kinase domain.*® Expression of
activated or wild-type HER-2 under the control of the MMTV
promoter in mice causes tumors, supporting the hypothesis
that HER-2 is important in tumorigenesis.”** MMTV-HER-2
tumors form with long latency, resemble human comedocar-
cinomas, and can develop metastasis to the lung.”®

HER-2 is the preferred dimerization partner for other
family members and is required for activating downstream
signaling of the kinase-dead HER-3 receptor. High levels of
phosphorylated HER-3 are frequently found in tumors over-
expressing HER-2, and this particular heterodimer appears to
be the most potent.”® Activation of HER-2/3 recruits PI3K,
which promotes the antiapoptotic AKT/PKB survival pathway
and stimulates proliferation through effects on cyclin D3 and
p27 elements of the cell cycle machinery. These observations
have led to the use of antibodies directed against HER-1I
(C225), HER-2 (Herceptin), and the HER-2/3 heterodimer
(2C4) and to the development of small molecule inhibitors of
HER-17D1839 (Iressa) and OSI774.%

Overexpression of HER-2 also promotes invasion and
metastasis. It may achieve this either by inhibiting E-cadherin
transcription or by sequestering P-catenin.”** HER-2 may
also increase invasiveness by associating with ASGP2, the
transmembrane component of MUC4, a protein that steri-
cally hinders cadherin-mediated cell adhesion.®’ HER-2 has
been proposed to increase cell motility by stimulating expres-
sion of MMP-9, uPA, and uPAR through MAPK pathways.

What changes take place in mammary
glands during pregnancy? What are the
roles of progesterone receptor and its
paracrine pathways in breast cancer?

During pregnancy, mammary glands undergo extensive duc-
tal side branching followed by alveolar development. These
morphologic changes are accompanied by sequential expres-
sion of the milk proteins: WDNM1, casein, whey acid protein
(WAP), and o-lactalbumin. Genetically engineered mice have
provided definitive evidence of signaling pathways regulat-
ing these proliferative and differentiating processes as well as
increased risk of cancer. Mice lacking progesterone receptor
(PR™) or Wnt-47" show impaired ductal side branching,
whereas those overexpressing Wnt-1 show increased branch-
ing.**® This form of increased branching is a premalignant
condition. P-cadherin™ mice or those overexpressing -
catenin, cyclin D1, or one of several MMPs show precocious

alveolar development, again a premalignant condition.'®*>¢+%

In contrast, mice expressing -catenin suppressors or lacking
cyclin D1, RANKL/osteoprotegerin (OPGL), or the transcrip-
tion factor C/EBP-} are impaired in alveologenesis.””! Mice
lacking prolactin receptor (PrIR”") or STAT5a”" show
impaired development and milk synthesis.”>”* The fact
that several of these mice develop tumors suggests links
between activation of developmental pathways and breast
Cancer.35,65,66,75,76

Hormone receptors (ER, PR, and PrlIR) are expressed uni-
formly in virgin epithelial cells but adopt an intermittent
expression pattern in adults.” This change is critical for
proliferation and further development and is dependent
on the transcription factor C/EBP-B.”"*” Proliferative cells
lack steroid hormone receptors but reside near hormone-
responsive cells.'">***" Thus, steroid receptor—positive cells
may represent a stem-progenitor cell or a niche that acts as a
sensor to influence the activity of nearby steroid receptor—
negative stem or progenitor division-competent cells.* An
increased incidence of breast cancer in postmenopausal
women receiving combined hormone replacement therapy
(estrogen plus progesterone), compared with those receiving
estrogen only, suggests that prolonged stimulation of PR may
predispose to breast cancer." Tumors that are positive for PR,
however, have a better prognosis because they must also
express ER and are therefore likely to respond to SERMs. In
the current model of breast development, receipt of proges-
terone by PR-positive cells stimulates release of paracrine
growth factor survival signals, including IGF-1I, RANKL, and
Wnt-4.%% These factors are prime candidates to mediate
hormone-independent proliferation of tumors. IGF-II expres-
sion is responsive to hormone stimulation and is constitu-
tively expressed in estrogen-independent MDA-MB-231 breast
cancer cells. RANKL, a key osteoclast differentiation or activa-
tion factor that is essential for bone remodeling, is secreted by
breast during pregnancy.”” RANKL interaction with its recep-
tor RANK results in activation of NFk-B and up-regulation of
cyclin D1, both of which are highly expressed in many breast
tumors.* Ectopic expression of Wnt-1, which is presumed to
mimic the endogenous Wnt-4 gene, rescues the PR™" block in
side-branching and induces mammary adenocarcinomas.”*

What is the evidence that cancer stem cells
are central to breast cancer development
and progression?

The long time lag (up to 30 years) in breast cancer incidence
following radiation exposure in atomic bomb victims has
strongly suggested that long-lived and possibly immortal
stem-progenitor cells are targets for transformation. Further
circumstantial evidence in support of this concept comes
from high rates of breast cancer in women exposed to radia-
tion during adolescence, a time when stem cells reside close to
the surface of the epidermis and hence are more exposed to
damage. The concept that breast tumors arise from transfor-
mation of stem cells, or from transformation of differentiated
cells that revert to stem cell-like behavior, is of paramount
importance for the design of therapeutic strategies.*™"
Current radiotherapy and chemotherapies target rapidly
dividing cells, and their effectiveness is measured by their abil-
ity to reduce tumor mass and induce tumor regression by
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apoptosis. As such, they effectively kill the differentiated and
harmless progeny of stem cells, which form the tumor bulk,
and quickly become limited in their effectiveness by the emer-
gence of therapy-resistant cancer cells. Similarly, adjuvant
therapies such as tamoxifen are directed at the ER-positive or
HER-2-positive differentiated cells. They are not tailored to
target stem cells, which by their nature are slowly dividing and
resistant to apoptosis owing to higher levels of expression of
the antiapoptotic factor BCL-2 and of multidrug resistance
channels, such as breast cancer-related protein-1 (BCRP1),
which efficiently export chemotherapeutic agents.**' Stem
cells therefore remain, causing tumor recurrence. Tumors
contain heterogenous mixtures of different cell types.
However, studies in mouse models of breast cancer have
shown that all cells within a tumor contain the same genetic
mutational fingerprint, supporting their origin from a com-
mon precursor.”” Nevertheless, very few of these cells are
capable of reforming tumors.””* Such a subset of cells may
be considered “tumor stem cells” that produce heterogenous
progeny, of limited tumorigenic capacity, that form the tumor
bulk.®#%% Studies have shown that epithelial-specific
antigen (ESA-positive, CD44-positive, CD24-negative, lineage
marker-negative) cells, isolated from nine different human
breast tumors, are enriched 50-fold in their ability to form
xenografted tumors compared with unsorted cells. Signi-
ficantly, these cells are perpetuated within serial transplants
and reproduce the heterogenous complexity of the original
tumor, suggesting that they possess the twin stem cell capabil-
ities of self-renewal and the ability to generate differentiated
progeny.”

Where are mammary stem cells and their
cancer-prone progenitors?

The relationship between tumor stem cells and normal stem
cells is implied but not proven. Identification of mammary
stem cells has been approached from many angles.
Transplantation studies established that stem cells, dispersed
throughout the mammary epithelial tree, are capable of
regenerating an entire gland.”*® The presence of “small light
cells” (SLCs), which occupy a niche intermediate between
luminal and myoepithelial cell layers (see Fig. 3-3), correlates
with regenerative capacity of such serial transplants.” These
cells are capable of mitosis but are generally quiescent and dis-
play other stem cell-like features, including undifferentiated
ultrastructural characteristics; an ability to retain BrdU label
(indicating a low proliferative rate); expression of putative
stem cell markers, such as Sca-1, p21, a6-integrin, ESA, cyto-
keratin 19, telomerase, and musashi; and lack of differentia-
tion markers.”” Recent work has applied the Hoechst dye—
effluxing technique to the mammary gland. This approach
led to isolation of hematopoietic stem cells by fluorescence-
activated cell sorting into a side population (SP). Mammary
SP overlaps with SLCs and label-retaining cells.”'” A further
approach has been to analyze cells capable of perpetuating
three-dimensional mammosphere cultures, a technique that is
proposed to select for stem cells. Gene expression profiles of
such cells have revealed the presence of many proteins com-
mon to hemopoietic, neural, and embryonic stem cells.'"'

It is currently a matter of debate as to whether mammary
stem cells are ER positive or ER negative.'>**' In addition to

stem cells, the mammary gland appears to regenerate itself
through a hierarchy of progenitors, which may also be targets
for oncogenic transformation. Mammary gland contains
three types of lineage-limited progenitor cells. In serial trans-
plantation studies, these give rise to outgrowths composed of
ducts, alveoli, or both, the latter case indicating the presence of
a common bipotent progenitor for ductal and alveolar struc-
tures.”® In each case, outgrowths contain both luminal and
myoepithelial cells. Wnts and their downstream signal trans-
ducer B-catenin play key roles in expanding specific mam-
mary stem-progenitor populations.”*>*%*!%2 _catenin expands
an alveolar progenitor population and induces tumors when
ectopically expressed in mammary gland.”** Inactivating
mutations or down-regulation of Wnt and B-catenin sup-
pressors, such as FRP, AXIN, and APC, and high levels of
expression of B-catenin target genes, such as cyclin DI and
c-myc, have been reported in a significant proportion of
human breast tumors.”® These studies suggest a connection
between mammary stem-progenitor cell expansion and can-
cer susceptibility.

What is the involvement of cell cycle
proteins in breast cancer?

An alternative view is that breast cancer is a disease of abnor-
mal or uncontrolled proliferation resulting from deregulated
growth factor signaling or aberrations in cell cycle control
machinery. Thus, a great deal of interest has focused on the
potential role of cell cycle elements in breast cancer. The cell
cycle (Fig. 3—4) comprises four phases: G,(gap 1), S (DNA
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Figure 3-4 Schematic diagram of activation of the cell cycle.
Mitogenic stimuli cause the sequestration of p27 from its complex
with cyclin-dependent kinase-2 (cdk2) and cyclin E (cycE) into a
complex with cyclin D (cycD) and cyclin-dependent kinase-4
(cdk4). This activates both cyclin-dependent kinases to phos-
phorylate Rb, resulting in the dissociation of E2F, which activates
expression of S-phase genes.
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synthesis), G,, and M (mitosis), in which cells duplicate their
chromosomes and divide in two. Progression through this
cycle is promoted by cyclin-dependent kinases (CDKs), which
are positively regulated by cyclins and negatively regulated by
CDK inhibitors. Cyclins are synthesized at different times in
the cell cycle and are rapidly degraded by protein complexes
that target them for proteasomal destruction. D-type cyclins
provide a fundamental link between mitogens such as erbB-2
and ras, which activates the MAPK cascade, and the cell cycle
machinery. D-type cyclins interact with CDK4 and CDK6 to
drive the progression of a cell through early and mid G, phase.
They promote the activity of cyclin E-CDK2, which forms an
active complex in late G, and directs entry into S phase, by
sequestering the p21 and p27 inhibitors. Both cyclin D-CDK4
and cyclin E-CDK2 phosphorylate Rb, leading to the dissoci-
ation of E2F transcription factor from the pRb—E2F complex.
E2F activates genes necessary for further cell cycle progres-
sion. S-phase progression to G, is directed by the cyclin
A-CDK2 and cyclin A-CDK1 complexes. Lastly, cyclin
B—-CDKI1 complex is necessary for the entry into mitosis.

Cyclin D1 is the most studied cell cycle protein in breast
cancer. Cyclin D1 serves an essential role in alveologenesis, as
demonstrated by the failure of alveoli to expand during late
pregnancy in cyclin D17~ mice.””'” The cyclin DI gene is
amplified in 10% of breast cancers, and cyclin D1 protein is
elevated in a further 40%.""* The significance of these correla-
tive findings in humans is bolstered by the observation that
MMTV—cyclin D1 mice develop tumors, albeit with long
latency and at low frequency.* Mammary glands of cyclin
DI7" mice are resistant to transformation by oncogenic ras
and HER-2/neu.'” Thus, ras and HER-2 signal exclusively
through cyclin D1 to provoke hyperplasia and tumors. In con-
trast, although cyclin D1 is up-regulated in human tumors
displaying nuclear B-catenin and in MMTV-Wnt-1 and B-
catenin mouse tumors, the latter form tumors in the absence
of cyclin D1 and indeed are suppressed to some extent by its
presence.*>'® The involvement of cyclin D1 in tumor forma-
tion or promotion is currently a matter of debate. The partial
rescue of the cyclin D17~ phenotype by placing the cyclin E
gene under the control of the cyclin D1 promoter or by loss of
the p27 cell cycle inhibitor gene has suggested that cyclin D1
functions solely to advance the cell cycle. However, recent data
have shown that cyclin D1 has additional roles in differentia-
tion.'”'%” Indeed, patients with tumors expressing high levels
of cyclin D1 generally have a better outcome. Cyclin D1 can
act as a transcriptional coactivator of estrogen receptor and
associate with and antagonize the transcriptional functions of
C/EBP-P.'% Statistical investigation of a large panel of human
tumors shows a tight association of cyclin D1 up-regulation
with a set of C/EBP-B-regulated genes, suggesting that this
function contributes significantly to tumor progression.'”
C/EBP-B has several different isoforms. Cyclin D1 antagonizes
the full-length form, LAP, which acts as a constitutive repres-
sor of cyclin D1 target genes. A shorter dominant negative iso-
form of C/EBP-f3, LIP, mimics the effects of cyclin D1 on these
transcriptional targets. The LAP/LIP ratio is tightly regulated
and increases during terminal differentiation. This ratio is
decreased markedly in breast tumors owing to increased levels
of LIP.'®

Cell cycle inhibitors, such as p27 and p21, have also received
attention as potential prognostic indicators. Their expression
has been correlated with proliferation and differentiation.

Thus, p27 and p21 inhibit cyclin E-CDK-2 and arrest the cell
cycle by halting G, progression. However, they facilitate the
formation and action of cyclin D1-CDK-4, promoting differ-
entiation. The p27™~ mice show multiorgan hyperplasia. In
addition, p27 is rarely mutated in breast cancer, but the cell
cycle inhibitory action of this protein is often impaired
through accelerated degradation, sequestration by cyclin
D-CDK complexes and mislocalization. Reduction of p27
does not alone cause cancer but accelerates tumor formation
by tumor promoters. Many studies have suggested that loss of
p27, or cytoplasmic p27, is a strong independent predictor of
decreased disease-free survival and correlates with ER-positive
status and high cyclin D1 expression.'” However, others have
suggested that p27 has no prognostic value.'” Increased
cytosolic p21 is associated with poor prognosis and is an early
event in many neoplasias.'’ It is highly expressed in stem
cells and is responsible for maintaining them quiescent.”
Furthermore, p21 arrests growth after DNA damage to allow
repair. Thus, p21-deficient tumors are sensitive to radiation.
Attenuating p21 in tumor cells can lead to an increased
susceptibility to currently used DNA-damaging thera-
peutic agents, suggesting this may be a viable target for cancer
therapy.

What role do apoptotic and survival pathways
play in involution and breast cancer?

After weaning, the mammary alveolar epithelium undergoes
apoptosis, causing the mammary gland to involute, resuming
an appearance similar to that of the pubertal ductal tree.’
Studies in mice have shown that proteins that play a normal
physiologic role as survival signals for the breast epithelium
during lactation or as apoptotic or adipogenic signals during
involution play significant roles in human breast cancer.

The p53™ mice fail to induce p21 at the end of lactation,
resulting in a reduced apoptotic response and delayed involu-
tion.'"! Sixty percent of p53™" mice produce significant
numbers of mammary tumors after about 50 weeks, and
mammary epithelial cells derived from p53™ mice produce
mammary tumors when transplanted into wild-type fat-
pads.""" The long latency with which these tumors develop
indicates the need for other genetic events. Inactivating muta-
tions in p53 are the most common mutation of sporadic
breast cancer, being present in about 60% of tumors.'”
Germline mutation of p53 is found in less than 1% of breast
cancers and is not accompanied by LOH."? Thus, p53 defi-
ciency promotes mammary tumors in mice and humans, and
loss of one allele is sufficient to increase risk. Germline muta-
tions in p53 are present in Li-Fraumeni syndrome, which is
characterized by an increased risk for many cancers, including
an 18-fold higher risk for developing breast cancer before the
age of 45 years.'”

