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A Favorable View: Progress in Cancer
Prevention and Screening

Peter Greenwald
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Abstract

Clifton Leaf, in his article “Why Were Losing
the War on Cancer;” presents criticisms of past
research approaches and the small impact of this
research thus far on producing cures or substan-
tially extending the life of many cancer patients.
It is true that gains in long-term survival for
people with advanced cancers have been mod-
est, hindered in part by the heterogeneity of tu-
mors, which allows the cancers to persist using
alternate molecular pathways and so evade many
cancer therapeutics. In contrast, clinical trials
have demonstrated that it is possible to reduce
the incidence or improve cancer survival through
prevention and early detection. Strides have been
made in preventing or detecting early the four
deadliest cancers in the United States (i.e., lung,
breast, prostate, and colorectal). For example,
7-year follow-up data from the Breast Cancer
Prevention Trial (BCPT) provides evidence that
tamoxifen reduces the occurrence of invasive
breast tumors by more than 40%; recent stud-
ies using aromatase inhibitors and raloxifene are
also promising. The Prostate Cancer Prevention
Trial (PCPT) showed that finasteride reduced
prostate cancer incidence by 25%, and the ongo-
ing Selenium and Vitamin E Cancer Prevention
Trial (SELECT) is investigating selenium and
vitamin E for prostate cancer prevention based
on encouraging results from earlier studies. Liv-
ing a healthy lifestyle, including regular physical
activity, avoiding obesity, and eating primarily a
plant-based diet has been associated with a lower
risk of colorectal cancer. In addition, noninva-
sive stool DNA tests for early detection are be-
ing studied, which may lessen the reluctance of

people to be screened for colorectal polyps and
cancer. Behavioral and medical approaches for
smoking prevention are ways to reduce the inci-
dence of lung cancer, with antinicotine vaccines
on the horizon that may help former smokers to
avoid relapse. The US National Lung Screening
Trial is testing whether early detection via spiral
CT screening will reduce lung cancer mortality.
Prevention and earlier detection offer efficient
and practical strategies to reduce the cancer bur-
den. Several of the suggestions Mr. Leaf makes,
such as developing interdisciplinary collabora-
tions and allocating resources to research earlier
in the process of carcinogenesis, have become
an integral strategy in the National Cancer In-
stitute’s (NCI) approach in the past decade, spe-
cifically in the realm of cancer prevention and
early detection. For example, an aggressive pro-
gram to identify biomarkers for earlier detection
of cancer - the NCI’s Early Detection Research
Detection (EDRN) - has identified three promis-
ing biomarkers since its establishment in 2000. It
collaborates with the National Institute of Stan-
dards and Technology and extramural scientists
to develop validation standards and to identify
the best technologies to use for systematic inves-
tigations. If these biomarkers can be validated,
they might help to reduce cancer mortality.

Introduction

Since the initiation of the commonly known War
on Cancer in 1972, there has been an unprece-
dented focus on the cancer burden in the United
States, and how to reduce its impact on public
health. The National Cancer Act of 1971 resulted
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in strategic planning to mobilize the research and
academic communities, with the backing of the
resources of the federal government, to address
the significant mortality and morbidity caused
by cancer. The Act set in motion a systematic
federal response that became the War on Cancer.
Now, 30 years later, it is correct and appropriate
for a realistic assessment of the progress made
and areas of research likely to continue progress
in the future. For the most part, Clifton Leaf, in
his article on the War on Cancer, has provided a
fair assessment of the overall success of the war
on cancer, at least regarding progress for attain-
ing a cure for every cancer (Leaf 2004). There
are, however, significant parts of the cancer story
that have been overlooked: prevention, screen-
ing, and detection. In these important strategic
research initiatives, there are hopeful signs that
suggest progress will be more tangible in the
next 5-10 years. For example, cancer incidence
rates for all cancer sites combined increased dur-
ing the first years of the war on cancer from the
mid-1970s through 1992, decreased from 1992
through 1995, and have remained stable be-
tween 1996 and 2002 (Weir et al. 2003; Edwards
et al. 2005). Mortality rates for all cancer sites
decreased by 1.1% annually from 1993 through
2002, and for the majority of the 15 most com-
mon cancers (Edwards et al. 2005). There are,
however, specific cancer sites — breast and lung
cancers in women — where incidence or mortal-
ity rates have increased in the past decade. In
addition, cancer incidence and mortality rates
remain disparate among various geographic, ra-
cial, economic, and age-related groups. Under-
standing what strategies have provided the bene-
fit of reduced incidence and mortality rates is
critical to understanding how future success will
be achieved in the war on cancer. These include,
foremost, the role of cancer prevention strategies
- both society-wide adoption of healthy lifestyle
choices and chemoprevention - and an increased
use of population-wide screening programs to
identify those at high risk of developing cancer
and those with cancer at the earliest, and most
treatable, stages. In addition, the recent develop-
ment of better diagnostic tools using emerging
technologies, such as biomarker identification
and validation and “-omics” methodologies, have
had a role in equipping cancer researchers with

Peter Greenwald

the tools needed to prevent, diagnose, and treat
existing disease. By reviewing progress at the
cancer sites that represent the majority of cases
of cancer in the United States — lung, colorec-
tal, breast, and prostate - it is clear that progress
has been, and continues to be, made in the war
against cancer.

Lung Cancer

Lung cancer is the leading cause of cancer mor-
tality and the second most common cancer
among men and women in the United States,
but recent trends indicating reductions in mor-
tality and incidence are encouraging (Page et al.
2000). From 1992 to 2002, incidence rates for
lung cancer have declined approximately 20% in
men but only 1% in women; mortality rates have
declined in the same period approximately 2%
overall (i.e., for both men and women) (Edwards
et al. 2005). Progress against lung cancer, which
is predominantly caused by smoking tobacco, is
an example of using a multipronged strategy in-
tegrating lifestyle and medical approaches, and
governmental regulation, to address a significant
public health problem. These are strategies devel-
oped in the war on cancer. Beginning with clini-
cal intervention studies in the 1980s, it became
apparent that educating the public and interven-
ing to help people quit smoking was a significant
step for reducing the incidence and mortality
from lung cancer. The Community Intervention
Trial for Smoking Cessation (COMMIT) and
the American Stop Smoking Intervention Study
(ASSIST) showed that individual interventions
have modest success in helping smokers quit, but
that strong tobacco-control policies at the state
level with enhanced tobacco control programs
could dramatically reduce smoking (COMMIT
Research Group 1991; Stillman et al. 2003). Sub-
sequently, increasing the federal and state tax on
tobacco products; enacting legislation aimed at
reducing youth smoking; reducing exposure to
environmental smoke in workplaces, restaurants,
or other public spaces; and employing a greater
number of media campaigns that focus on anti-
smoking campaigns, particularly among youth,
have been implemented.
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Progress against lung cancer is also being
made in medical approaches to smoking preven-
tion. Anti-nicotine vaccines are being developed
that have the effect of blocking nicotine before
it reaches the brain, thus relieving the addictive
power of the compound. Early clinical stud-
ies (i.e., phase I trials) have shown that these
vaccines have low toxicity (Cerny 2005), and
phase II trials are underway. The promise of a
safe, effective vaccine that can provide smokers
with another avenue for cessation is compelling.
Other encouraging research findings have been
reported in chemoprevention of lung cancer
in current or former smokers who exhibit evi-
dence of bronchial dysplasia, a precursor lesion
associated with future lung cancer. A phase IIb
trial in Vancouver investigated the ability of an-
ethole dithiolethione (ADT) to inhibit or reverse
bronchial dysplasia (Lam et al. 2002). ADT trig-
gers the production of glutathione-s-transferase
(GST), one of the body’s natural defense mecha-
nisms against carcinogens. In the trial, ADT,
compared to placebo in 112 current and former
smokers, reduced the number and rate of pro-
gression of dysplastic lesions, a significant find-
ing that is currently being investigated in larger
chemoprevention trials (Lam et al. 2002). The
ability to reverse damage initiated by exposure
to tobacco smoke in the lung could improve the
benefit of smoking cessation beyond the mod-
est benefits (approximately one-half of all lung
cancer cases in the United States occur in former
smokers) seen to date (Burns 2000).

Screening for lung cancer, such as in all can-
cers, represents an opportunity to identify pre-
cursors of cancer, overt cancer, and cellular char-
acteristics (i.e., genetic and epigenetic) that confer
increased or decreased risk factor(s) for cancer.
At present, there is no lung-cancer screening test
that has been shown to reduce mortality from
lung cancer. To investigate the utility of a new
lung screening tool, spiral computed tomogra-
phy (CT), against the standard chest x-ray, NCI
is conducting the National Lung Screening Trial
(NLST), a randomized controlled trial (RCT),
to determine which screening method has the
greatest impact on mortality from lung cancer
(Gohagan et al. 2004). The NLST has enrolled
more than 50,000 current or former smokers in
the RCT, which is designed to provide three an-

nual screenings by each method. Results should
be available by 2009.