In addition, p53 forms a tetrameric transcription factor
that plays important tumor suppressor roles guarding the
integrity of the genome. Its levels are tightly regulated by a
complex feedback mechanism involving its transcriptional
target mdm?2, which binds to p53 and facilitates its ubiquiti-
nation and hence proteolysis (Fig. 3-5). Although p53 levels
are kept low by this mechanism, p53 is stabilized and activated
in response to stressful stimuli such as DNA damage or
hypoxia. It induces cell cycle arrest and apoptosis in response
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Figure 3-5 In unstimulated cells, p53 levels are kept low by

rapid degradation by Mdm2. Large numbers of signals lead to the
modification of p53 by various kinases and acetyltransferases,
resulting in the detachment of Mdm2, stabilization, and activa-
tion, causing a number of downstream effects.

to these stresses by regulating expression of p21 and Bax,
respectively. In addition, p53 has 3’, 5" exonuclease activity
that contributes to fidelity of DNA replication. Thus, in the
absence of functional p53, cells are retained that are gene-
tically damaged and genomically unstable.'"

The observation that p53*~ mice replicate Li-Fraumeni
syndrome only when bred onto a BALB/c background indi-
cates the importance of modifier genes that cooperate in
tumor progression. Cooperativity between p53 and BRCAI
and BRCA?2 in the rate of tumor incidence has been demon-
strated by crossing mice deficient for these genes. Inactivation
of p53is seen in less than 90% of BRCA-mediated breast can-
cers. Crosses between mice depleted in p53 and those overex-
pressing HER-2/neu, ras, and Wnt-1 show accelerated tumor
incidence.'"!

Mice with targeted deletion of STAT3 within the mammary
gland show reduced expression of IGF-binding proteins,
reduced apoptosis, and delayed involution.'" Thus, the physi-
ologic role of STAT3 within the mammary gland is to regulate
the early apoptotic stage of involution through inhibition of
IGF-1 survival signals. STAT3 transcriptionally regulates genes
involved in both apoptosis and the cell cycle and therefore can
function as an oncogene or tumor suppressor depending on
the cellular context. Cytoplasmic expression of STAT3 and
phosphorylated (Tyr705) STAT3 is seen in a large number of
breast cancers but does not correlate with survival. However,
activated nuclear STAT3 (23% of tumors) and phospho-
STAT3 (45% of tumors) predicts significantly improved sur-
vival.'”” These observations support the possibility that STAT3
acts as a tumor suppressor in breast, consistent with its
physiologic role in the gland in promoting apoptosis and
involution.

Mice expressing constitutively activated AKT under the
MMTV promoter show delayed involution and apoptosis.
AKT lies downstream of PTEN and HER signaling through
the PI3K survival pathway and therefore is activated in many
breast cancers. Activated AKT phosphorylates p27, preventing
nuclear import and cyclin—-CDK complex formation, thereby
leading to tumor progression.''®

What is the involvement of DNA repair
genes in breast cancer?

Germline mutations in several DNA repair genes have been
linked to inherited predisposition to breast cancer. The
BRCALI gene (17q21), isolated in 1994, accounts for almost
95% of familial breast and ovarian cancer but for less than 5%
of all breast cancers. Somatic mutations are rare, but promoter
hypermethylation is thought to occur in a significant propor-
tion of sporadic breast cancers, and loss of the BRCA1 protein
is reported in high-grade ductal carcinomas. BRCA1 serves
multiple roles as a tumor suppressor in breast cancer tumori-
genesis by coordinating multiple processes required for the
maintenance of genomic integrity during DNA replication. It
interacts directly and indirectly with many proteins, including
DNA repair components (RAD50 and RAD51, BRCA2, p53,
ATR and ATM, and BRCAI-associated surveillance complex
[BASC]) and a large number of cell cycle and checkpoint con-
trol proteins (Rb, Esfl E2F, c-Myc, and p53)."” Loss of BRCA1
function is associated with defects in S-phase checkpoint and
G,-to-M transition. BRCA1-deficient cells are radiation sensi-
tive and defective in the rate of homologous recombination.'®
In addition, BRCA1 forms complexes with transcriptional
activators and repressors, participates in chromatin remodel-
ing (RNA polymerase II, RHA, HDAC complex, and CtIP),
and may function in ubiquitination."®'*® BRCA2 (13q12-13),
discovered in 1995, bears no resemblance to BRCAL'' It
functions exclusively in DNA repair by homologous recombi-
nation through interaction with RAD51, a key component of
the double-strand break repair pathway. BRCA2 is proposed
to sequester RAD51 in an inactive state and to facilitate
RAD51 binding to single-stranded DNA at double-strand
breaks. In the absence of BRCAZ2, critical events in the initia-
tion of homologous recombination are impaired, and repair
and replication errors accrue with each cell cycle. BRCA1™"
mice die embryonically (~E8) with severe growth deficit
and elevation of p21. Mice with conditional knockout of
the BRCAI or BRCA2 gene in mammary gland fail to
differentiate properly and develop tumors with long latency
(1.6 years).">'?

What other genes and gene expression
profiles are associated with breast cancer?

In addition to BRCAI and BRCA2, other breast cancer sus-
ceptibility genes are proposed to exist on 8pll-21 and
13q21."** Several rare genetic syndromes account for about
1% of familial breast cancer. The PTEN gene is mutated in
80% of patients with Cowden syndrome, and truncating
mutations confer a 25% to 50% increased lifetime breast can-
cer risk. Germline and somatic mutations in PTEN are rare in
the general population, but LOH occurs in 11% to 40% of
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sporadic breast cancers. Truncating mutations in the LKBI
gene, found in Peutz-Jeghers syndrome, confer increased
breast cancer risk on patients with this syndrome. Mutations
in the APC gene confer increased risk for developing breast
cancer in patients with familial adenopolyposis coli, in the
Min mouse model of this disease, and are found in a small
percentage of sporadic breast tumors. A number of polymor-
phisms increase breast cancer susceptibility. These include
polymorphisms in the p53 and mdm2 genes that increase and
decrease susceptibility and rare alleles of HRAS: cytochrome
P-450 genes CYPIAI, CYP2D6, and CYP19; vitamin D re-
ceptor; and glutathione-S-transferase genes GSTMI and
GSTPI1.'” These low penetrance genes add incrementally to
breast cancer risk.

Microarray technology has been deployed to classify breast
cancer into subtypes with specific gene expression pro-
files.”” " Botstein and colleagues have classified breast
tumors into five subsets based on a marker profile indicative
of a predominant cell type: luminal type A, luminal type B,
basal epithelial, HER-2—positive, and “normal.”'*” Their find-
ings support the concept that tumors arise from different
breast cell types. The luminal group had improved survival
rates, whereas the basal and HER-2—positive subtypes had the
worst survival rates. Basal cells have been proposed to repre-
sent bipotent stem-progenitor cells that give rise to both lumi-
nal and myoepithelial lineages. BRCA1 tumors display basal
cell phenotypes. HER-2—positive cells are usually ER negative,
a known indicator of poor survival.”**"*' This report also
noted that gene expression patterns do not change substan-
tially between early DCIS and later stages, indicating that the
various molecular events in breast tumor progression occur
before metastasis."” A second study by van’t Veer and col-
leagues identified a set of 70 genes that together form a “poor
prognosis signature.”'*® These include cell cycle, invasion,
metastatic, and angiogenic markers. Patients with the poor
prognosis signature had almost half the likelihood of remain-
ing free of metastases or of surviving 10 years compared with
those of the “good prognosis” category. This gene expression
signature predicts disease outcome with 83% accuracy, per-
forming better than St. Gallen’s and National Institutes of
Health’s (NIH) standards, which use histologic and clinical
criteria."”> However, the false-negative rate with this profile
would result in undertreatment for 9% of patients and there-
fore requires further refinement before it can be used within a
clinical setting. Several studies have evaluated the prognostic
and predictive value of gene expression profiles found within
early-stage breast cancer. Currently, issues of lack of validation
of gene sets across platforms point to the need for further
investigation and refinement of this otherwise promising
approach.

What other cells promote tumorigenesis?

Although 90% of tumors are epithelial in origin, communica-
tion between different cell types within breast can contribute
to tumor progression and metastasis. Myoepithelial cells
modify the behavior and organization of epithelial cells.'* For
example, mammary epithelial cells plated onto plastic fail to
differentiate. Addition of myoepithelial cells to the culture
leads to correct apical polarization, tight junction formation,
and differentiation.””*"** Myoepithelial cells are thought to

achieve this by secreting basement lamina components, such
as laminin, and by regulating the access of luminal cells to
these proteins. Normal myoepithelial cells have been proposed
to act as natural tumor suppressors. Myoepithelial cells from
human breast tumors fail to interact with epithelial cells and
induce epithelial organization and show impaired laminin
production capabilities."”” Cells attach to proteins of the basal
lamina, including collagens, fibronectin, and laminins,
through members of the integrin family of cell surface recep-
tors that are composed of o and 3 subunits. Integrin engage-
ment by the ECM conveys critical survival and differentiating
signals to epithelial cells."”® They achieve these effects by syn-
ergizing with growth factors to cause sustained elevation of
signaling pathways, including MAPK, GSK-38, and PI3-K.
The repertoire of integrins changes when cells become
invasive. The importance of integrin-mediated survival sig-
nals has been vividly demonstrated in mice expressing
MMTV-polyoma middle-T antigen. Inactivation of ,-integrin
induced apoptosis and inhibited metastasis.

Stromal cells surrounding the epithelial ducts and
macrophages clustered in front of growing terminal end buds
promote proliferation of epithelial cells by secreting growth
factors, such as IGF-1, FGF-7, and CSF-1."*° In addition, stro-
mal cells can secrete proteins, such as scatter factor and hepa-
tocyte growth factor, which induce changes in cell shape and
motility, referred to as epithelial-to-mesenchymal transitions
(EMTs), which induce migration."*’ Stromal cells further facil-
itate the processes of cell migration, extravasation, and metas-
tasis by secreting proteases that degrade and compromise the
basement membrane, remodel the extracellular matrix, and
release and activate ECM-bound growth factors. Epithelial
tumor cells stimulate stromal cells to secrete MMPs, a large
family of ECM-degrading proteins that include collagenases,
stromelysins, membrane-type MMPs, and gelatinases.'!
Many are secreted in latent precursor forms that are activated
in a cascade fashion by other members of the family. MMP-3
and MMP-7 give rise to preneoplastic and malignant mam-
mary tumors, respectively, in mice, and MMP-3"" mice show
decreased incidence of chemically induced tumorigene-
5is.01*>12 MMP-2, MMP-9, and MMP-11 are more highly
expressed in invasive breast cancer than in premalignant and
normal breast, and a higher ratio of activated to latent forms
is present in breast cancer samples."** MT-MMP, MMP-2, and
MMP-11 are secreted in the stromal compartment around
tumors. MMP activity is regulated by a family of three tissue
inhibitors of metalloproteinase (TIMPs), and the balance
between MMPs and TIMPs likely regulates many aspects of
invasive and metastatic phenotype. Paradoxically, high levels
of TIMP-1 and TIMP-2 in breast tumors predict adverse out-
come for patients."* The extracellular matrix surrounding
tumors is remodeled by the action of MMPs in a unique
fashion that exposes “tumor-specific” collagen epitopes.'®
The exposure of such cryptic epitopes assists migration and
metastasis and promotes the formation of new blood vessels,
a process known as angiogenesis.

What is the role of angiogenesis in breast
cancer development and metastasis?

For tumors to grow to more than a few millimeters, an exten-
sive neovasculature must develop to supply the tumor with
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oxygen and nutrients. A consistent body of experimental and
clinical evidence has demonstrated the necessity of angiogen-
esis for the growth of solid tumors, including breast carcino-
ma."**'¥” Angiogenesis is observed in all phases of breast
cancer from benign hyperplastic breast lesions to DCIS and
invasive ductal cancers."**'* Tumor-associated angiogenesis is
a complex process dependent on a variety of growth factors
that are also associated with non-neoplastic vascularization
seen in wound healing, ischemic tissue, reproduction, and
development.”®">' Non-neoplastic vascularization is a tightly
regulated process balanced by angiogenesis activators (vascu-
lar endothelial growth factor [VEGF], FGE-2, platelet-derived
growth factor [PDGF]) and inhibitors (thrombospondin-1,
angiostatin, endostatin). In the developing tumor bed,
angiogenesis occurs when the balance of regulators favors
angiogenesis activators, which allows tumors to grow and
metastasize to the detriment of the host.'” The tumor vascu-
lar network is derived from two sources: sprouting of capillar-
ies from preexisting blood vessels and endothelial progenitor
cells (EPCs) that are mobilized from the bone marrow
(BM)."* Successful metastasis of a tumor is dependent on
angiogenesis at both primary and metastatic sites. In order for
a tumor cell to metastasize, it must gain access to the vascula-
ture. In highly angiogenic tumors, multiple contact points
between tumor cells and endothelial cells facilitates tumor cell
entry into the circulation."

What initiates angiogenesis?

There have been several proangiogenic factors described, the
most potent of which is VEGE Up-regulation of VEGF by a
tumor will result in stimulation of local endothelial ingrowth
into the tumor bed and recruitment of EPC to traffic from the
BM to the tumor bed. There are several potential mechanisms
for VEGF up-regulation in breast cancer. In the developing
tumor bed as the mass of rapidly dividing cells enlarges, oxy-
gen diffusion is limited, resulting in local hypoxia. Hypoxia
is a potent angiogenic stimulus that triggers vessel growth
through hypoxia-inducible transcription factor (HIF). HIF
induces expression of the potent proangiogenic growth factor
VEGF and its receptor VEGF receptor-1 (VEGFR-1). Higher
levels of HIF are associated with more advanced pathologic
stage in breast cancer and are higher in poorly differentiated
tumors. Increased levels of HIF-1 are also associated with
increased expression of VEGF, suggesting that increased levels
of HIF-1 are potentially associated with more aggressive
breast cancers."”” HER-2/neu contributes to angiogenesis by
up-regulating VEGF expression."™ Breast cancer overexpres-
sion of MMP-9 promotes the release of sequestered VEGF
from the extracellular matrix."”” The net result of these early
local factors is up-regulation of VEGF production, which can
be found even in noninvasive high-grade DCIS."*®

What factors are required for angiogenesis
to progress?

The previous section should not be taken to suggest that
VEGEF is the lone growth factor responsible for angiogenesis;
it merely outlines the most convincing data on the initiation
of angiogenesis in breast cancer. Once angiogenesis is initiat-

ed and the tumor begins rapid growth, a host of additional
factors, including FGF-2, Angl, and placenta growth factor
(PIGF), act in concert to maintain the developing vascular
network. It is not clear why the balance favors proangiogenic
factors over angiogenesis inhibitors such as angiostatin, endo-
statin, or thrombospondin-1. The new developing vascular
channels are leaky in response to VEGF and allow extravasa-
tion of plasma proteins to provide a new matrix for endothe-
lial cell migration. EPCs are recruited from the bone marrow
by a complex sequence of events, whereby MMP-9 releases
membrane-bound Kit ligand (mKitL), allowing soluble Kit
ligand (sKitL) to induce trafficking of cKit-positive EPCs from
the BM to the tumor."”'®

What is the effect of neovascularization
on prognosis?

Several methods have been proposed to measure tumor
angiogenesis.'*"'> Microvessel density has been accepted as
the standard to evaluate the angiogenic potential of a
tumor.'” Using this technique, several studies have demon-
strated an inverse relationship between survival of patients
with breast cancer and angiogenesis measured by microvessel
density."*”'**'®® The recognition that the level of tumor angio-
genesis may predict a poor outcome in invasive cancer is valid
for several solid malignancies. A unique finding in noninva-
sive breast cancer was that high-grade DCIS with increased
vascularity, measured by microvascular density, was more
likely to recur following resection.'® In another series,
inflammatory breast cancers expressed higher levels of proan-
giogenic mRNA (VEGE, flt-1, Angl1/2, Tie2) than noninflam-
matory breast cancers.'*

An alternative measure of tumor angiogenic potential is the
number of circulating endothelial progenitors (CEPs) in the
peripheral circulation. CEPs are bone marrow—derived EPCs
that are found in the peripheral circulation, in transit from the
bone marrow as they traffic to the neovasculature of the
tumor bed.'"”'*® Resting and activated CEPs were found to be
significantly increased in the peripheral blood of patients with
breast cancer. CEPs decreased to healthy control levels follow-
ing curative surgical resection.'”” Breast cancer patients have
been found to have a fivefold increase in these cells when com-
pared with non—tumor-bearing individuals. This observation
was confirmed in another study that found CECs to be
increased in cancer patients, including breast cancer patients,
with progressive disease when compared with patients with
stable disease.'” These data would suggest that breast cancer is
angiogenesis dependent even at the earliest stage and that the
switch to an angiogenic phenotype is associated with more
aggressive tumors.

What are the therapeutic implications of
angiogenesis in breast cancer?