As a strategic model in the war on cancer, the
focus on reducing the incidence and mortality
from lung cancer has produced some signifi-
cant, though modest, successes. It is encouraging
to health professionals that the strategies put in
place during the past decades are beginning to
show real reductions in the rates of lung cancer
incidence and mortality, as well as in the num-
bers of adults and young people smoking. This
long-term strategy should show more impres-
sive results in the next decade if the strategies
continue to be implemented. One of the areas of
some concern, however, is the recent increase in
lung cancer among women. This must be con-
sidered in view of the societal changes that oc-
curred during the past decades as more women
began to smoke cigarettes in the 1960s and
1970s. The lack of progress in the incidence of
lung cancer among women might be explained
by the fact that what is being seen in data from
the early 2000s is the result of women catching
up to incidence rates seen in men because of in-
creased use of tobacco products in the past three
decades. To illustrate, between 1965 and 1998,
the ratio of men smoking and women smoking
increased from approximately 2 to 1 in 1965 to
3 to 2 in 1998 (U.S. Department of Health and
Human Services 2001). The same report notes
the increased smoking rates among American
teenagers, especially teenage girls. Continued
focus on prevention and intervention initiatives
in place might be seen in reducing incidence in
women and teenagers during the next decade.
Lung cancer develops over a long period of time
- possibly as much as 20-30 years — and there is
a lag between the success of interventions and
actual progress.

Breast Cancer

Female breast cancer incidence rates increased
by 0.4% per year from 1987 to 2002, a slower
rate of increase than in the previous time period,
which saw an increase of 3.7% per year from
1980 through 1987 (Edwards et al. 2005). Mor-
tality rates, however, decreased 2.3% annually
from 1990 to 2002. These modest gains resulting
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from basic and clinical research have improved
the understanding of breast cancer etiology and
risk factors. The encouraging lessons in research
that led to these modest gains also portend the
reasonable expectation of further gains in the fu-
ture. The tamoxifen story is an appropriate case
study on the need for increasing knowledge at
the clinical level through years of research to de-
velop a proof-of-principle that directed further
investigations in animal models and humans be-
fore translation to large clinical trials. This time-
consuming process is yielding tangible benefits
in the search for prevention strategies and treat-
ments against a cancer that is highly visible in
the lay press and was increasing dramatically in
the 1980s. Early clinical studies of tamoxifen, a
selective estrogen receptor modulator (SERM),
indicated it occupies the estrogen receptor site
in breast tissue, thereby blocking the effects of
endogenous estrogen and decreasing epithe-
lial cell proliferation (Overmoyer 1999). Estro-
gen was known to increase cell proliferation, a
critical physiological event in the initiation and
growth of cancer in the breast. Tamoxifen had
been shown in clinical and animal studies to in-
hibit the growth of human cancer cells in vitro,
to inhibit the development of mammary tumors
in mice inoculated with mouse mammary tu-
mor virus, and to prevent tumor development
and growth in rats (Nayfield et al. 1991; Furr
and Jordan 1984; Greenwald et al. 1993). Based
on these findings, the NCI supported a series
of clinical studies through the National Surgi-
cal Adjuvant Bowel and Breast Project (NSABP)
that showed that tamoxifen reduced recurrences
of breast cancer and that women with previous
breast cancer were also less likely to develop
breast cancer in the opposite breast (Fisher et al.
1989). A larger RCT of tamoxifen was initiated
by the NSABP - the Breast Cancer Prevention
Trial (BCPT) - to compare tamoxifen against
placebo for 5 years in more than 13,000 high-
risk, pre- and postmenopausal women (Fisher et
al. 1998). The BCPT was stopped after 3.6 years
when data showed a statistically significant ben-
efit of tamoxifen, including a 49% reduction in
breast cancer incidence compared with the con-
trol group and a 69% reduction in the occurrence
of estrogen receptor-positive (ER+) tumors com-
pared to no difference in the occurrence of es-
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trogen receptor-negative (ER-) tumors (Fisher
et al. 1998). At the same time as results from the
BCPT were being released, the publication of re-
sults from the Multiple Outcomes of Raloxifene
Evaluation (MORE) osteoporosis trial indicated
that the SERM raloxifene reduced the incidence
of breast cancer by 74% without an associated in-
creased risk for endometrial cancer seen in the
tamoxifen trials (Cummings et al. 1999). The
Study of Tamoxifen and Raloxifene (STAR) trial,
which is designed to determine whether raloxi-
fene is more or less effective than tamoxifen in
reducing invasive breast cancer in women and to
assess the occurrence of noninvasive breast can-
cer, endometrial cancer, cardiovascular events,
and bone fractures, will enroll 22,000 high-risk,
postmenopausal women, age 35 and older, in a
double-blind trial that will be completed in 2006
(Vogel et al. 2002).

The success of the SERM trials has led to a
progression of investigations to find agents that
build on tamoxifen’s success. Aromatase Inhibi-
tors (Als) influence the action of estrogen on
breast tissue by blocking the conversion of an-
drogens to estrone or estradiol. This allows the
interruption of the negative consequences associ-
ated with estrogen exposure in breast tissue at an
earlier physiologic moment than that of SERMs.
A third-generation Al, anastrozole (Arimidex),
was compared to tamoxifen in the Arimidex,
Tamoxifen, Alone or in Combination (ATAC)
trial and was significantly better than tamoxifen
alone with regard to disease-free survival, time
to recurrence, and reduction of the incidence of
contralateral breast cancer (Baum et al. 2002).

Although the trials of SERMs and Als have
shown impressive reductions in recurrence and
invasive cancer in the contralateral breast, can-
cer researchers continue to develop strategies
to address those cancers that do not respond to
anti-estrogen therapy. Preclinical studies have
shown that tumors with increased expression
and signaling through erbB Type 1 growth factor
receptors, such as the epidermal growth factor
receptor (EGFR) and HER2, do not respond to
anti-estrogen therapy (Agrawal et al. 2005). Ap-
proximately 45% of breast cancer cells express
EGRE Newer compounds such as Gefitinib (Ir-
essa) and erlotinib (Tarceva) proved promising
in preclinical trials and are currently being in-
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vestigated in clinical trials; early results suggest
that EGRF-specific tyrosine kinase inhibitors,
such as Gefitinib and erlotinib, might be benefi-
cial against ER+ tumors that resist anti-estrogen
therapy (Agrawal et al. 2005).

Past research and clinical studies have shown
progress against ER+ breast cancer; to date, prog-
ress against ER— breast cancer has been slight.
ER- breast tumors generally are more aggressive
and few therapies exist for preventing progression
of tumors that are not hormone-dependent. Re-
cent attempts to develop a better understanding
of ER— hormone-resistant tumors have included
a strategy of changing the ER— phenotype to the
ER+ phenotype, which will better respond to
therapy, or targeting unique molecular signatures
of ER— tumors, such as the cathepsin D pathway
that is overexpressed in these tumors (Rochefort
et al. 2003). Treatment results from three NSABP
RCTs of postoperative chemotherapy in women
with ER- tumors and negative axillary lymph
nodes have demonstrated that a combination of
methotrexate and 5-fluorouracil (MF) is more
effective than surgery alone, that cyclophospha-
mide with MF (CMF) is more effective than MF,
and that CMF and doxorubicin (Adriamycin)
with cyclophosphamide (AC) are equally ben-
eficial (Fisher et al. 2004). In addition, a recent
small clinical study has shown that some prog-
ress is being made against ER— tumors with the
use of paclitaxel, a taxane-containing drug used
in women with early-stage breast cancer (Poole
2004). Further studies are planned using pacli-
taxel in combination with Gemcitabine. These
findings are encouraging news for those women
with the more aggressive ER— tumors and repre-
sent significant progress in the understanding of
differences among breast cancer tumors.

The use of nonhormonal chemopreventive
agents for breast cancer prevention or treatment
is progressing as more is learned about the
mechanisms involved in breast carcinogenesis.
Farnesyl transferase inhibitors (FTIs) are being
investigated in phase I trials to study their ability
to control cell division downstream of the erbBs
such as Ras and MEK, or in erbB-associated sig-
naling networks such as Src kinase that affect
tumor cell motility and invasiveness (Wakeling
2005). Statins and FTIs are also being investi-
gated for their ability to induce G1 arrest; studies

in breast cancer cell lines are ongoing, and results
indicate that these compounds are responsible
for inhibition of the proteasome and upregula-
tion of p21 (Efuet and Keyomarski 2006).

This basic research, coupled with findings
from clinical trials, has shown that breast cancer
can be detected and treated to reduce morbidity
and mortality. As for each of the cancers, preven-
tion is the best strategy for reducing incidence.
To reduce the risk of breast cancer, results from
population and basic research studies indicate
that maintaining a healthy weight and avoiding
lifetime weight gain, increasing vigorous physi-
cal activity, and limiting alcohol use are benefi-
cial strategies.

Colorectal Cancer

Colorectal cancer incidence rates decreased
by 10.4% in men and 2.9% in women between
1992 and 2002; mortality rates decreased by 5.5%
among men and 6.6% among women during the
same time period (Edwards et al. 2005). Lifestyle
prevention strategies that have been identified
in epidemiological and clinical studies to reduce
the risk of colorectal cancer include increasing
physical activity, increasing the intake of veg-
etables and fruits, limiting the intake of red meat
and alcohol, and maintaining a healthy weight
and avoiding obesity (American Cancer Soci-
ety 2006). Much of the basic science and treat-
ment of colorectal cancer has been discovered by
the study of patients with familial adenomatous
polyposis (FAP), a genetic disorder associated
with mutations in the APC gene that results, if
left untreated, in colorectal cancer in almost
100% of cases. Application of what was learned
in FAP patients has been translated to strategies
for the general population, including screening
studies for polyps. One of the earliest clinical
trials of the treatment of polyps to reduce the
incidence of colorectal cancer was the National
Polyp Study (NPS), a longitudinal surveillance
study of adenoma patients. The NPS included
approximately 1,400 patients who had a colonos-
copy and removal of one or more polyps. After
an average followup of 5.9 years, an assessment
of the incidence of colorectal cancer among par-
ticipants was conducted. Compared to reference
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groups, the NPS investigators reported a reduc-
tion in the incidence of colorectal cancer at 3, 6,
and 9 years of 90%, 88%, and 76%, respectively,
as shown in Fig. 1 (Winawer et al. 1993).