The ability to develop antiangiogenic strategies would be an
important new weapon to treat breast cancer. Agents that
inhibit angiogenesis have been shown to block tumor growth
and promote tumor regression in animal models.”>"”" The
translation of laboratory observations that inhibition of
angiogenesis can block tumor growth and metastasis is now
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clinically applicable because angiogenesis inhibitors are being
used to treat cancer patients.'”” One approach to breast cancer
treatment is to target the potent proangiogenic growth factor
VEGE. High tumor levels of VEGF have been associated with
recurrence of node-negative breast cancer and resistance to

radiation and systemic chemotherapy.

173-175

Clinical trials of bevacizumab, a humanized monoclonal
anti-VEGF antibody (Avastin), suggest that inhibition of
angiogenesis is beneficial to patients with breast, renal cell,
and colorectal cancer, although this agent is presently only
approved for patients with colorectal cancer.”®'7® As the
clinical experience with angiogenesis inhibitors grows,
synergy between angiogenesis inhibitors and conventional
chemotherapy may be exploited."”® This is certainly one of the
more exciting areas in anticancer therapy and will likely affect
treatment in the near future.
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CHAPTER 4

Hormonal Influences
on Oncogenesis and Growth

of Breast Cancer
Allan Lipton

The specific cause of breast cancer remains unknown, as it
does for many human cancers. Physicians looked to normal
breast development for clues as to what would make a breast
cancer grow and spread. It has long been recognized that some
human breast cancers are “hormone dependent.” The growth
of such tumors is influenced by fluctuations in the level of
steroid sex hormones, and the tumors undergo regression
after surgical removal of sex hormone—producing glands. As
early as 1836, Cooper' observed a relationship between breast
tumor growth and the menstrual cycle. This relationship
between estrogens and breast cancer was strengthened by
the report in 1896 by Beatson® that regression of metastatic
lesions followed oophorectomy in premenopausal women.
For postmenopausal women, Huggins and Bergenstal’
demonstrated in 1952 that excision of the adrenal glands can
result in striking remissions of metastatic disease. Similar
results were obtained by Pearson and Ray* following hypophy-
sectomy. In recent years, regression of metastatic disease has
been obtained using drugs that prevent production of estro-
gens by the ovaries or adrenal glands.>®

The adult female breast is composed of epithelial lactiferous
ducts that terminate in secretory alveoli embedded in a
fibrous tissue framework and fat. Breast growth and develop-
ment are regulated by the interactions of many hormones and
growth factors, the most important of which is estrogen. In
fact, estrogens influence many organs in the body. These
include tissues of the reproductive system such as the breast
and uterus; cells in the pituitary, hypothalamus, and brain;
bone, where estrogens play an important role in maintenance;
the liver; and the heart, where estrogens exert a cardioprotec-
tive effect.

What is the estrogen receptor?

Investigations during the 1960s elucidated the mechanisms of
interaction of steroid hormones with their target tissues.
Female reproductive tissues were shown to contain a charac-
teristic estrogen-binding component, the estrogen receptor
(ER). These tissues took up and retained tritiated estrogens,
either after the administration of physiologic doses in vivo or
on exposure of excised tissues to the hormone in vitro.”* Most

42

mammalian tissues contain small amounts of ER. The unique
characteristic of the hormone-dependent tissues is the magni-
tude of their ER content.

The ER is a member of a large nuclear hormone receptor
superfamily, of which more than 20 members have now been
identified; all bind steroid or nonsteroid ligands (retinoic acid,
vitamin Dj). Steroid hormone receptors are located in the
interior of the cell, whereas polypeptide hormone receptors
are located on the cell surface. Receptors for estrogen, proges-
terone, and androgens are probably located in the nucleus.
Thyroid hormone receptors also reside in the cell nucleus.
Steroid receptors have a common domain structure with two
highly conserved regions: one in about the middle of the pro-
tein (known as domain C), which is involved in interaction
with DNA; and a C-terminal region (known as domain E/F),
which binds hormone. The ER carries out four functions: (1)
ligand binding (estrogen and antiestrogen), (2) dimerization,
(3) DNA binding, and (4) transcription activation. These
four functions have been localized to distinct domains in the
protein® " (Fig. 4-1).

Upon binding estrogen, the ER is believed to bind as a
dimer to estrogen response element DNA, a 13-nucleotide
palindromic sequence, usually located in the 5’-flanking
region of estrogen-responsive genes. The estrogen-occupied
receptor is then thought to interact with transcription factors
to modulate gene transcription'*"® (Fig. 4-2). The actions of
estrogens on the breast and uterus are antagonized by anti-
estrogens (e.g., tamoxifen), which bind to the ER in a manner
that is competitive with estrogen, but, unlike estrogens, do not
effectively activate gene transcription.'”'®

What are the clinical uses of estrogen
receptor levels?

ER levels are used to identify hormone-dependent breast can-
cers. This developed from the early observation that female
reproductive tissues take up and bind tritiated estrogens and
by the subsequent recognition that estrogens exert their
biologic effect in combination with a receptor protein of
intracellular origin. An early study demonstrated that patients
with breast cancer who responded favorably to adrenalectomy
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Figure 4-1 Four functions of the estrogen receptor: ligand bind-
ing, dimerization, DNA binding, and transcription activation.
(From Katzenellenbogen BS, Fang H, Ince BA, et al. Estrogen receptors:
Ligand discrimination and antiestrogen action. Breast Cancer Research
and Treatment 1993;27:17-26.)
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Figure 4-2 Biochemical mechanism of estrogen action in
human breast cancer cells. E, estrogen; ER, estrogen receptor;
PgR, progesterone receptor.  (From Osborne CK. Receptors. In Harris
JR, Lippman ME, Murrow M, Hellman S [eds]. Breast Diseases.
Philadelphia, |B Lippincott, 1996, p 301.)

incorporated more radioactivity into their tumors when the
patients were injected with tritiated hexestrol than those who
did not respond.” Subsequent studies have confirmed that
ER-positive breast cancer patients with metastatic disease are
more likely to respond to hormone treatment than are ER-
negative breast cancer patients.

A second use for ER is as a prognostic marker in patients
with primary breast cancer. Breast cancer patients with oper-
able lesions can be segregated into two prognostic subgroups
by ER status. An analysis of patients who had receptor assays
on their primary tumor showed that patients with ER-
negative tumors had recurrences at twice the rate of those
with tumors containing ER and were dying at a faster rate
than those with ER-positive tumors (Fig. 4-3). Furthermore,
this difference was independent of other potential prognostic
factors, including age or menopausal status, size of the pri-
mary tumor, axillary lymph node status, or treatment deliv-
ered after surgery.”**'
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Figure 4-3  Overall survival of patients with stage | or Il breast
cancer (calculated together) according to estrogen receptor (ER)
status. (Data from Osborne CK. Estrogen receptor and prognosis in
breast cancer. In McGuire WI [ed]. Breast Cancer, vol 4, Advances in
Research and Treatment. New York, Plenum, 1981, p 33.)

What other receptors are found
in breast cancer?

Androgen receptors, glucocorticoid receptors, and proges-
terone receptors (PgRs) are found in many breast cancers.
They are thought to play a role in normal breast growth and
development. Their precise role in breast cancer development
is not known. Presumably, the effects of endocrine therapy
with pharmacologic doses of these agents are mediated
through their respective specific receptors. The presence of
PgR, along with ER, is more predictive of an endocrine-
responsive tumor than the presence of ER alone.”” Androgen
receptor has been found in 35% to 50% and glucocorticoid
receptor in up to 77% of breast cancers. Both are associated
with the presence of ER and PgR and are thought to be bio-
chemical markers of tumor differentiation.”>** There is some
evidence that androgen receptors, glucocorticoid receptors,
GR, or both may correlate with response to endocrine
therapy and with patient survival. At present, determination
of levels of these receptors does not improve on the predictive
value of ER and PgR and is thus not employed in routine
clinical practice.

Normal breast development is also influenced by thyroid
hormone. Specific nuclear thyroid receptors have been identi-
fied in cultured human breast cancer cell lines. The prolifera-
tion of several human breast cancer cell lines is stimulated by
triiodothyronine. These findings have not resulted in clinically
significant observations.

How do hormones influence breast cancer
development?

Hormonal factors are thought to play a major role in the cause
of breast cancer. In 1962, Bulbrook and colleagues® suggested
that low excretion of androgen metabolites in the urine may
precede the onset of clinical breast cancer. More recently, it
was observed that bilateral oophorectomy before the age of 40
years reduced the breast cancer risk by at least 50%.
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Alterations in hormone levels are thought to influence
breast carcinogenesis through several mechanisms. One
hypothesis is that the total number of ovulatory cycles, and
thus exposure to higher estrogen levels, is the principal factor
contributing to the risk for breast cancer.”®” Estrogen expo-
sure may contribute to carcinogenesis by increasing the rate
of cell division and proliferation, thereby allowing for an
increase in the accumulation of random genetic errors.”**
Another hypothesis is that the continued cell division and
proliferation resulting from multiple ovulatory cycles, princi-
pally between menarche and first birth, increases the suscepti-
bility of breast tissue to carcinogenic environmental insults.”
The duration of exposure to both endogenous and exogenous
estrogens is directly related to the risk for developing breast
cancer. The role of prolactin in breast cancer development has
been clearly established in the rat, but no clearcut role for pro-
lactin has yet been established in humans.

What menstrual and reproductive factors
influence breast cancer risks?

1. Age at menarche. One of the most significant associations
established to date is age at menarche and subsequent
development of breast cancer. Early age at menarche has
been demonstrated as a risk factor for breast cancer in
most case-control studies. Each earlier year of onset of
menarche appears to add about 4% to 5% to the risk for
breast cancer.”®” Women with early menarche (<12 years
of age) and rapid establishment of regular cycles have an
almost fourfold greater risk for breast cancer than women
with late menarche (=13 years of age) and long duration of
irregular cycles.”*

2. Age at menopause. Age at menopause is another factor in
breast cancer risk. Premenopausal women who undergo
oophorectomy dramatically lower their risk for breast can-
cer. As mentioned earlier, bilateral oophorectomy before
the age of 40 years reduces breast cancer risk by at least
50%.* In similar fashion, women who experience natural
menopause (defined as cessation of periods) before age 45
years have only half the breast cancer risk of those in whom

menopause occurs after age 55 years.” Each additional year
until menopause adds a risk of about 4%.% The influences
of menarcheal and menopausal age may partly explain
some of the geographic variance in breast cancer incidence
around the world.® For example, in Asian countries, the
age at menarche is later and menopause occurs earlier than
in the United States. The expected lower breast cancer inci-
dence is observed in Asian women.

3. Age at first term pregnancy. Parity and age at first birth are
other endogenous hormonal factors that influence breast
cancer risk. Nulliparous women are at greater risk for the
development of breast cancer than parous women, with a
relative risk of 1.4.”7 The age at first birth is extremely
important for subsequent development of breast cancer.
Age younger than 20 years at first childbirth can reduce
breast cancer risk by about 50%, compared with first birth
beyond age 35 years.” Abortion, whether spontaneous or
induced, before full-term pregnancy has no protective
effect and has been shown to increase breast cancer risk.*’
Breast-feeding, once thought to decrease the risk for breast
cancer and then abandoned as a factor in decreasing breast
cancer risk, has been restudied and does appear to have a
small protective effect.”!

Does the use of oral contraceptives predispose
to the development of breast cancer?

Oral contraceptives were introduced in the 1960s and each
year are taken by millions of women. On the basis of proposed
hypotheses of breast carcinogenesis, a role for exogenous hor-
mones, such as oral contraceptives and hormone replacement
therapy, might be expected. Numerous studies examining the
association between exogenous hormones and the risk for
breast cancer have been published. The results are conflicting
and difficult to interpret because of changes in dose of hor-
mones over time and in methods of delivery (e.g., sequential
versus combination).

When the overall risk for breast cancer in birth control
pill users has been studied in large populations, no increased
risk has been seen (Fig. 4—4). Despite this, there is continuing

Figure 4-4 The relative risk for being diagnosed
with breast cancer as a function of years of birth con-
trol pill (BCP) usage (summary of 17 studies). Almost
all studies cluster around a relative risk of 1, indicat-

ing no influence of birth control pills on the occur-
rence of breast cancer. (Data from Abeloff MD,
Lichter AS, Niederhuber JE, et al. Breast. In Abeloff MD,
Armitage ]JO, Lichter AS, et al. [eds]. Clinical Oncology.
New York, Churchill Livingstone, 1995, p 1626; adapted
from Schlesselman JJ. Cancer of the breast and reproduc-
tive tract in relation to use of oral contraceptives.
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concern about the potential risks in several subgroups. Several
studies have demonstrated an increased risk for breast cancer
in long-term users of oral contraceptives. Risk estimates range
from 1.7 for use longer than 8 years to 4.1 for use for 10 or
more years.*” ™ One of the largest case-control studies, the
Cancer and Steroid Hormone Study,” found no association
between breast cancer and oral contraceptive use for women
up to the age of 54 years. A risk was again found only among
a subgroup of women, that is, those who experienced menar-
che before age 13 years and who had used oral contraceptives
for at least 10 years before the birth of their first child.*® At
present, oral contraceptive use appears to be safe and benefi-
cial to women, especially women older than 25 years and
women who have already had their first pregnancy.

Are replacement estrogens safe for
postmenopausal women?

Many studies and meta-analyses have examined the possible
relation between estrogen replacement therapy and breast
cancer. Most studies have found no association between breast
cancer and short-term use of replacement estrogens (5 years
or less).” Several meta-analyses have discovered an increase
in relative risk for development of breast cancer for each year
after 5 years of estrogen use.””™ The highest risk calculated
was 1.3 (95% confidence interval, 1.2-1.6) for more than 15
years of use.”

Hormone use has dropped sharply since July 2002, when a
large study in the United States called the Women’s Health
Initiative was stopped ahead of schedule because it detected
an increased risk for breast cancer in women who took
Prempro, a widely used hormone combination.”® The
Women’s Health Initiative included 16,608 postmenopausal
women aged 50 to 79 years with an intact uterus at base-
line recruited by 40 U.S. clinical centers from 1993 to
1998. Participants received conjugated equine estrogens,
0.625 mg/day, plus medroxyprogesterone acetate, 2.5 mg/day
in one tablet (n = 8506) or placebo (n = 8102). On May 31,
2002, after a mean of 5.2 years of follow-up, the Data and
Safety monitoring board recommended stopping the trial
because the test statistic for invasive breast cancer exceeded
the stopping boundary. The hazard ratio for breast cancer in
the patients who received hormone replacement therapy was
1.26 (166 invasive cancers on Prempro versus 124 on placebo).
The 26% excess of breast cancer is consistent with estimates
from pooled epidemiologic data, which reported a 15%
increase for estrogen plus progestin use for less than 5 years
and a 53% increase for use for more than 5 years. In summa-
ry, overall health risks exceeded benefit from use of combined
estrogen plus progestin for an average 5.2-year follow-up
among healthy postmenopausal U.S. women.

Does a family history of breast cancer affect
other risk factors for this disease?

Older studies suggest that the use of estrogen replacement
therapy by postmenopausal women with a positive family
history of breast cancer has been associated with an elevated
risk for breast cancer.”* In similar fashion, estrogen use in

women with benign breast disease has been associated with an
increased risk for the development of breast cancer.®"*

Recently, a large prospective study was performed to deter-
mine the effect of a family history of breast cancer on other
risk factors for this disease. A cohort of 89,132 women aged
30 to 55 years was followed for 14 years (1.1 million person-
years of follow-up). Reproductive factors were associated
with different degrees of risk in women with and without a
family history of breast cancer.”’ In women with a family his-
tory of breast cancer, there was little protection from later
age at menarche; no protection from multiple births when
compared with nulliparity; and no protection from early, as
compared with later, age at first birth. The most significant
finding was a consistent increase in risk for breast cancer
among women with a mother or sister with a history of
the disease that was exacerbated by first pregnancy. This
adverse effect of pregnancy persisted to age 70 years. In con-
trast, among women with no family history of breast cancer,
first pregnancy was associated with a smaller risk. The greater
magnitude of the adverse effect of first pregnancy among
women with a positive family history of breast cancer is
consistent with the hypothesis that a subset of these women
inherit genetic changes that are multiplied during cell pro-
liferation of first pregnancy. History of benign breast disease,
past use of oral contraceptives, and use of postmenopausal
hormones showed relative risks that did not differ between
women with a family history and those without a family
history of the disease. In summary, among women with a fam-
ily history of breast cancer, many of the traditional reproduc-
tive risk factors should not be used to predict risk for breast
cancer.

Should women with a personal history of
breast cancer receive hormone replacement
therapy after menopause?

With more widespread use of mammography over the past
decade, more women are being diagnosed with very-
early-stage breast cancer. In addition, as adjuvant chemother-
apy and hormone therapy are employed more commonly
in premenopausal women, increasing numbers of young
women will undergo premature menopause. These women
will live longer and be at greater risk for the complications
of menopause. Should they receive estrogen replacement
therapy?