Results from trials such as the NPS focused
attention on preventing colorectal cancer by
preventing polyp formation or recurrence. They
also established colonoscopy as the gold stan-
dard to identify and collect polyps for diagnos-
tic purposes. At the time, other screening tools
were being used to test for colorectal cancer,
including fecal occult blood tests and sigmoid-
oscopy. Colorectal screening has been a story of
some success in reducing mortality rates partly
through detection of colorectal cancer at earlier
stages than in the past. Consequently, there has
been increased focus on assessing screening tools
and developing improved methods for screening.
The American Gastroenterological Association
recently produced a review of emerging screen-
ing and diagnostic technologies, with recom-
mendations for future research (Regueiro 2005).
Colorectal screening provides one example of
the types of progress that have occurred in the
war on cancer, and the focused research that
can impact mortality rates if the right screening
method can be developed and applied to the gen-
eral population. Traditional screening methods
include both invasive (e.g., colonoscopy and sig-
moidoscopy) and noninvasive methods (e.g., fe-
cal occult blood tests). Assessments of screening
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behavior indicate that mass-screening tools gain
wide acceptance if they are noninvasive and sen-
sitive enough to offer assurance that the results
are dependable. These criteria might be met by
emerging screening technologies and methods,
such as stool (fecal) DNA (fDNA), and messen-
ger RNA (mRNA) tests. Testing by f{DNA would
be ideal because it is noninvasive, the sample can
be collected at home and mailed to a laboratory
for analysis, and the number of markers tested
can be unlimited (Regueiro 2005). Although sen-
sitivity is poor with fDNA at this time, if it can
be substantially improved, those patients with
suspect tests would be referred for colonoscopy
or other confirming tests; thus, colorectal screen-
ing might become more acceptable to more of
the public. Improvements in technology, such
as computed tomographic (CT) colonography,
also have the promise of noninvasive screening,
but require bowel preparation and current costs
make it prohibitive for population screening at
this time. The goal of population screening can
be met by continuing to develop and refine non-
invasive screening tests. At the present time, there
are an estimated 42 million Americans 50 years
and older who have not had a colorectal cancer
screening test. By bringing these individuals into
the screening system, it is likely that significant
numbers of colorectal cancer cases can have ear-
lier diagnosis and better prognosis.
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Prostate Cancer

Prostate cancer is the leading cancer diagnosed
among US men and the second leading cause of
cancer mortality. Prostate cancer mortality has
declined only by approximately 11% from 1997
t0 2002 (Edwards et al. 2005). Our understanding
of prostate cancer etiology and risk factors has in-
creased dramatically since the advent of the war
on cancer. For example, in the 1980s, experimen-
tal and animal studies suggested that high lev-
els of circulating androgens - steroid hormones
that control the development and maintenance
of masculine characteristics - promote prostate
cell proliferation and inhibit prostate cell death
(Brawley et al. 1994). Because proliferation and
growth of prostate cells is stimulated by dihy-
drotestosterone (DHT), a product of testosterone
conversion by the enzyme 5-a-reductase, inhibi-
tion of this enzyme was considered a viable strat-
egy for mediating prostate cell growth and pos-
sible carcinogenesis. Finasteride, a 5-a-reductase
inhibitor, was the subject of clinical studies and
was found to inhibit the growth of prostate can-
cer cells in vitro (Brawley et al. 1994) and to re-
duce prostatic DHT by as much as 90% and se-
rum DHT by 60%-80%, without binding to the
prostate androgen receptor (Rittmaster 1994). As
evidence accumulated that finasteride mediated
prostate carcinogenesis, it was approved for the
treatment of benign prostatic hyperplasia (Feigl
et al. 1995).

Based on these encouraging clinical studies
and small human trials of finasteride, in 1993 the
NCI began the Prostate Cancer Prevention Trial
(PCPT), the first phase III population-based,
double-blind, RCT to assess whether the risk of
prostate cancer could be reduced (Thompson et
al. 2003). The PCPT was designed to compare
finasteride against placebo and utilized the net-
work of research centers known as the Commu-
nity Clinical Oncology Program (CCOP), which
was established in 1983 by the NCI as a creative
mechanism to improve the accrual of patients
to NCI phase III clinical trials, encourage com-
munity-based oncologists to participate in
clinical research, and provide an avenue for dis-
seminating new information on state-of-the-art
cancer treatment outside the traditional cancer
centers and research-oriented medical centers.