Relatively few studies have been performed examining
the risk for administration of estrogen replacement therapy
to women with a history of breast cancer. Most studies are
nonrandomized and of small size and have a short duration
of follow-up.®*® A large study of breast cancer survivors in
Sweden was conducted.” Patients were randomized to hor-
mone therapy for menopausal symptoms or placebo. The
study was halted when an increase in recurrent breast
cancer was detected in the women receiving hormone therapy.
Thus, women who have had breast cancer should avoid
hormones and find other ways to treat menopause.
Bisphosphonate treatment is one such alternative therapy.
Bisphosphonates such as Actonel and Fosamax can retard the
rate of bone loss and development of fractures in post-
menopausal women.
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Is pregnancy advisable after a diagnosis
of breast cancer?

This question is frequently asked by patients because adjuvant
oophorectomy in the surgical management of breast cancer is
not common, and women are bearing children in later years.
About 7% of women who are fertile after mastectomy have
one or more pregnancies, and 70% of these pregnancies occur
within the first 5 years.”'

Several studies have examined the influence of pregnancy
before, during, or after a diagnosis of breast cancer, but in each
study, the number of women was relatively small. In these
studies, there was no adverse effect on relapse rate or survival
associated with subsequent pregnancy.”””” In fact, in one
recent study, there is a suggestion of a decreased incidence of
distant metastases in women who became pregnant after their
breast cancer.”®

When counseling women about becoming pregnant after
breast cancer, the clinician needs to consider that the reports
of the effect of pregnancy on breast cancer prognosis are of
limited sample size and include select populations. We cannot,
at this time, be certain about the effect of pregnancy. Most
women are advised to wait 2 to 3 years before becoming preg-
nant to allow aggressive disease to become manifest. Despite
these limitations, the consistent lack of an adverse influence of
pregnancy on breast cancer prognosis should reassure young
women with breast cancer who want to have children.

What effect do growth factors have on
breast cancer?

About two thirds of breast malignancies are dependent on
estrogens for growth, but not all breast cancers that express
the ER respond to hormone manipulation. Furthermore,
many breast cancers that initially express ER gradually
become hormone independent and capable of sustaining
themselves without the need for estrogenic stimulation. What,
then, promotes the growth of the estrogen-independent breast
cancer cell?

Growth factors are polypeptides that regulate cell growth by
binding to specific receptor molecules in the plasma mem-
brane and stimulating receptor-mediated activation of intra-
cellular signal transduction pathways. More than 60 growth
factors have been described. The main group of non-
hematopoietic growth factors mediate their effects by means
of receptors containing an intrinsic protein, tyrosine kinase.
Growth factor receptors are transmembrane glycoproteins.
They have an extracellular ligand-binding domain, a trans-
membrane portion, and an intracellular tyrosine kinase
domain; these domains mediate signal transduction into
growth regulatory pathways. The binding of ligand alters the
state of the receptor (monomeric to oligomeric), and this
stimulates the internal tyrosine kinase domain to carry out
transphosphorylation of other cell proteins. This results in
activation of a cascade of biochemical reactions collectively
referred to as the signal transduction pathways. These pathways
initiate cell cycle traversal and differentiation (Fig. 4-5).

Growth factors are found in all tissues of the body.
Simultaneous production of a growth factor and expression of
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Figure 4-5 Model depicting protein kinase and estrogen recep-
tor transcriptional synergism. AC, adenylate cyclase; ATP, adeno-
sine triphosphate; cAMP, cyclic adenosine monophosphate; P,
phosphorus; PKA, protein kinase A; PKC, protein kinase C; PLC,
phospholipase C; R, receptor; S, steroid; TK, tyrosine kinase.
(From Katzenellenbogen BS, Montano MM, LeGoff P, et al. Anti-
estrogens: Mechanisms and actions in target cells. ] Steroid Biochem Mol
Biol 1995;53:390.)

its specific receptor by the same cell is called autocrine growth.
When the growth factor for a particular cell is produced by a
neighboring cell, this is called paracrine growth. This latter
type of interaction can be between cells of the same or differ-
ent histologic type. For example, breast cancer cell lines can be
stimulated by insulin-like growth factor-2 (IGF-2), which is
produced by fibroblasts in adjacent normal tissues. Platelet-
derived growth factor (PDGF) produced by breast cancer cells
can in turn activate the fibroblasts, which bear PDGF recep-
tors, but not breast cancer cells, because they do not express
PDGEF receptors.

Many primary human tumors and human tumor cell lines
express high levels of growth factor receptors and are capable
of producing the relevant growth factors, thus establishing
conditions necessary for autocrine or paracrine growth stim-
ulation. Membrane receptors for prolactin, insulin, IGF-1,
epidermal growth factor (EGF), and transforming growth
factor-B (TGF-B) have been identified in cultured human
breast cancer cell lines and also in human breast cancer biop-
sy specimens. Expression of high levels of growth factor recep-
tors in primary human tumor specimens correlates with a
poor clinical outcome for these patients. For example, high
epidermal growth factor receptor (EGFR) levels predict a poor
prognosis in adenocarcinoma of the breast, transitional blad-
der cancer, and squamous cell lung carcinoma.””** In similar
fashion, increased expression of HER-2/neu/c-erbB-2 (a short-
ened molecule similar to EGFR) is associated with a worse
prognosis in breast and ovarian cancer.*

What is the significance of HER-2/neu
in breast cancer?

About one fourth of primary or metastatic breast cancers
overexpress HER-2/neu. As a result, some breast cancers
that are ER positive also are HER-2/neu positive. They have
an intact mechanism to be stimulated by either an estrogen
or a growth factor pathway. Recent observations have
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demonstrated that ER-positive, HER-2/neu-positive metasta-
tic human breast cancers are less likely to respond to hormone
therapy than are cancers that are only ER postive.***” This is
consistent with the in vitro observation that MCF-7 cells (ER
positive) become resistant to tamoxifen after they are trans-
fected with the HER-2/neu oncogene.® Recent biochemical
evidence suggests that HER-2/neu activation can result in an
alteration of the ER. Treatment of cells that overexpress HER-
2/neu with estrogen decreases HER-2/neu mRNA, as well as
down-regulating the HER-2/neu product.*” Conversely, treat-
ment of ER-positive cells with HER-2/neu ligand leads to
decreased ER expression.””' This crosstalk between a poly-
peptide growth factor receptor—activated pathway and a hor-
mone receptor pathway appears to be a mechanism by which
the cell can become hormone independent. Preliminary
experiments suggest that blocking both pathways may result
in an enhanced antiproliferative effect.”
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CHAPTER 5

Risk Factors for
Development of
Breast Cancer

Darcy V. Spicer and Malcolm C. Pike

Epidemiologic research has clearly identified important
reproductive risk factors for breast cancer, including age at
menarche, age at menopause, and age at first-term pregnancy
(Table 5-1). These provide important clues to the hormonal
origin of this disease. The widespread use of exogenous sex
steroids as contraceptive agents by premenopausal women
and as hormone replacement therapy (HRT) by post-
menopausal women has provided a unique opportunity for
epidemiologists to further understand the role of sex steroids
in the genesis of breast cancer, and recent randomized clinical
trials testing the impact of HRT have provided important
insights into their effects on breast cancer (and other dis-
eases). As we will show, the effects of sex steroids on the
normal breast in women are increasingly well understood—
estrogen induces some breast epithelial cell proliferation, but
estrogen plus progesterone produces much greater cell prolif-
eration.' Proliferating cell populations are more susceptible to
carcinogenic effects, and the rise in cancer risk associated with
cell proliferation is secondary to an increased chance of muta-
tion.”® Thus, breast cancer risk would be predicted to increase
to the greatest extent during periods of exposure to both
estrogen and progestin, as in the premenopausal period or in
women receiving oral contraceptives; to be less during periods
of estrogen-only exposure, as in postmenopausal women
receiving estrogen replacement therapy (ERT) or in obese
postmenopausal women; and to be least during periods of
exposure to neither hormone, as in slender postmenopausal
Asian women. These predictions fit very well with epidemio-
logic observations. The more complex effects of term preg-
nancy on breast cancer risk are discussed below.

Is age a risk factor for breast cancer?

It is essential to understand the relationship of breast cancer
incidence to age (i.e., the risk for breast cancer diagnosis dur-
ing a 1-year period at different ages). Although breast cancer
risk rises throughout life in almost all populations (although
not after menopause in some “traditional” Asian popula-
tions),” the rate at which risk rises declines significantly
around age 50 years. Most common non-hormone-
dependent adult cancers increase in incidence with advancing

age; when age and incidence are plotted logarithmically, a
straight line is seen, as in Figure 5-1 for colorectal cancer in
white U.S. women.® The incidence of these common non—
hormone-dependent cancers rises continuously and increas-
ingly rapidly with age. The incidence at age t, I(t), of such a
cancer rises as the k power of age and can be written as I(t) =
constant X t*° This pattern is consistent with such cancers
arising from a multistage process in which the stochastic rate
of change from stage to stage is relatively independent of age,'’
consistent with modern molecular biology concepts of cancer
as a multistep process.

A similar logarithmic plot of age and breast cancer inci-
dence is shown in Figure 5-2% in contrast to non-hormone-
dependent cancers, this curve is best described as two straight
lines—a steeply sloped line until about age 50 years, followed
by a second line with a more gentle slope after this age. The
implication of this observation is that elements important in
the genesis of breast cancer decline at about 50 years of age.
Ovarian and endometrial cancers have the same complex rela-
tionship between age and incidence."

Is age at menopause a risk factor for
breast cancer?

Early natural menopause substantially reduces breast cancer
risk.'>"” Similarly, early bilateral oophorectomy reduces breast
cancer risk, an observation that effectively proves a cause-and-
effect relationship between ovarian function and breast cancer
risk. Menopause is the proximate cause of the complex rela-
tionship between age and breast cancer risk. If menopause
did not occur, then the age-incidence curve for breast
cancer would in all likelihood be similar to that for other adult
malignancies.

The data from the large case-control study of Trichopoulos
and colleagues' are given in Table 5-2, whereby artificial
menopause before age 35 years is associated with a breast can-
cer relative risk of 0.36 (a 64% reduction). Feinleib" noted in
his large cohort study that among 1278 women with artificial
menopause before age 40 years, 6 had breast cancer, as
compared with an expected incidence of 24.0—a 75% reduc-
tion. The epidemiologic study of breast cancer by Hirayama
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Table 5-1 Factors That Influence Breast Cancer Risk

Effect on
Factor Risk

BRCAT or BRCA2 or chk2 mutations 7

Family history of early-onset or bilateral disease or
multiple first-degree affected members

Increasing age

Early menarche

Irregular menses, with long interval between menses

Physical activity (exercise)

Late menopause

Early bilateral oophorectomy

Proliferative breast disease

Late first term pregnancy or nulliparity

Increasing parity

Breast-feeding

Premenopausal obesity

Postmenopausal obesity

Current or recent oral contraceptive use

I I R I P =Y Y 2 ) iy 2y gy g

Postmenopausal estrogen-progestin replacement
therapy

Greater mammographic density

lonizing radiation exposure T
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Figure 5-1 Age-specific incidence rates for colorectal cancer in
U.S. white women (1969-1971).

Table 5-2 Effect of Natural and Artificial Menopause on Breast
Cancer Risk

Type of Age at
No. of Patients Menopause Menopause (yr) RR(c)
2578 breast cancer  Natural <45 0.73
patients and 45-49 0.93
2682 controls 50-54 1.07
55+ 1.48
524 breast cancer Artificial <35 0.36
patients and 35-39 0.68
754 controls 40-44 0.65
45-49 0.73
50+ 0.98

RR (c), relative risk expressed relative to a natural menopause at age 50
years.

Data from Trichopoulos D, MacMahon B, Cole P. Menopause and breast
cancer risk. ) Natl Cancer Inst 1972;48:605-613.
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Figure 5-2  Age-specific incidence rates for breast cancer in U.S.
white women (1969-1971).

and Wynder'® found that the relative risk for breast cancer was
0.56 for women with bilateral oophorectomy; for women who
had oophorectomy before age 37 years, the relative risk was
0.41 (i.e., a 59% reduction). What is of key importance is the
consistency of these findings and the magnitude of the risk
reduction. Menopause before age 35 years is associated with a
60% to 75% reduction in breast cancer risk. This effect of
early menopause on the age-incidence curve of breast cancer
is depicted in Figure 5-2. Age at menopause determines the
transition point from the steeply rising premenopausal curve
to the slower rising postmenopausal curve. Thus, the factors
involved in the genesis of breast cancer are sharply reduced
with cessation of ovarian function. This indicates that the hor-
monal pattern of premenopausal women with cyclic produc-
tion of relatively large amounts of estradiol and progesterone
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causes a greater rate of increase in risk for breast cancer than
the hormonal pattern of postmenopausal women (constant
low estradiol and very low progesterone). Age at menopause
provides no information concerning the relative importance
of either ovarian hormone in determining breast cancer risk.

How do sex steroids affect breast
cell proliferation?

To properly interpret the age-incidence curve for breast can-
cer and other epidemiologic studies of breast cancer risk, an
understanding of the specific effects of sex steroids on rates of
epithelial cell proliferation in the normal breast is critical.
With few exceptions, sex steroids are not genotoxic, but they
do influence cell division rates, and their effects on the gene-
sis of breast cancer are thus most likely to be through their
effects on cell proliferation. Evidence from studies of chemical
carcinogenesis, molecular genetics, and epidemiology suggests
that repetitive cell proliferation is central to the risk for many
common human cancers.”® Factors that increase cell prolifer-
ation in a tissue can result in malignant transformation by
increasing the probability of conversion of DNA damage,
however caused, into stable mutations.

Because the effects of hormones on cell proliferation are
dependent on dose and duration, the effects of endogenous
and exogenous hormones are relevant only within the context
of dose and duration. Considerations of ever-never use of a
particular exogenous hormone are of little value.

How does premenopausal status affect
breast cell proliferation?

In the premenopausal period, 14% to 20% of the volume of
the breast consists of epithelial cells, decreasing to about 2% to
5% by age 60 years.'” The growth of the normal breast epithe-
lium is under the endocrine control of the ovarian hormones

estrogen and progesterone. Most breast cancers undoubtedly
arise from the epithelial cells of the terminal duct lobular unit
(TDLU), and an understanding of the cell proliferation kinet-
ics in the TDLU is thus critical to our understanding of breast
cancer. Cell proliferation kinetics of normal breast epithelial
cells has been studied in benign surgical specimens, in normal
tissue removed at reductive mammoplasty, and at autopsy.
Cell proliferation rates have been assessed both by mitotic
counts and *H-thymidine labeling index (TLI).

In nonpregnant premenopausal women, the breast epithe-
lium undergoes repetitive periods of cell proliferation and cell
loss secondary to cyclic ovarian activity. During the follicular
phase of the menstrual cycle, the ovary produces substantial
amounts of estrogen but very little progesterone. After ovula-
tion, in the luteal phase, the corpus luteum produces proges-
terone. Cell proliferation is low during the follicular phase of
the menstrual cycle but increases about twofold in the luteal
phase."'®?* Table 5-3 shows the TLI and mitotic rates by week
of the menstrual cycle, and in Figure 5-3, the rates (weighted
mean) are shown with normal cyclical estradiol and proges-
terone levels.

These results suggest that the estrogen levels of the follicu-
lar phase induce some breast cell proliferation. However, the
combined effect of estrogen and progesterone together pro-
duces greater breast cell proliferation; that is, both estrogen
and progesterone are mitogens in the normal human breast
TDLU epithelium. The correlative morphologic study of
Longacre and Bartow” defined the cyclic morphologic
changes in the premenopausal breast, and consistent with the
breast cell proliferative rates, the size and number of terminal
ductules peak during the late-luteal phase. If fertilization and
pregnancy do not ensue, progesterone levels fall, breast cell
division decreases, and a wave of cell death by apoptosis fol-
lows the peak in cell proliferation.*’

Recent studies in the mouse mammary gland are generally
in agreement with what has been observed in humans and
provide a deeper insight into the effects of sex steroids and
growth factors and the interrelationship between epithelium

Table 5-3 Proliferation* in Normal Breast Epithelium during Different Weeks of the

Normal Menstrual Cycle

Week of Menstrual Cycle

Investigators (Yr) Method 1 2 3 4
Meyer (1977)'® TLI 0.177 0.79*
(21) 19)
Anderson et al. (1989)?' TLI 0.51 0.37 0.78 1.25
(20) (53) (53) (48)

Williams et al. (1991)* TLI 1.8 1.5 3.4 3.6
(33) (37) 31) (26)
Anderson et al. (1982)" Mi 0.10 0.07 0.11 0.40
(24) (25) 21) (29)
Longacre & Bartow (1986)% MiI 0.25 0.25 0.25 0.60
19) (20) 12) (24)

*Percentage of cells labeled with *H-thymidine or in division according to histologic criteria. Values are
averages. The numbers in parentheses are the number of observations.

Value for weeks 1 and 2.
*alue for weeks 3 and 4.

TLI, *H-thymidine labeling index; MI, mitotic index.
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Figure 5-3 Breast cell proliferation rates (solid line) and ovarian hormone levels (shaded line).

and stroma. Similar to its effects in the human breast, proges-
terone is an important mitogen in the adult mouse mammary
gland and produces increased ductal side branching and
lobuloalveolar development.*>** Epidermal growth factor and
its receptor influence ductal cell growth,>*” and the effects of
ovarian hormones in the mouse mammary epithelium may be
mediated, in part, through epidermal growth factor receptor
levels.” Transforming growth factor 1, sequestered within the
periductal extracellular matrix, locally inhibits ductal growth
and side branching, as a mechanism for local regulation of
morphogenesis.” Undoubtedly, local growth factors regulate
morphogenesis in the normal human breast as well.

How does postmenopausal status affect
breast cell proliferation?

Only one study has determined the rate of cell proliferation in
the postmenopausal breast.”® The mean TLI in the normal
lobule of the postmenopausal breast was only 25% of that
found in the follicular phase in the premenopausal breast.
This finding is consistent with the morphologic studies
demonstrating a reduction in the epithelial component of the
postmenopausal breast.'” The very low breast cell proliferative
rate of postmenopausal women undoubtedly accounts for the
sharp slowing down of the rate of increase in breast cancer
risk seen after menopause.

Does age at menarche affect breast
cancer risk?

Age at menarche determines the time of exposure to the mito-
genic effect of ovarian hormones. It is thus understandable
that later menarche decreases breast cancer risk. The effect is
substantial: there is an approximately 15% decrease in breast
cancer risk with each year that menarche is delayed.” The
pattern of menses following menarche also influences breast

cancer risk. The sooner regular menstruation is established,
the greater the subsequent risk for breast cancer.’

Do parity and age at first-term pregnancy
affect breast cancer risk?

Most epidemiologic studies have found a clear association
between age at first-full-term pregnancy (FFTP) and risk for
breast cancer. Women with an FFTP under the age of 20 years
have about half the breast cancer risk of nulliparous women.
Additional babies after the first provide additional long-term
protection of approximately 7.0% per birth.”* The protection
from FFTP decreases with increasing age at FFTP, and women
who have an FFTP after about age 32 years have a greater
breast cancer risk than nulliparous women.'? Each birth, par-
ticularly the first birth, is followed by a transient increase in
breast cancer incidence.”” We have previously shown that this
is likely to be the same phenomenon as a late age at FFTP
increasing breast cancer risk past that of a nulliparous
woman,” but the mechanisms of these effects are poorly
understood. Several possible explanations exist: (1) it has been
suggested that pregnancy alters the susceptibility of breast
tissue to carcinogenic exposure®; and (2) hormone levels are
decreased permanently after FFTP.*** The sparse available
information suggests that breast cell proliferation increases
during the first half of pregnancy and then decreases during
the second half of pregnancy, when cell differentiation
occurs.” The increased cell proliferation during the first half
of the pregnancy provides an explanation of the transient
increase in risk after each birth. Pregnancy also provides pro-
tection against chemical-induced breast cancer in rodents,
and there has been considerable progress in elucidating the
differences between nulliparous and parous breast tissue in
rodents and the mechanism by which these differences
arise.”™ Further research correlating this rodent work
with similar work in human breast tissue could be most
informative.
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Does breast-feeding affect breast cancer risk?

Patterns of breast-feeding have undergone substantial change
over time and differ considerably in different countries. The
results of epidemiologic studies relating breast cancer risk to
breast-feeding patterns have been quite variable. For example,
in a recent U.S. prospective assessment of breast-feeding, no
association was found between history of breast-feeding and
subsequent risk for breast cancer except for women who had
given birth only once.*” However, protective associations
between breast-feeding and breast cancer risk have been con-
sistently found in studies from Asian countries, where the
duration of breast-feeding has been substantially greater than
in the United States."' The Collaborative Group on Hormonal
Factors in Breast Cancer recently analyzed almost all epidemi-
ologic studies of this issue and found from this analysis of 47
studies that the risk for breast cancer was statistically signifi-
cantly but that the effect is quite small.”® This analysis esti-
mated the effect to be a decrease of 4.3% in risk for every
12 months of breast-feeding, so that the protective effect
becomes clearly evident only after many years of breast-
feeding. In the single study of the breast cell mitotic activity
during breast-feeding in the first 3 months after delivery, the
mitotic activity was extremely low.*

Does postmenopausal weight affect breast
cancer risk?

Obesity during the postmenopausal years increases breast
cancer risk, but obesity during the premenopausal years actu-
ally reduces risk.”” This inverse relationship can be explained
in terms of the differential effects of premenopausal and post-
menopausal obesity on endogenous hormone levels. Although
premenopausal obesity decreases sex hormone-binding glob-
ulin and may minimally increase exposure to estrogen,* it is
associated with increased anovulation and decreases breast
exposure to progesterone.* Postmenopausally, what appears
to happen is that the decrease in risk associated with pre-
menopausal obesity is gradually eliminated, and eventually,
the increased bioavailable estrogen levels associated with post-
menopausal obesity produce an increased risk for breast can-
cer. There is, however, no evidence that postmenopausal
weight is positively correlated with estrogen levels in the
breast, a gap in our knowledge that needs to be filled if we are
to fully explain how the effect of increasing weight on breast
cancer comes about.”

Does exercise affect breast cancer risk?

Physical activity (exercise) has been consistently found to be
associated with a decreased risk for breast cancer, with a
greater amount of exercise being associated with a greater
decrease in risk.* There is good evidence that exercise before
menarche and as a premenopausal woman decreases risk,"
and some evidence that exercise in the postmenopausal period
is also protective.”® Moderate exercise of about 4 hours per
week is associated with a reduction in risk of about 30%. This
is a measure of the effect of a long-term exercise pattern; it

does not represent what can be achieved in the short term.
Exercise delays the onset of menarche and in teenage girls
increases the frequency of anovulatory cycles.”” Intense
exercise clearly decreases estrogen and progesterone, and
moderate exercise may also reduce sex steroids, although the
evidence for this is not compelling. Exercise in the post-
menopausal period may be protective through a change in
body composition.

Do race or ethnicity affect the risk for
breast cancer?

There is substantial international variation in the age-adjusted
incidence of breast cancer. Until about 1970, some of the low-
est rates were seen in Asia; of particular interest to epidemiol-
ogists and endocrinologists, the incidence in Japanese women
living in the United States was five to six times higher than that
in Japanese women living in Japan. About half of this differ-
ence could be explained by the 2- to 3-years-later average age
at menarche in Japan and the low average postmenopausal
weight of Japanese women (45 kg).” The rest of the difference
is probably due to lower sex steroid levels in these “traditional”
Japanese women.” >’ Why their estradiol levels, in particular,
were lower than in U.S. and U.K. women is not understood.
The incidence of breast cancer has now increased significantly
in Japan,™ and Japanese Americans in Hawaii now have the
same breast cancer incidence as do whites.”>*®

Does family history affect breast cancer risk?

Familial clustering of breast cancer has long been recognized.
Epidemiologic studies have shown the risk for breast cancer to
be greatest in women with a first-degree relative with early-
onset bilateral breast cancer and in those with early-onset
breast cancer affecting two first-degree relatives.

Highly penetrant mutant forms of the BRCAI and BRCA2
genes account for not more than 20% of the excess familial
risk for breast cancer.” Other genetic abnormalities asso-
ciated with an increased risk for breast cancer are p53, chk2,
and ATM, but they account for very few familial cases of the
disease. There is an intense ongoing search for other highly
penetrant genetic abnormalities as well as for genes that have
low penetrance but when acting together could give rise to
familial aggregation of cases. The mechanism by which these
genetic abnormalities confer the increase in cancer risk
remains to be elucidated.”®

Does benign breast disease affect
breast cancer risk?

Women with a history of prior breast biopsy for benign breast
disease have an increased risk for breast cancer. This increase
in risk is associated with specific epithelial abnormalities, and
those without proliferative breast disease do not have an
increase in risk. Biopsy-proven atypical hyperplasia is associ-
ated with an approximately fivefold increase in breast cancer
risk, and proliferative lesions without atypia are associated
with a twofold increase in risk.” Identification of atypical
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hyperplasia by cytologic examination of periareolar fine-
needle aspirates and nipple aspiration fluid is also associated
with increased breast cancer risk.®'

Can mammographic parenchymal pattern
affect breast cancer risk?

Most of the breast consists of adipose and fibrous tissue. In
premenopausal women, less than 15% of the volume of the
breast consists of epithelial cells, and this decreases to less than
5% by age 60 years." Fibrous tissue is radiopaque, and adipose
tissue is radiolucent; the relative amounts of fibrous and
adipose tissue are what determine the appearance of the
mammographic image. Increased fibrous tissue equates to
increased mammographic densities. Classification of mam-
mograms into different breast cancer risk patterns, essentially
based on radiographic densities, has been done in a number
of ways. Epidemiologic studies have consistently found that
these classification schemes are strongly associated with breast
cancer risk, independent of other breast cancer risk factors,
with increased densities being associated with greater risk, and
the variation in risk is greater than that seen with almost all
other breast cancer risk factors.”” Mammographic patterns
with substantial densities are also associated with proliferative
breast disease and carcinoma in situ.”

Densities vary enormously between different women. This
variability has a strong genetic component® and is also asso-
ciated with a woman’s hormonal status. Densities decrease
after menopause or oophorectomy, and the decrease after
treatment with a gonadotropin-releasing hormone analogue
that blocks ovarian function is reversed when the treatment is
stopped.®” An important point to note is that, while breast
cancer risk increases with age, mammographic densities
decrease: the association of increased densities with greater
breast cancer risk is for women of the same age.

Is the use of oral contraceptives a risk factor
for breast cancer?

Oral contraceptives (OCs) inhibit gonadotropin secretion,
thus reducing ovarian steroidogenesis, but the ovarian steroid
loss is compensated for by the synthetic estrogen and pro-
gestin in the OC. The combined estrogen and progestin of
the OC is present for three fourths of the 28-day OC cycle,
whereas in the natural cycle, progesterone is effectively present
only for less than half the cycle. Common OCs also contain
the synthetic estrogen ethinylestradiol combined with one of
anumber of synthetic progestins. Given the evidence that pro-
gestins do not oppose estrogen in breast cells (i.e., breast cell
proliferation is not decreased during the luteal phase of the
natural menstrual cycle) and that the progestin potency of the
progestin component of OCs is higher than normal luteal
phase progesterone,®® it is unlikely that OCs will reduce nor-
mal breast cell proliferation, and available data show that the
level of sex steroids necessary to provide acceptable contra-
ception from OCs appears to produce breast cell proliferation
to about the same extent as a normal ovulatory cycle.'

The effect of OCs on breast cancer risk has been the
subject of a large number of epidemiologic studies. In the
Collaborative Group analysis of 54 such studies, current OC

users showed a 40% increase in the risk for breast cancer,” but
the risk declined after stopping use, and by 10 years after stop-
ping use, there was no excess risk. A large U.S. population-
based case-control study completed more recently to
determine the risk for breast cancer later in life among OC
users found no evidence for an increased risk in current or
prior users, including in women with a family history.”

Is the contraceptive use of depot
medroxyprogesterone acetate a risk factor
for breast cancer?

Depot medroxyprogesterone acetate (DMPA) is a long-lasting
(90-day), injectable progestin releasing medroxyprogesterone
acetate (MPA), now approved as a contraceptive in the United
States. DMPA suppresses ovulation, and estradiol levels aver-
age slightly below those of the normal early follicular phase
level, without a preovulatory or mid-luteal phase peak.”>”
Although endogenous progesterone is completely suppressed,
substantial amounts of the synthetic progestin MPA are pres-
ent. Epidemiologic studies of the effect of DMPA on breast
cancer risk have found no evidence for a reduction in breast
cancer risk,”*” despite the reduction in estradiol levels, con-
sistent with the belief that progestins are important in the
genesis of breast cancer. An analysis of the case-control stud-
ies conducted by the World Health Organization (WHO) and
in New Zealand showed a slight increased breast cancer risk in
current users but not in past users.”

Is postmenopausal hormone replacement
a risk factor for breast cancer?

The effect of postmenopausal HRT on breast cancer risk has
been the subject of numerous epidemiologic studies.
Compared with the pronounced effect of postmenopausal
unopposed ERT on the risk for endometrial cancer, the effects
of HRT on breast cancer risk are of much smaller magnitude.
However, given the high incidence of breast cancer, even small
relative risks are important. HRT has been prescribed for
control of menopausal symptoms and for long-term use for
the prevention of osteoporosis and cardiovascular disease
(although the latter claim for HRT is now in serious dispute).
In women with prior hysterectomy, ERT is prescribed; in
women with an intact uterus, estrogen combined with various
regimens of progestin (estrogen-progestin replacement
therapy; EPRT) designed to protect the endometrium is used.

The likely effect of HRT on breast cancer risk can be pre-
dicted on the basis of the effects of ovarian hormones on
breast cancer risk. After menopause, breast cancer incidence
increases about 2% per year; this compares to an approxi-
mately 10% per year increase that one would predict if the
incidence curve for breast cancer in the premenopausal
period continued.” The effect of OCs on breast cell prolifera-
tion is about the same as normal menstrual cycling,' and HRT
given as EPRT is administered at lower total estrogen and
progestin doses than OCs (at least in the United States), so
that EPRT should at most increase the postmenopausal breast
cancer rate to what it would have been if the woman had con-
tinued to cycle regularly. This implies that EPRT should
increase breast cancer risk by at most 10% per year of use, and
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the single study of breast cell proliferation in women on
EPRT, which showed proliferation levels comparable to those
seen over the menstrual cycle in cycling women, suggests that
it will be close to this value.” The effects of ERT would be pre-
dicted to be much less.

Relative risks of this magnitude are difficult to detect
because of confounding effects. Most notably is the effect of
age at menopause, which is difficult to establish when HRT is
initiated before menopause has clearly occurred. Further, it is
not possible to correctly adjust for age at menopause in
women who underwent hysterectomy, and such women need
to be excluded from consideration in studying the effects of
HRT on breast cancer risk.” Failure to correctly deal with age
at menopause and the inclusion of hysterectomized women
will tend to nullify the measured effects of HRT on breast can-
cer risk.

The results of epidemiologic studies suggest that ERT
causes an approximately 10% increase in breast cancer risk
after 5 years of use—that is, a 10% increase in risk at the 5-
year point after 5 years of use, or a cumulative increase in risk
for 5 years of use of about half this amount, or a relative risk
of 1.02 per year of use.”® This increase in breast cancer risk is
in agreement with the relative increase in effective estrogen
levels with ERT.”” The increased risk diminishes with time
after stopping use, and there is little residual effect 10 years
after stopping use. In the Women’s Health Initiative (WHI)
randomized trial of ERT, women with prior hysterectomy
were treated with conjugated estrogens (CE) alone at a dose of
0.625 mg/day or placebo.” The study was designed to evaluate
the effects on cardiovascular events and was stopped early
because of a lack of cardiovascular disease benefit and an
increased risk for stroke in the ERT arm. In this study, the
incidence of breast cancer was actually lower in the ERT arm,
but the difference was not statistically significant, and chance
must be considered as the likely explanation for the decreased
risk. This study does suggest, however, that the 2% per year of
use increase estimated from observational studies is an over-
estimate of effect.