The PCPT enrolled 18,882 healthy men, age 55
and older, with normal digital rectal examina-
tion (DRE) and serum prostatic specific antigen
(PSA), and was designed as a 10-year study in
which one-half of the men received finasteride
(5 mg/day) and one-half received a placebo (Feigl
et al. 1995). The primary goal of the PCPT was
to determine whether finasteride reduced the
incidence of biopsy-proven prostate cancer com-
pared to placebo. Secondary goals were to assess
side effects of finasteride in healthy participants,
to determine whether long-term finasteride use
is acceptable for healthy participants, and to as-
sess the effect of finasteride on DRE and PSA. To
reduce the chance of bias in disease assessment,
as finasteride can cause a reduction of prostate
gland size and PSA level, study participants were
required to undergo a prostate biopsy after com-
pleting the preventative drug regimen (Feigl et al.
1995). The PCPT was ended early, in June 2003,
after a finding that finasteride reduced the preva-
lence of prostate cancer by 24.8% compared to
placebo (Thompson et al. 2003). Participants in
the finasteride group who did develop prostate
cancer, however, had a slightly higher incidence
of reported high-grade tumors (i.e., tumors of
Gleason grade 7-10), which is under discussion
as to whether this is a study artifact or something
attributable to treatment.

As the PCPT was being conducted and re-
porting results with finasteride, two large-scale
clinical intervention studies with prostate cancer
as a secondary endpoint were reporting reduced
prostate cancer risk with bioactive food compo-
nents (BFCs). The most active form of vitamin
E, a-tocopherol, was shown to reduce the risk of
metastatic or fatal prostate cancer in the Health
Professionals Follow-Up Study (Chan et al. 1999)
and the Alpha-Tocopherol Beta-Carotene Can-
cer Prevention Study (ATBC) (Alpha-Tocopherol
Beta-Carotene Cancer Prevention Study 1994).
In addition, selenium was being studied in a skin
cancer prevention trial, with secondary analysis
of the data showing that participants who were
given daily selenium-enriched brewer’s yeast
supplements (200-g/day) had a 63% reduced
risk of prostate cancer (Clark et al. 1996). Sele-
nium was also being studied in epidemiological
studies of toenail and blood levels. For example,
a study of selenium levels in toenails reported a
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65% reduced risk of advanced prostate cancer in
those with the highest levels of toenail selenium
(Yoshizawa et al. 1998). In addition, a cohort
study using analysis of quartiles of blood sele-
nium levels indicated that prostate cancer was
reduced by 50% in the highest quartile, and ad-
vanced prostate cancer was reduced by 70% (No-
mura et al. 2000).

To follow up on the encouraging secondary-
endpoint analyses from these large trials, the
NCI, working with CCOP members and other
institutions, funded the Selenium and Vitamin
E Cancer Prevention Trial (SELECT). SELECT
is coordinated by CCOP member Southwest On-
cology Group and includes more than 400 sites
throughout the United States, Puerto Rico, and
Canada. It is the largest prostate prevention trial
ever conducted and is a randomized, prospec-
tive, double-blind study designed to determine
whether a 7- to 12-year regime of daily selenium
and/or vitamin E supplements and/or placebo in
a four-arm intervention design will decrease the
risk of prostate cancer in healthy men (see Fig. 2)
(Klein et al. 2001). Enrollment in SELECT began
in 2001, and the accrual target goal of approxi-
mately 32,000 men was met during 2005. Final
results are not anticipated until 2013.
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Study supplements in SELECT include 200 pg
of 1-selenomethionine, 400 mg of racemic a-
tocopherol, and an optional multivitamin that
does not contain selenium or vitamin E. Unlike
the PCPT, SELECT will not require a biopsy at
the end of the trial period; biopsies will be per-
formed at the discretion of the physician. Rou-
tine clinical evaluations, however, which include
a yearly DRE and a PSA test, will be performed
(Klein et al. 2001). Secondary goals of SELECT
are to assess the effect of selenium and vitamin
E on the incidence of lung and colon cancer and
on survival rates of participants diagnosed with
lung and colon cancer. In addition, SELECT will
examine the molecular genetics of cancer risk,
explore possible associations between diet and
cancer, assess age-related memory loss, and as-
sess participants’ quality of life. For more infor-
mation, visit the NCI SELECT Web Site at http://
www.nci.nih.gov/select.