Epidemiologic studies of menopausal EPRT have found a
considerably greater increased risk in the range of 25% to 40%
after 5 years of use—that is, a 25% to 40% increase in risk at
the 5-year point after 5 years of use or a cumulative increase
in risk for 5 years of use of about half this amount.”***
Two randomized studies have tested EPRT compared with a
placebo. The Heart and Estrogen/Progestin Replacement
Study (HERS) tested EPRT (0.625 of CE and 2.5 mg of MPA
per day) in women with prior coronary disease and found a
30% increased breast cancer risk after an average of 4.1 years
of follow-up.** The WHI study compared the same EPRT reg-
imen and was terminated early after an average of 5.2 years of
follow-up because of a 26% excess risk for breast cancer,” and
the breast cancers were diagnosed at a more advanced stage in
the women in the EPRT arm than in the placebo arm.*® The
EPRT also increased the percentage of women with abnormal
mammograms, in line with the known effect of EPRT to
increase mammographic breast density.*”

Our meta-analysis of these studies and studies published
since shows an approximately 40% increased risk after 5 years
of use (relative risk of 1.07 per year of use).* At the progestin
doses given in the United States (MPA at 5-10 mg/day for
10-12 days with sequential therapy or 2.5 mg/day with con-
tinuous-combined therapy), there is little difference in the

breast cancer risk from these regimens. At the doses commonly
given in Scandinavia, the continuous-combined regimen has
two to three times the progestin dose of the sequential regi-
men, and the relative risk is much greater with the continuous
regimen, showing again that it is the progestin component of
EPRT that conveys most of the risk.
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CHAPTER 6

Prevention of Breast Cancer
Polly R. Etkind and Joseph A. Sparano

The potential benefits of a disease prevention strategy depend
on the incidence of the disease in the population and the asso-
ciated morbidity and mortality. Breast cancer is very common
in North America and Western Europe. For the average white
American woman, there is a 1 in 8 lifetime risk of developing
breast cancer, and a nearly 1 in 28 chance of dying of breast
cancer.! Furthermore, breast cancer results in substantial cost
and morbidity because of the need for screening, surgery,
adjuvant local or systemic therapy, and follow-up. It is clearly
reasonable, therefore, to consider breast cancer prevention in
healthy populations, particularly in those that have a high
incidence of the disease.

PREVENTION STRATEGIES

What populations should be targeted
for prevention?

The likelihood of benefit from prevention is increased by
targeting high-risk populations for prevention, although this
assumes that the intervention strategy is equally effective in
such targeted populations. A germline mutation in the tumor
suppressor gene BRCA1 or BRCA2 is the most reliable predic-
tive factor because it is associated with up to an 80% lifetime
risk for developing breast cancer as well as about a 20% to
40% lifetime risk for ovarian cancer.? However, it is estimated
that BRCAI gene mutations account for only 5% of all breast
cancers.” Age is perhaps the next most important factor: the
incidence of the disease increases with each decade of life.”
Other factors are outlined in Table 61 and include family his-
tory," reproductive factors, and exogenous hormone use (as
reviewed in Chapter 4). Although there are many risk factors,
nearly one half of patients with the disease have no identifi-
able risk factor.”

What factors should be considered
in selecting a prevention strategy?

The characteristics of a sound prevention strategy include a
substantial reduction in risk, a reasonable likelihood of
deriving benefit, absence of any short-term or long-term
deleterious effects, feasibility of implementation, and reason-
able cost. The appeal of a prevention strategy would be greatly
strengthened by secondary benefits in reducing other major
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causes of morbidity or mortality, such as other malignancies
and cardiovascular disease.

What prevention strategies are available or
under investigation?

Potential strategies for breast cancer prevention include mod-
ification of reproductive factors and hormone use (e.g., early
pregnancy, lactation, prophylactic oophorectomy), modifica-
tion of lifestyle (e.g., diet, exercise), chemoprevention (e.g.,
tamoxifen), and removal of the target organ (e.g., prophylac-
tic mastectomy).

MODIFICATION OF REPRODUCTIVE
FACTORS AND EXOGENOUS HORMONE USE

What role do steroid hormones play in the
pathogenesis of breast cancer?

Although the pathogenesis of breast cancer is not completely
understood, a popular theory is that mutagenesis and mito-
genesis are important factors.® Sex steroid hormones have
potent mitogenic effects and also increase the susceptibility of
breast epithelia to mutagens. Breast epithelial cells undergo
cycles of cell proliferation and cell loss in response to ovarian
production of estrogen and luteal production of progesterone.
The cells of the terminal duct lobular units increase in num-
ber in response to progesterone during the luteal phase and
stop dividing and enter apoptosis when progesterone produc-
tion wanes. Such proliferating cells are more susceptible to
mutagens and are more likely to develop somatic mutations.
Numerous clinical observations support the importance of
hormones in the pathogenesis of breast cancer; they have been
reviewed in Chapter 4. The role of hormones is believed to be
manifested in a protective effect of early menopause,” the
steeper age-related increase in breast cancer incidence that
occurs in premenopausal compared with postmenopausal
women,' the multifactorial effects of pregnancy on breast
cancer risk,® the association between more prolonged ovarian
cycling (i.e., early menarche, late menopause) and increased
breast cancer risk,” and the association between relatively
high circulating estrogen levels and breast cancer in post-
menopausal women.'” Factors supporting a mutagenic role
for hormones include the increased incidence of oxidative
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Table 6-1 Classification of Breast Cancer Risk
Lifetime Risk for
Group Breast Cancer (%) Risk Factors
Average risk 11-12 No family history or reproductive factors*
Increased risk 10-20 No family history but at least two reproductive factors
Atypical hyperplasia without a family history
Weak family history (no more than two second-degree or more distant relatives with breast
cancer)
High risk >20 Atypical hyperplasia with a family history
Lobular carcinoma in situ
Strong family history (any first-degree relative, any second-degree relative with onset <40 yr, or
3 or more family members with breast cancer)
Very high risk Up to 85 Breast cancer susceptibility gene (BRCAT, BRCA2, or other cancer susceptibility

syndromes)

*Reproductive factors include (1) menarche <11 years of age, (2) menopause =55 years of age, (3) nulliparity, (4) first pregnancy after age 30 years, (5)

current use of hormone replacement therapy.

DNA damage in the peripheral blood and breast tissue of
women with breast cancer.'"'”

What is the relationship between pregnancy
and breast cancer?

Pregnancy is associated with a short-term increase in breast
cancer risk followed by a long-term protective effect. Lambe
and colleagues® reported a case-control study involving 12,666
patients with breast cancer and 62,121 age-matched residents
of Sweden. Uniparous women had a higher risk for breast can-
cer than nulliparous women for up to 15 years following deliv-
ery. For women aged 25 to 35 years at the time of delivery, the
risk steadily declined over 10 to 15 years following delivery
until a protective effect began to be evident. For women aged
20 years at first delivery, long-term reduction in breast cancer
occurred without a short-term increase. Having a second
delivery at 30 years old or younger also had a protective effect
without a short-term increase. This study provides explana-
tions of why nulliparous women have reduced breast cancer
risk during the childbearing years despite having a higher life-
time breast cancer risk, why the average age at diagnosis of
breast cancer is younger in parous compared with nulliparous
women, and why previous studies that did not consider the
potential interaction among age at delivery, age at breast can-
cer diagnosis, and parity demonstrated conflicting results.” A
plausible biologic interpretation is that pregnancy increases
the short-term risk for breast cancer by stimulating the
growth of cells that have undergone the early stages of malig-
nant transformation, but confers long-term protection by
inducing the differentiation of normal mammary stem cells,
which, when undifferentiated, have a greater potential for
neoplastic change.

The Russos and their colleagues' have proposed a biologic
model that provides an explanation for these clinical observa-
tions. They have shown that in rats, pregnancy results in
complete differentiation of terminal end buds to lobules and
renders the mammary gland relatively resistant to malignant
transformation. In humans, the Russos” have identified
four distinct lobular structures in the breast, each represent-
ing sequential developmental stages in mammary develop-
ment. Type 1 lobules are the most undifferentiated and are

most prevalent in the immature female breast before menar-
che. Type 2 lobules arise from type 1 and have a more complex
morphology. Type 3 lobules are seen during pregnancy.
Type 4 lobules are present only during the lactation period
and are considered the most differentiated lobules. Type 1
lobules are postulated to give rise to invasive and noninva-
sive ductal carcinomas. Pregnancy between the ages of 14
and 20 years results in an increase in type 3 lobules that
persists until the age of 40 years, when the lobules involute.
It has been postulated that the artificial induction of a preg-
nancy-like state in the late teens could theoretically reduce
breast cancer incidence by about one third."” Although the
timing of such an intervention and the optimal hormonal
differentiation-producing combination are under intense
investigation, there are considerable research and ethical hur-
dles to clear before any clinical applications of this idea are
possible.

What is the relationship between lactation
and breast cancer?

Most epidemiologic studies demonstrate that lactation is
associated with a small but significant reduction in breast can-
cer risk, although its protective effect is observed only in pre-
menopausal women and only after relatively long periods of
lactation.'®"” Newcomb and colleagues'® studied 5878 women
who had nursed their offspring and 8216 parous women who
had not nursed offspring. All of these women were home-
makers whose duration or extent of lactation was not limited
by a return to employment. The relative risk for developing
breast cancer in women who had ever nursed a child was 0.72
for premenopausal women and 1.04 for postmenopausal
women. Increasing duration of lactation was associated with
significantly more protection for premenopausal women, with
a significant protective effect observed for women who lac-
tated for at least 4 months after one pregnancy. Younger age
at first lactation was associated with significantly lower breast
cancer risk, although protection was observed for patients
who initiated lactation up to 29 years of age. In contrast to
previous data suggesting that insufficient milk production was
associated with increased breast cancer risk, the authors found
no difference in breast cancer risk whether insufficient milk
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production or other reasons were the cause of a short (less
than 4 months) period of lactation. The use of hormones to
discontinue milk flow was reported by an equal proportion in
the case-control group and had no effect on breast cancer
risk. A similar, more recent study involving 110,604 pre-
menopausal Korean women provided additional empirical
evidence that lactation decreases the risk for breast cancer
among premenopausal women.'® Lactation may be protective
against breast cancer by modifying pituitary and ovarian hor-
mone production, thereby resulting in more anovulatory
cycles.” In mice, lactation also results in relative resistance to
chemical carcinogens, lowers the rate of epithelial prolifera-
tion, and allows the elimination of carcinogen through the
mammary gland.*

Can modification of endogenous steroid
hormone production protect against
breast cancer?

For women seeking contraception, Spicer and Pike® have pro-
posed that a combination of a gonadotropin-releasing hor-
mone agonist (to suppress ovarian function) and low-dose
hormone replacement therapy (with exogenous synthetic
estrogen and progestogen) can produce effective contracep-
tion and reduce breast cancer risk. This treatment results in
hormone levels that are insufficient to promote ovulation or
stimulation of breast epithelium but sufficient to prevent
vasomotor symptoms, urogenital atrophy, atherosclerosis, and
osteoporosis. It has been estimated that this method can
reduce lifetime breast cancer risk by 50% if used for 10 years
and by as much as 70% if used for 15 years. This strategy also
results in a significant reduction in mammographic density at
1 year in premenopausal women.”' Increased mammographic
density is associated with increased breast cancer risk for both
premenopausal and postmenopausal women and is inde-
pendent of other recognized variables.” This strategy has not
been tested in large-scale trials.

Therefore, for women seeking to have children, pregnancy
at a young age, multiple pregnancies, and lactation at an early
age can all have a substantial protective effect. On the other
hand, education, employment, and other societal factors may
make this approach impractical for many women.

What is the role of prophylactic
oophorectomy in reducing breast cancer risk?

Observational studies have suggested that bilateral oopho-
rectomy performed before menopause is associated with
a reduced breast cancer risk.”* Although prophylactic
oophorectomy may be impractical to consider in average-risk
women, it may be a reasonable option for women with a her-
itable predisposition to breast cancer. Because mutations in
the BRCAI and BRCA2 genes are associated with an increased
risk for not only breast cancer but also ovarian cancer, it is log-
ical to consider this procedure for women with mutations in
these genes. Kauff and colleagues enrolled 170 premenopausal
women at least 35 years of age who had BRCAI or BRCA2
mutations and had not yet developed breast or ovarian can-
cer.”” All were offered risk-reducing salpingo-oophorectomy,
of whom 98 chose surgery and 72 chose surveillance. After a

mean follow-up of 2 years, there were 3 cases of breast cancer
and 1 case of peritoneal cancer among the 98 women in a sur-
gery group, compared with 8 cases of breast cancer, 4 cases of
ovarian cancer, and 1 case of peritoneal cancer among the 72
patients in the surveillance group. The hazard rate for a breast
or gynecologic cancer among patients who chose risk-
reducing salpingo-oophorectomy was significantly reduced
(hazard ratio, 0.25%; 95% confidence interval [CI], 0.08%—
0.74%). Risk-reducing salpingo-oophorectomy may therefore
be a reasonable option for premenopausal women known to
have BRCAI or BRCA2 mutations and who have completed
childbearing. The procedure may also have a role in post-
menopausal women, although when used in that setting it
would not likely have a protective effect in reducing breast
cancer risk.

Would avoidance of oral contraceptives help
in breast cancer prevention?

In the past, some studies have suggested increased risk for
breast cancer with the use of oral contraceptives (OCs),***
whereas others have shown no association.®’! Most studies do
not show a consistent effect of various OC formulations and
risk, although some studies have found a higher breast cancer
risk among patients who took OCs containing high-risk pro-
gestins,” perhaps owing to progestin-related increases in breast
epithelial replication.” Recent studies suggest that newer
low-potency/low-estrogen-dose contraceptives may impart a
lower risk for breast cancer than those associated with earlier
high-potency/high-dose preparations.” An exhaustive analy-
sis representing about 90% of all worldwide epidemiologic
evidence on breast cancer risk and birth control pills has con-
cluded that there is no evidence of an increase in risk for hav-
ing breast cancer diagnosed 10 or more years after cessation of
use.” This meta-analysis did report that women who are cur-
rently using combined OCs or have used them in the past 10
years are at a slightly increased risk for having breast cancer
diagnosed, although the cancers diagnosed in these women
tend to be localized to the breast.

Is hormone replacement therapy associated
with an increase in breast cancer risk?

Hormone replacement therapy (HRT) became a popular
treatment for postmenopausal women because it effectively
relieves vasomotor symptoms and urogenital atrophy and was
thought to protect against bone fractures and cardiovascular
disease based on case-control retrospective studies. The
Women’s Health Initiative®”’ prospectively evaluated the
health effects of conjugated equine estrogens (0.625 mg daily)
plus medroxyprogesterone acetate (2.5 mg daily) in 16,608
postmenopausal women who had a uterus, and estrogen alone
in those who had prior hysterectomy. The trial was halted by
the data and safety monitoring board when it was determined
that HRT increased the risk for cardiovascular disease (non-
fatal myocardial infarction or death due to coronary heart dis-
ease), which was the primary efficacy outcome; after a mean
follow-up of 5.2 years (planned duration, 8.5 years), HRT was
associated with about a 25% increase in this end point. The
incidence of breast cancer was also increased in the HRT



group compared with placebo (hazard ratio, 1.24%; P <.001).
The invasive breast cancers diagnosed in the HRT group were
at a more advanced stage (regional/metastatic 25.4% vs.
16.0%, respectively; P = .04), although they did not differ in
histology or grade. The percentage of women with abnormal
mammograms was significantly higher at 1 year in the HRT
group (9.4% vs. 5.4%; P < .001). The study also included
women without a uterus receiving estrogen alone, and that
part of the study remains in blinded follow-up with no evi-
dence of increased risk for cardiovascular disease or breast
cancer for estrogen alone.

LIFESTYLE MODIFICATION

Is there a role for exercise in breast
cancer prevention?

Recreational physical activity appears to be inversely related to
risk for breast cancer,”®” yet some results remain inconsis-
tent."**! Bernstein and associates” reported a case-control
study involving personal interviews with a total of 545 women
(aged 40 years and younger at diagnosis) who had been newly
diagnosed with invasive or in situ carcinoma and 545 control
subjects matched for age, race, parity, and neighborhood of
residence. Lifetime histories of participants in physical exer-
cise activities on a regular basis were obtained during the
interview. After adjustment for potential confounding factors,
the average number of hours spent in physical exercise activi-
ties per week from menarche to 1 year before diagnosis was a
significant predictor of reduced breast cancer risk during
the reproductive years. More recently, Dirx and colleagues®™
reported on their findings from the Netherlands Cohort Study
on diet and breast cancer in which exercise information was
collected by questionnaire from 62,537 women aged 55 to 69
years at baseline. After 7.3 years of follow-up, 1208 incident
breast carcinoma cases were available for case-cohort analysis.
A summed total of baseline exercise showed an inverse
association between exercise and breast carcinoma for post-
menopausal women.

Although physical activity in untrained women results in
acute increases in estradiol and progesterone levels,” with
continued physical activity performed on a regular basis, there
is a reduction in the length of the luteal phase and in luteal
phase progesterone levels.”’ Strenuous activity may even result
in secondary amenorrhea during adolescence.* This may
explain why menarche is delayed in premenarcheal girls who
engage in regular exercise and why physical activity may
result in anovulatory cycles in adolescent girls.”” It is
unclear whether the protective effect of exercise, however, is
due to reduction in ovulatory cycles, later menarche, earlier
menopause, or other factors that tend to be associated with
exercise, such as leaner body weight, reduced fat consump-
tion, or other unrecognized factors. The etiologic window in a
woman’s life for a protective effect of physical activity on
breast cancer prevention has not been determined. Given the
other known benefits of regular exercise, however, including
its effects in reducing the risk for atherosclerotic heart disease,
diabetes mellitus, osteoporosis, and colon and endometrial
carcinoma, it seems justified to advise regular exercise
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beginning early in life, specifically during puberty, and con-
tinuing into adulthood.**™**

Is there a role for dietary modification in
breast cancer prevention?

Epidemiologic studies have consistently noted a lower risk for
breast cancer, gastrointestinal cancers, and cardiovascular
disease among persons whose diets include relatively large
amounts of fruits and vegetables.*** Ecologic studies have
also noted a positive correlation between national per capita
fat consumption and breast cancer’' and an inverse correla-
tion between soy consumption and both breast cancer and
cardiovascular disease.”*

Does dietary fat have any effect on breast
cancer development?

Dietary experiments in rats and mice demonstrate a mam-
mary tumor—promoting effect of diets high in total fat
(approximately 35% to 40% fat in calories, which is similar to
the typical American diet) as compared with diets low in total
fat (approximately 10% fat in calories, which is similar to the
Japanese diet). Moreover, diets with a greater proportion of
unsaturated fats (specifically corn oil) were more effective
than diets rich in saturated fats in increasing the mammary
tumor incidence or reducing the latent period of mammary
tumor appearance.”>” Monounsaturated fat (e.g., olive oil),
on the other hand, appears either to act as a poor promoter or
to have a protective effect.”” In humans, ingestion of a low-fat
diet reduces endogenous estradiol and estrone levels without
affecting ovulation.”

Hunter and colleagues® reported a meta-analysis of seven
prospective cohort studies that included 4980 breast cancer
cases among 337,819 women in four countries: the United
States, Canada, Sweden, and the Netherlands. When women in
the highest quartile of energy-adjusted total fat intake were
compared with women in the lowest quartile, there was no sig-
nificant difference in breast cancer risk when adjusted for other
factors. There was also no association when intakes of choles-
terol, saturated fat, monounsaturated fat, and polyunsaturated
fat were considered individually. In contrast, Howe and col-
leagues,” in a meta-analysis of 12 case-control studies that
included 4427 breast cancer cases and 6095 controls, revealed a
highly significant positive association between saturated fat
intake and breast cancer risk in postmenopausal women. The
relative risk for the highest to lowest quintile was 1.46. Cho and
associates reported a slight increased risk for dietary fat and
breast cancer for premenopausal women.” In this study,
dietary fat and breast cancer risk were assessed among 90,655
premenopausal women in the Nurses’ Health Study II. During
the 8 years of follow-up, 714 women developed incident breast
cancer. The relative risk for the highest to lowest quintile was
1.25. The increase was associated with intake of animal fat but
not of vegetable fat. Among food groups contributing to ani-
mal fat, red meat and high-fat dairy foods each was associated
with an increased risk for breast cancer.

Changing one’s dietary habits to protect against breast can-
cer may mean lowering fat levels far below what the average
American woman consumes. In addition, the times of
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consumption of dietary fat such as during childhood and ado-
lescence may play an important role in prevention.

Do dietary monounsaturated fats protect
against breast cancer?

Some evidence suggests a protective effect from monounsatu-
rated fats. Although corn oil, a polyunsaturated fat, promotes
mammary cancer in animal models, olive oil, a monounsatu-
rated fat, either acts as a poor promoter or has a protective
effect.” Furthermore, Greek women have a substantially lower
breast cancer mortality than American women despite their
higher relative energy intake from fat.* Three case-control
studies have evaluated the effect of monounsaturated fats in
the form of olive oil consumption on breast cancer risk in
Greece, Italy, and Spain, all of which have high per capita con-
sumption of olive 0il.”% Two of the studies (performed in
Greece and Spain) demonstrated a protective effect for rela-
tively high olive oil consumption. A protective effect for
monounsaturated fat was not found in the pooled analysis of
cohort studies reported by Hunter and colleagues,® although
none of the cohort studies included in this analysis were per-
formed in countries with high consumption of olive oil. Cho
and associates reported that both saturated and monounsatu-
rated fat were related to modestly elevated breast cancer risk.”

Is there a role for soy or soy derivatives
in breast cancer prevention?

Soybeans and soy-based products and derivatives of soy-based
products, such as genistein and daidzein, contain isofla-
vonoids, which are naturally occurring phytoestrogens that
inhibit carcinogen-induced mammary tumors in animals.®®
The isoflavonoids are weak estrogen agonists and may inter-
fere with the promoting effects of physiologic concentrations
of estrogens. Soy-based products are also rich in protease
inhibitors, which also inhibit carcinogen-induced mammary
tumors. Although there are epidemiologic data that demon-
strate an inverse correlation between soy consumption and
breast cancer risk,* other studies have not been consistent in
this correlation.”®”" Also, there is no evidence that supplemen-
tation of a typical Western diet with soy-based products mod-
ifies breast cancer risk.

Does obesity control play a role in breast
cancer prevention?

Obesity is associated with an increased risk for breast cancer,
specifically in postmenopausal women.”””> Obesity is also
associated with a higher recurrence rate and poorer survival in
women with breast cancer.”* In a prospectively studied popu-
lation of more than 900,000 U.S. adults who were free of can-
cer at enrollment and followed for up to 16 years, there was a
positive association between high body mass index (BMI—
weight in kilograms divided by the square of the height in
meters) and breast cancer mortality. In addition, there was
a linear association between increasing BMI and breast
cancer mortality; the relative risk (RR) was 1.34% for a
BMI between 25 and 29.9, 1.63% for a BMI between 30 and

34.9, 1.70% for a BMI between 35 and 39.9, and 2.12%
(1.41%—-3.19%) for a BMI of 40 or more (P < .001 for trend).”
Avoidance of weight gain during adulthood has many benefits
that are likely to include reduction in risk for postmenopausal
breast cancer.”®

What role does fiber play in breast
cancer prevention?

Fiber ingestion inhibits the intestinal resorption of estrogens
in humans and reduces mammary cancer incidence in ani-
mals.®””” Asian women eating a traditional low-fat, high-fiber
diet have lower estrogen levels before and after menopause and
have a lower breast cancer risk compared with Western popu-
lations.” Ingestion of a low-fat (less than 10% of calories),
high-fiber (35 to 45 g/day) diet by white women significantly
reduces serum estrone and estradiol levels during the early fol-
licular and late luteal phases of the menstrual cycle without
affecting ovulation.” In another study, however, ingestion of
pure fiber (20 g of oi-cellulose daily) without modification of
fat intake had no effect on estrogen metabolism.”

Despite a strong biologic rationale, epidemiologic data do
not demonstrate a consistent benefit for fiber. Howe' re-
ported a meta-analysis of 12 case-control studies in which
the relative risk for breast cancer was 0.85 for subjects who
consumed more fiber. Other studies employing prospective
cohort methodology observed no effect or a marginally sig-
nificant effect of fiber ingestion.*

What role do vitamins play in breast
cancer prevention?

There has been increasing scientific and public interest in sup-
plemental vitamin ingestion to reduce cancer risk, including
breast cancer risk. Observational studies had suggested that
people who consume more fruits and vegetables containing
the antioxidant vitamins A, C, and E have somewhat lower
risks for cancer.”**®* Vitamin A reduces the proliferative
capacity and promotes the differentiation of primary human
mammary epithelial cells.* The antioxidant vitamins may
prevent cancer-causing DNA damage and inhibit atherogene-
sis by their ability to scavenge free radicals, the byproducts
of normal metabolism.***” In order to assess the impact of
vitamin ingestion on cancer risk, Hunter and colleagues®
prospectively studied 89,494 women aged 34 to 59 years in
1980 who did not have cancer, assessing their intakes of vita-
mins C, E, and A at baseline and 4 years later with a validated
semiquantitative food frequency questionnaire. During the 8-
year follow-up period, large intakes of vitamins C and E were
not protective against breast cancer. A low intake of vitamin A
from food was associated with increased breast cancer risk;
this was reduced by ingestion of vitamin A supplements.
Similar results were recently published by Michels and
coworkers® based on a large population-based prospective
cohort study in Sweden. This study comprised 59,036 women,
40 to 76 years of age, who were free of breast cancer at base-
line and 1271 of these women who later developed breast can-
cer. Trials are underway to determine whether the retinoids,
which include vitamin A and its synthetic analogues (i.e., fen-
retidine), may play a role in breast cancer prevention.



There has also been interest in a possible relationship
between calcium and vitamin D intake and breast cancer.
There is an inverse correlation between sunlight exposure (as
a source of vitamin D) and breast cancer.”” The promoting
activity of high dietary fat in animals is enhanced by low
intake of calcium and vitamin D and can be inhibited by
increased calcium (and probably vitamin D) supplementa-
tion.” Vitamin D and its synthetic analogues have been shown
to promote the death of breast cancer cells grown in the labo-
ratory.” Vitamin D and calcium intake is well below the rec-
ommended daily allowance in American women in all age
groups, but especially in elderly people.”” Breast cancer pre-
vention, and simultaneous prevention of osteoporosis, might
be achieved by increasing dietary intake of calcium and vita-
min D to recommended dietary allowance (RDA) levels. This
may be particularly applicable to females during puberty and
adolescence. There is currently no proof, however, that cal-
cium or vitamin D supplements are protective against breast
cancer development.

Can consumption of no alcohol or decreased
consumption of alcohol be associated with
breast cancer prevention?

The available evidence from more than 50 epidemiologic
studies, as well as numerous meta-analyses involving cohort
and case control studies, indicates that alcohol consumption
(i.e., beer, wine, and spirits) is associated with a moderate
increase in breast cancer risk.”*”” Data indicate a modest pos-
itive association between alcohol and breast cancer (an
approximately 25% increase in risk with daily intake of the
equivalent of two drinks) and a dose-response relation.”* The
biologic basis for the effect of alcohol is unclear, although
some data suggest that alcohol may augment gonadotropin-
induced increases in serum estradiol levels.” The alcohol-
breast cancer hypothesis is important because alcohol
consumption is common and drinking is a potentially modi-
fiable behavior for a motivated individual. In one survey, 61%
of women reported being “current drinkers” (at least 12 drinks
yearly). Of the current drinkers, 39% were light drinkers (up
to 3 drinks weekly), 27% were moderate drinkers (4 to 13
drinks weekly), and 9% were heavy drinkers (14 or more
drinks weekly).”*

MODIFICATION OF EXPOSURE TO

NVIRONMENT?Z A OR

What role does radiation exposure play
in breast cancer development?

The risk for breast cancer is increased in women exposed to
relatively high doses of ionizing irradiation, such as in thera-
peutic use (for postpartum mastitis, thymic enlargement, and
Hodgkin’s disease) and after inadvertent or accidental expo-
sure (fluoroscopy for tuberculosis or nuclear fallout from an
atomic bomb).” ' Exposure during puberty or earlier is
associated with a substantially greater risk for breast cancer
than comparable exposure at an older age, and thus the
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benefit of using diagnostic radiation, particularly in women
younger than 20 years, should be considered carefully. The
low irradiation dose employed in a routine mammogram
(0.15 cGy to each breast) and chest film (0.002 cGy to each
breast) and the relatively advanced age during which these
modalities are employed make it extremely unlikely that they
in any way contribute to breast cancer risk. Furthermore,
annual screening mammography clearly reduces breast cancer
mortality in women 50 years or older, indicating that the ben-
efits far outweigh any risks that may be involved.'”!

Exposure to diagnostic radiation may be associated with
increased breast cancer risk, however, in patients who are het-
erozygotes for the ataxia-telangiectasia (AT) gene, a group that
makes up about 1.4% of the general population.'” AT het-
erozygotes are healthy persons, whereas homozygotes have a
characteristic disorder including cerebellar ataxia, oculocuta-
neous telangiectases, endocrine disorders, and humoral and
cellular immune defects. The homozygotes have a markedly
increased risk for developing lymphoid and epithelial neo-
plasms, and they exhibit tissue necrosis after exposure to
therapeutic irradiation, effects that are due to an inherent
deficiency in repairing damaged DNA.'” Evidence suggests
that AT heterozygotes have a fivefold increased risk for breast
cancer and that exposure to diagnostic irradiation (in the
form of fluoroscopic examination of the chest, back, or
abdomen) contributes to this increased risk.'"*'” Although
screening of the general population for the AT gene is not yet
practical, it may be prudent to screen relatives of AT homozy-
gotes. It appears that special measures involving low-dose
radiation exposure could help prevent breast cancer develop-
ment in these persons and others who are heterozygous for
familial and chromosomal breakage syndromes.

Is electromagnetic radiation exposure
associated with breast cancer?

Increased breast cancer risk has been reported in female and
male electrical workers.'"”'”” In contrast, others have found
no association between low-frequency field exposure in the
workplace and breast cancer risk."®"'* A recent study of the
effect of exposure of magnetic fields to female residents of Los
Angeles county, California (743 breast cancer cases and 699
controls) suggest that residential magnetic field exposure did
not influence risk for breast cancer.'' Similarly, a case-control
study of the relationship between electromagnetic fields and
breast cancer on Long Island (the Electromagnetic Field
Breast Cancer Long Island Study, or EBCLIS) reported no
association between breast cancer and residential electromag-
netic field exposures.'"

CHEMOPREVENTION

What is the rationale for chemoprevention
with tamoxifen and other selective
estrogen modulators?

The selective estrogen receptor modulators (SERMs) are
chemically diverse compounds that lack the steroid structure
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of estrogen yet bind to the estrogen receptor (ER) and medi-
ate antagonist or agonist effects, depending on the conforma-
tion of the SERM, differing level of ER expression in the target
tissue, and differing expression and binding of coregulatory
proteins.'”” Both tamoxifen and raloxifene are SERMs that
have many attributes of a good chemoprevention agent.
Both are taken once daily, are commonly prescribed for
other conditions, and are generally safe and well tolerated.
Furthermore, substantial preclinical and clinical evidence has
demonstrated potential chemopreventive effects for these
agents. Tamoxifen has been approved for many years for the
treatment of early-stage and advanced breast cancer in both
premenopausal and postmenopausal women, whereas ralox-
ifene is approved for the treatment and prevention of osteo-
porosis in postmenopausal women.'"* Tamoxifen significantly
reduces the risk for contralateral breast cancer in patients with
a prior history of breast cancer. In the meta-analysis per-
formed by the Early Breast Cancer Trialists’ Collaborative
Group, tamoxifen reduced the rate of contralateral breast
cancer by 47%.'" Raloxifene has likewise been associated
with a reduced breast cancer risk in patients with osteopenia
or osteoporosis. The Multiple Outcomes of Raloxifene
Evaluation (MORE) Trial included 7704 healthy post-
menopausal subjects with osteoporosis up to 80 years of age
who were randomized to receive either raloxifene (60 or
120 mg daily) or a placebo.'® Although raloxifene was also
associated with an increased risk for thromboembolic disease
comparable to tamoxifen, it was not associated with an
increased risk for endometrial cancer. Although these studies
would seem to indicate that these drugs have equivalent
chemopreventive effects, there were important differences
between the study populations. Tamoxifen was evaluated in
both premenopausal and postmenopausal patients with a pre-
vious diagnosis of breast cancer, a condition known to be
associated with an increased risk for breast cancer. Raloxifene
was evaluated only in postmenopausal patients with osteo-
porosis, a condition known to be associated with reduced
breast cancer risk.'”” These findings have prompted the evalu-
ation of SERMs as chemopreventive agents.

Does tamoxifen reduce the risk for
developing breast cancer?

The National Surgical Adjuvant Breast and Bowel Project
(NSABP) performed a trial that included 13,388 healthy
female subjects who had an elevated risk for developing breast
cancer (P-1 trial). Selection criteria included prior diagnosis
of lobular carcinoma in situ of any age, age of at least 60 years,
or age between 35 and 59 years with a 5-year risk for develop-
ing breast cancer as estimated by the Gail model to be at least
equivalent to that of a 60-year-old woman (at least 1.66%)."®
Seventy-seven percent had at least one first-degree relative
with breast cancer, and the age distribution was fairly evenly
balanced between older women (30% older than 60 years),
middle-aged women (31% between 50 and 60 years), and
younger women (39% between 35 and 49 years). All women
were followed with annual physical examination and mam-
mography. After a median follow-up of 3.5 years, the Data
Monitoring Committee recommended unblinding the treat-
ment arms because of a 49% reduction in the risk for devel-
oping breast cancer (both invasive and noninvasive cancer) in

the tamoxifen arm compared with the placebo arm. Other
noteworthy findings included the following: (1) about 4% of
women in the placebo arm developed invasive breast cancer
during the course of the study, indicating that the eligibility
criteria used were successful in selecting a group at elevated
risk for developing breast cancer; (2) tamoxifen reduced the
risk for estrogen receptor (ER)—positive breast cancers but had
no effect on the development of ER-negative breast cancers;
(3) there was a reduction in the risk for both invasive and in
situ carcinoma; and (4) tamoxifen reduced the risk for breast
cancer in all age groups, in patients with a family history, and
in patients with lobular carcinoma in situ (LCIS) or atypical
hyperplasia. Tamoxifen had no effect on survival, although a
beneficial effect on survival was not expected.