Bioactive Food Components
In discussing progress in the war on cancer, nu-

trition is one area of cancer prevention that has
emerged in the past 30 years that should play a
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significant future role in reducing the incidence
and mortality from this disease. BFCs, natural
or synthetic, have been studied in basic research
that includes animal models. While it is true that
much of the basic and animal research does not
have immediate application for reducing hu-
man disease, the accumulated knowledge gained
plays an important role in subsequent human
prevention and treatment regimens. In nutrition
research, it is important to have basic research
to understand, among other important ques-
tions, the mechanisms responsible for actions of
foods identified in population studies as poten-
tially causative for cancer risk. Promising BFCs
for chemoprevention include those that contain
selenium (e.g., plants and animals depending on
soil content), lycopene (e.g., tomatoes), indole-
3-carbinol (I3C) (e.g., broccoli and cauliflower),
and (-)-epigallocatechin-3-gallate (EGCG) (e.g.,
green tea). For prostate cancer chemopreven-
tion at NCI using BFCs, there is a wide array of
compounds being investigated that have promise
for reducing prostate cancer risk (see Table 1).
Investigating BFCs in clinical studies is based
on knowledge gained through basic and animal
research that have identified mechanisms-of-ac-
tion that suggest how specific compounds may
interrupt the process of carcinogenesis. This is a
critical step in the scientific process for recom-
mending that compounds proceed to possible
further investigations in humans and to become
part of recommendations for dietary interven-
tions. For example, the biological activity of se-
lenium is through selenoproteins, compounds
that influence various molecular targets and
pathways. Selenium also acts as an antioxidant in

the thioredoxin systems, acting as a constituent
of the selenoenzyme thioredoxin reductase (TR).
TR reduces thioredoxin, which causes reduced
activity of nuclear transcription factor (NFkf),
an inducible oncogenic factor that causes in-
duction of genes involved in a number of physi-
ological processes, including those associated
with cytokines, growth factors, cell adhesion
molecules, and immunoreceptors (Milner et al.
2001). It also has a direct genetic effect in the in-
hibition of DNA synthesis and can induce DNA
strand breakage by increasing cdc2/cdk2 kinase
activities and arresting cell growth in S/G,/M.
Selenium also is involved in influencing apop-
tosis by fas ligand and p38 stress kinase induc-
tion (Fleming et al. 2001). In a Min mice study,
mice fed selenium-enriched broccoli indicated
that selenium-enriched broccoli enhanced the
binding of transcription factor p53, NFkB, and
AP-1 to their cis-acting elements, thus reducing
tumorigenesis (Zeng et al. 2003). Each of these
basic scientific studies provides information that
might help to explain selenium’s anticarcinogenic
action regarding prostate cancer.

The carotenoid lycopene, found in tomatoes
and tomato products, also has been suggested
in animal and clinical studies to reduce the risk
of prostate cancer by various mechanisms, in-
cluding acting as an antioxidant, interfering
with growth factor receptor signaling and cell
cycle progression, and upregulating connexin 43,
which allows direct intercellular gap junctional
communication (Heber and Lu 2002). A review
of population studies on tomato products, lyco-
pene, and prostate cancer risk found that eating
one serving of lycopene-containing foods per

Table 1 Food-derived chemopreventive agents for prostate cancer prevention (Source: National Cancer Institute data,

2006)
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day is associated with lower prostate cancer risk
(Miller et al. 2002).

Vitamin D, an essential nutrient produced in
the skin as a product of sun exposure and through
consumption of foods such as dairy products and
seafood, and vitamin D homologues have been
investigated for their chemopreventive properties
related to colorectal, prostate, and breast cancers.
The active form of vitamin D - 1,25-hydroxy-
cholecalciferol (1,25(OH),D) - binds intracellu-
larly to cytoplasmic vitamin D receptor (VDR),
which is found widely dispersed throughout the
body; the resulting 1,25(OH),D-VDR complex
is recognized to interact with nuclear vitamin D-
responsive DNA elements (VDRE) and thereby
either initiates or represses nuclear transcrip-
tion of various target genes (Giovannucci 1998).
Studies in breast cancer cell lines indicate that
vitamin D depresses cell proliferation by upregu-
lating endonuclease and downregulating genes
(e.g., GRP-78, a-prothymosin, and calmodulin),
directly regulates BRCA-1 expression via VDR-
induced transcriptional activation of the BRCA-
1 promoter, and induces apoptosis (Furuya et al.
2001; Campbell et al. 2000). Vitamin D also has
been investigated in prostate and colorectal can-
cer cell lines and found to have numerous mech-
anisms of action that suggest it is important as a
chemopreventive agent. These findings have been
investigated in animal studies and clinical trials.
For example, results of a RCT of vitamin D and
calcium supplementation showed that high se-
rum levels of 1,25(OH),D and calcium together
are associated with a reduced risk of colorectal
adenoma recurrence (Grau et al. 2003).