On the basis of these findings, the U.S. Food and Drug
Administration approved tamoxifen for reducing the risk for
breast cancer in women at high risk for developing the disease.
Three other trials evaluating tamoxifen were ongoing at the
time that these findings were initially reported, prompting
early reporting of the trials. The results of these trials are con-
trasted with the P-1 trial in Table 6-2.""*""*' The trials varied in
their sample size, selection criteria, and other factors, includ-
ing the use of concurrent hormone replacement therapy in
20% to 40% of patients in these trials. Only IBIS-I trial
demonstrated that tamoxifen significantly reduced the risk for
breast cancer by 33%. A meta-analysis that included these four
trials confirmed a significant reduction in breast cancer risk of
38% (95% CI, 28%—46%; P < .0001) for tamoxifen, with no
significant reduction in the risk of ER-negative breast cancer
but a 48% reduction (95% CI, 36%-58%; P < .0001) in the
risk for ER-positive breast cancer.'” It also confirmed that
tamoxifen was associated with an increased risk for endome-
trial cancer (RR 2.4%; 95% CI, 1.5%-4.0%; P = .0005), an
effect that was not seen with raloxifene. Both tamoxifen and
raloxifene were associated with an increased risk for throm-
boembolic events (RR, 1.9%; 95% CI, 1.4%-2.6%; P < .0001).
The American Society of Clinical Oncology Technology
Assessment Panel'” concluded, “For women with a defined
five year projected breast cancer risk of > 1.66%, tamoxifen (at
20 mg/day for 5 years) may be offered to reduce their risk.”
The panel did not recommend against the use of raloxifene,
aromatase inhibitors, or retinoids for prevention. Other
expert panels, including the Canadian Task Force on
Preventive Health Care'** and the National Comprehensive
Cancer Network,'” came to similar conclusions.

How should subjects be selected for
tamoxifen prevention therapy?

Healthy subjects were selected for participation in the P-1
trial. Ideally, an individual should not have a significant
comorbid condition or history of or known predisposition to
thromboembolic disease. Individuals were selected by the Gail
model, which includes the following factors in estimating risk:
(1) current age, (2) age at menarche, (3) age at first live birth
[nulliparous, <20, 20-24, 25-29, >29, unknown], (4) number
of first-degree relatives with breast cancer [0, 1, 2 or more,
unknown], (5) number of prior breast biopsies [0, 1, 2 or
more, unknown], (6) did any prior biopsy show atypical
hyperplasia [yes, no, unknown], and (7) race [white, black,
Hispanic].”"** The model calculates a 5-year risk and a
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Table 6-2 Phase lll Trials Comparing Tamoxifen with Placebo in Healthy Female Subjects

NSABP P-1 Royal Marsden Italian Trial IBIS-1
Reference (no.) Fisher et al., 1998 (118) Powles et al., Veronesi et al., IBIS, 2002 (121)
1998 (119) 1998 (120)
No. of subjects 13,388 2494 5408 7410
Selection 5-year risk > 1.66% Age 30-70 yr Age 35-70 yr and Age 35-70 yr with family
due to age (=60 yr), and family prior hysterectomy history, LCIS, or atypia
Gail model, or LCIS history
Family history 77% 96% 18% 97%
Age > 50 yr 61% 39% 62% <50%
Concurrent HRT use None 42% 19% 40%
Mean follow-up 55 mo 70 mo 46 mo 50 mo
Risk reduction (RR) 49% NS NS 33%

NS, not significant; HRT, hormone replacement therapy; LCIS, lobular carcinoma in situ; RR, risk reduction includes both invasive and noninvasive breast

cancer.

lifetime risk for the individual, and a comparison risk of a
woman having the same current age but with average risk fac-
tors. Individuals were required to have an estimated 5-year
risk of at least 1.66% to be eligible for the P-1 trial. The Gail
model is appropriate for women without prior breast cancer
and those who are not known to have or to be at increased risk
for having a BRCAI or BRCA2 mutation. In addition, for
women who have family members with breast cancer diag-
nosed before the age of 50 years, the Claus model may be
preferable.'”

A version of the Gail Model may be found on the National
Cancer Institute website (http://bera.nci.nih.gov/brc).

What are the side effects of tamoxifen
therapy when used for risk reduction?

The NSABP trial demonstrated that tamoxifen has a 2.5-fold
elevation in the risk for uterine carcinoma and a nearly 2-fold
elevation in the risk for thromboembolic disease in women 50
years of age or older, but not in younger women. Women tak-
ing tamoxifen were also slightly more likely to be diagnosed
with cataracts and to require cataract surgery. There was no
significant difference in the risk for bone fracture, and there
was no difference in mortality between the tamoxifen and
placebo groups. There was an increased prevalence of bother-
some symptoms (described as extremely bothersome or quite
a bit bothersome), including hot flashes (46% vs. 29%) and
vaginal discharge (13% vs. 3%)."® There was no difference
found in the health-related quality-of-life measures (includ-
ing depression and physical well-being). Patients taking
tamoxifen reported problems with sexual function at a defi-
nite or serious level, although the overall rates of sexual activ-
ity in the two groups were not different.'*

Does the risk-to-benefit ratio favor
taking tamoxifen?

A key question for an individual considering tamoxifen for
risk reduction is whether the benefits of tamoxifen outweigh

the risk. The risk-to-benefit ratio is therefore dependent not
only on the subject’s underlying risk for developing breast
cancer but also on the subject’s likelihood of developing seri-
ous problems such as thromboembolic disease or uterine
carcinoma. Gail and colleagues'' have developed models for
estimating risk-to-benefit ratio for individuals considering
tamoxifen for risk reduction. The models are based on
assumptions regarding underlying risks for uterine cancer,
thromboembolic disease, fractures, and cataracts in the gen-
eral population, factors that vary by race. In general, women
who are younger, who have a higher risk for breast cancer, and
who have had a prior hysterectomy are more likely to have
a favorable risk-to-benefit ratio. For example, the risk-to-
benefit ratio using this model does not favor use of tamoxifen
for any white or black women with a uterus who is 60 years of
age or older. For women between the ages of 50 and 59 years,
the risk-to-benefit ratio is favorable only for white women
who have a 5-year breast cancer risk exceeding 4%, or black
women who have a 5-year risk exceeding 6.5%. For women 49
years or younger, the risk-to-benefit ratio is favorable for
both black and white women of all risk groups. For women
who have had a prior hysterectomy, the risk-to-benefit
ratio becomes favorable for white women between 50 and
59 years, and between 60 and 69 years if their risk exceeds
3.5%, but is generally not favorable for black women of
the same age. Subjects considering tamoxifen prophylaxis
should be routinely counseled regarding their risk-to-benefit
ratio.

Is tamoxifen beneficial in women with
hereditary breast cancer?

Tamoxifen is clearly effective in reducing the risk for breast
cancer in women who have at least one first-degree relative
with the disease. There is less information regarding its effec-
tiveness in subjects with known heritable mutations predis-
posing to breast cancer, such as BRCAI or BRCA2. Because
about 80% of breast cancers in women with BRCAI muta-
tions are ER negative, there is concern that tamoxifen may not
be effective in such women; on the other hand, risk-reducing
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salpingo-oophorectomy seems to reduce breast cancer risk in
this setting. King and associates reported on a subset of 288
women participating in the P-1 trial who developed breast
cancer, of whom only 8 had BRCAI mutations and 11 had
BRCA2 mutations.”> Because of the relatively small sample
size and relative wide confidence intervals, firm conclusions
could not be drawn. However, a case-control study demon-
strated a protective effect of tamoxifen against contralateral
breast cancer for women with BRCAI mutations but not
BRCA2 mutations."” There is currently a need for additional
information concerning the use of tamoxifen in women with
BRCA1I or BRCA2 mutations.

Are there alternatives to tamoxifen?

No drug other than tamoxifen has been proven to reduce the
risk for breast cancer in women at elevated risk for developing
the disease, but other agents are currently being evaluated in
ongoing clinical trials, including retinoids, other SERMs, and
aromatase inhibitors. Raloxifene is being evaluated as an alter-
native to tamoxifen because it does not seem to be associated
with an increased risk for uterine cancer. Aromatase inhibitors
offer a promising route of chemoprevention through suppres-
sion of estrogen formation within the breast tissue. Aromatase
converts androgens to estrogen and is expressed at a higher
level in breast tissue than in the surrounding tissue.
Aromatase inhibitors (e.g., anastrozole, letrozole, exemestane)
are being evaluated based on sound preclinical and clinical
rationale,”™ a position that is supported by several recently
reported trials in women with early-stage breast cancer. For
example, the risk for contralateral breast cancer was reduced
by about 60% in women treated with anastrozole compared
with tamoxifen in the ATAC trial.'*® In addition, letrozole
reduced the risk for contralateral breast cancer by approxi-
mately 45% when used following 5 years of tamoxifen
therapy."”® Ongoing trials evaluating these agents are summa-
rized in Table 6-3."7*

The studies evaluating SERMs and aromatase inhibitors
outlined above are generally being performed in patients with
either natural or induced menopause, either because of the
lack of safety information in premenopausal women (i.e.,
raloxifene) or because the drug requires a menopausal state to

be effective (i.e., aromatase inhibitors). Veronesi evaluated the
synthetic retinoid fenretinide (200 mg daily) compared with
a placebo for 5 years in 2972 women with early-stage breast
carcinoma. Although there was no effect in reducing con-
tralateral breast cancer in the entire study population, there
was a significant reduction in contralateral breast cancer in
premenopausal women."! There is insufficient evidence,
however, to recommend retinoids for this indication. Recently,
grapes and red wine have been shown to contain the com-
pound resveratrol that inhibits aromatase. Resveratrol has
been shown to inhibit the development of preneoplastic
lesions in mouse mammary tumor cells and human cancer
cells grown in the laboratory."*

What other candidate chemopreventive
agents may be considered in the future?

There are numerous additional agents that are currently
under active evaluation as potential chemopreventive agents.
In addition, recent studies suggest that protocols based on
combinations of chemopreventive agents should be the focus
of future investigations. A few of the more promising com-
pounds under evaluation are reviewed here.

Nonsteroidal anti-inflammatory agents (NSAIDs), includ-
ing inhibitors of cyclo-oxygenase-2 (COX-2), have received
much attention as potential chemopreventive agents.'*® For
example, regular NSAID use (2 or more tablets/week) for 10
or more years was associated with a 28% reduction in the
incidence of breast cancer (RR, 0.72%; 95% CI, 0.56%—
0.91%) in the Women’s Health Initiative, and there was a sta-
tistically significant inverse linear trend of breast cancer inci-
dence with the duration of NSAID use (P < .01)."* Regular
use of acetaminophen (an analgesic agent with little or no
anti-inflammatory activity) or low-dose aspirin (<100 mg)
was unrelated to the incidence of breast cancer. The inducible
prostaglandin synthetase COX-2 is normally expressed pre-
dominantly in kidney and brain. COX-2 overexpression has
been described in numerous human cancers, and recently
COX-2 has been shown to be present in approximately 40% of
invasive breast cancers, particularly those that overexpress
HER-2/neu. There is an increasing body of evidence support-
ing a role for COX-2 in breast cancer development and pro-

Table 6-3 Summary of Chemoprevention Trials Evaluating Alternatives to Tamoxifen

RUTH STAR HOT IBIS-2 ApreS
Reference Mosca et al., Vogel et al., Decensi et al., Cuzick et al., Goss et al.,
(no.) 2001 (137) 2001 (138) 2003 (139) 2001 (140) 2003 (134)
Accrual goal 10,000 19,000 85,000 10,000 666
Selection 1 Risk for heart 1 Breast cancer 1 Breast cancer 1 Breast cancer BRCAT/2 mutation
disease risk risk risk
Arms Raloxifene, Tamoxifen, Tamoxifen, Anastrazole, Exemestane,
60 mg QD 20 mg QD 20 mg QD 1 mg QD 25 mg QD
Vs. vs. Vs. vs. Vs.
placebo placebo placebo placebo placebo
Duration S5yr S5yr S5yr S5yr S5yr

RUTH, Raloxifene for Use in the Heart; STAR, Study of Tamoxifen and Raloxifene; HOT, Hormone Replacement Therapy Opposed by Low-Dose Tamoxifen;
IBIS-2, International Breast Intervention Study-2; ApreS, Aromasin Prevention Study.



gression through effects on angiogenesis and apoptosis as
well as through effects on intramural aromatase.'” A large
clinical trial is currently evaluating the role of the COX-2
inhibitor celecoxib when used as secondary prevention in
conjunction with aromatase inhibitors in women with early-
stage breast cancer.'*

The peroxisome proliferator—activated receptor (PPAR)
gamma, whose inactivation occurs during mammary gland
carcinogenesis, is a nuclear receptor that is activated by
polyunsaturated fatty acids (PUFAs), eicosanoids, and anti-
diabetic agents. Such activation, which is enhanced by ligands
of the retinoic receptor (RAR) and the retinoid X receptor
(RXR), suppresses breast carcinogenesis in experimental
models and induces differentiation of human liposarcoma
cells. Selective PPAR ligands or modulators (SPARMs) are
currently being designed to have desired effects on specific
genes relevant to breast cancer development. Recent evidence
for a synergistic interaction between RAR as well as RXR with
PPAR gamma suggests that appropriate selective ligands from
these two groups of receptors might be combined in breast
cancer chemoprevention studies.'*>'*

Histone deacetylation inhibitors, combined with demeth-
ylating agents, are promising as a means of rehabilitating
silenced tumor suppressor genes. Inhibitors of activated
tyrosine kinases (receptor tyrosine kinase inhibitors) offer a
means of inhibiting increased growth factors and growth fac-
tor receptor expression and activation.'"

The statins atorvastatin, fluvastatin, lovastatin, and simva-
statin were shown to inhibit proliferation of MCF-7, a human
breast cancer cell line, by up to 90%. These data have led to
studies to determine whether statins, in addition to their
cholesterol-lowering effect, may have clinical significance in
chemoprevention of human breast cancer.'*®

The monoterpenes, including limonene and perillyl alco-
hol, prevent carcinogen-induced and spontaneous rodent
mammary tumors during the initiation phase as well as
the promotion/progression phase. Limonene, a monocyclic
monoterpene that is the major component of the peels of
oranges and lemons, has little or no toxicity. Both D-limonene
and perillyl alcohol, a more potent analogue of limonene, are
in phase I and II prevention trials."**'*°

The isothiocyanates, thiocyanates, and other sulfur-
containing compounds (disulfiram and allyl sulfides) are
effective chemopreventive agents in animal models in which
they have been utilized as anti-initiators against carcinogen-
induced mammary tumors."' They inhibit cytochrome P-450
phase I hepatic enzymes or induce phase II detoxification
enzymes.'”” Increased consumption of cruciferous vegetables
(e.g., cabbage, broccoli, cauliflower, Brussels sprouts), which
are rich sources of isothiocyanates, are associated with a
reduced incidence of intestinal cancers in humans.'"”
Cruciferous vegetables are also rich in indole-3-carbinol, an
effective chemopreventive agent in animals."* Ingestion of
indole-3-carbinol by humans (400 mg/day) produces a signif-
icant increase in 2-hydroxyestrone, resulting in decreased pro-
duction of 16-0-hydroxyestrone.” 16-0-Hydroxyestrone is
genotoxic to mammary cells, and its production correlates
closely with the development of mammary tumors in ani-
mals.””® Women with breast cancer often have a low urinary
ratio of 2-hydroxyestrone to 16-a-hydroxyestrone compared
with age-matched controls, suggesting that endogenous dif-
ferences in estrogen metabolism may account for increased
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breast cancer risk."” Preliminary human trials have demon-
strated that indole-3-carbinol is well tolerated and has a sus-
tained estrogen-modifying effect.””” Therefore, the evidence
suggests that indole-3-carbinol, by modulating estrogen
metabolism, may be chemopreventive.

Lycopene, a carotenoid present in tomatoes, processed
tomato products, and other fruits, is one of the most potent
antioxidants among dietary carotenoids. Although some
recent studies have suggested that lycopene and other plasma
carotenoids may reduce the risk for developing breast cancer,
others have not seen an association.'*'®

Calcium glucarate, which is normally synthesized in human
liver cells and is also present in vegetables and fruits, has been
shown to inhibit chemically induced mammary tumors in the
rat. Oral supplementation of calcium-D-glucarate has been
shown to inhibit B-glucuronidase, an enzyme whose elevated
expression is associated with an increase