Genistein, an isoflavone found in soy food
products, is being investigated in chemopreven-
tion trials for breast and prostate cancers. It has
been shown to induce cell cycle arrest and apop-
tosis in numerous cancer cell lines, including
ER+ and ER— human breast carcinoma, prostate
cancer, colon cancer, and lung cancer (Milner et
al. 2001). Potential mechanisms of action of ge-
nistein include the upregulation of p21WAF?, a
growth-inhibiting protein that restrains the ac-
tivity of cyclin-dependent kinases; inactivation
of bcl-2, an anti-apoptotic gene, through phos-
phorylation; G,/M cell cycle arrest and apopto-
sis; inhibition of a protein tyrosine kinase result-
ing in inhibition of cell growth; and inhibition
of the anti-apoptotic transcription factor. These
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actions make genistein a potentially useful BFC
for reducing the risk of hormone-dependent
cancers, especially for its potential to affect ER—
breast cancer.

Other BFCs that are being investigated for
their chemopreventive properties are (-), a con-
stituent of green tea and in lesser amounts in
black and white tea; and related indole com-
pounds found in cruciferous vegetables such
as broccoli and cauliflower; and phenylethyl
isothiocyanate (PEITC) and related isothiocya-
nates, such as sulforaphane; and dithiolthione
and other thiol-containing compounds, also
found in cruciferous vegetables (Greenwald and
Clifford 1995). EGCG has a selective growth in-
hibitory effect, operating on cancerous cells but
not on normal cells; other green tea polyphenols
(i.e., cathechins) act synergistically with EGCG
to reduce cancer risk by the same mechanism.
I3C has been shown in human trials to have
anti-proliferative effects on prostate cells, as well
as downregulation of DNA synthesis pathways.
PEITC inhibits cellular damage caused by ni-
trosamines. This basic research is being investi-
gated in small clinical trials to determine if they
have utility as chemopreventive agents. Without
identifying the specific compounds found in
foods that have potential as anti-cancer agents,
cancer researchers would have less of an under-
standing of the results of population studies on
diet and nutrition. It is unlikely that there ever
will be one diet-derived pill to prevent cancer,
but the basic research investigations can lead to
recommendations for a cancer-reducing diet and
supplemental BFCs that will help to maintain a
healthy immune and metabolic system to ward
off potential cancer-inducing assaults, whether
they come from the diet or the environment. An
unprecedented opportunity exists for expanded
use of foods and BFCs to achieve genetic poten-
tial, increase positive production of a healthy en-
vironment, and reduce the risk of disease.

Future Prospects

Future progress in the war on cancer will occur
in areas that have proven successful during the
past 30 years, as well as through continued de-
velopment of new ways to identify people at risk
and to intervene with prevention strategies that
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are based on sound scientific principles. Treat-
ment modalities will continue to be developed
for those people who are diagnosed with cancer.
Promising new therapies should reduce the mor-
tality rates from site-specific cancers during the
next decade. There is, however, an imperative to
reduce the number of people who get cancer and
this can be achieved through lifestyle and medi-
cal strategies for prevention. One of the weakest
links in the cancer prevention, diagnosis, and
treatment continuum has been the predilection
to wait until cancer is found before developing
a strategy to defeat it. It is now understood that
significant future progress in reducing the inci-
dence of cancer will be achieved only through
prevention efforts, and on this front, much has
been learned throughout the past 3 decades. An
important strategy for reducing morbidity and
mortality from cancer in those who will get it
is diagnosing cancer at the earliest stages of ini-
tiation (e.g., precancerous cells), which offers an
opportunity to intervene with targeted drugs that
keep the cancer cells from growing and spread-
ing. Areas that can be identified as promising for
continuing progress in the war on cancer, based
on assessments of their success in the past are de-
scribed below.

To ensure efforts continue in tobacco control,
the medical community will need to advocate
public policies that promote healthy lifestyles,
including encouragement for tobacco cessation.
Reducing smoking, especially among youth, can
reduce the incidence and mortality from lung
cancer, as well as moderate the impact of to-
bacco use on cardiovascular and other diseases.
In concert with tobacco-control efforts, there is
emerging evidence of the impact of obesity on
cancer and cardiovascular disease incidence and
mortality. For example, a prospective study of
more than 900,000 Americans found that over-
weight or obesity contributes to 15%-20% of
cancer deaths; given the increasing numbers of
obese Americans, encouraging weight control
could significantly impact cancer mortality and
be a broadly effective lifestyle approach to can-
cer prevention (Calle et al. 2003). Efforts to en-
courage healthy diets, with increased attention
to regular physical activity for people of all ages,
can help people avoid obesity and overweight,
and generally improve health. Efforts, such as the
5-A-Day For Better Health Initiative, established

and maintained since 1991 by a cooperative ef-
fort among the NCI, the US Centers for Disease
Control and Prevention (CDC), and state health
departments, is a cooperative, community-based
effort that has shown steady progress in improv-
ing the diet of the American public. For example,
intervention studies at 5-A-Day demonstration
sites indicated that there was an average effective
increase of 0.62 servings per day, a considerable
increase among the US population in a decade.
The authors of the evaluation recognized that the
success of the program was related directly to the
strength of the established partnerships and the
number of initiatives conducted by members of
the partnership (Potter et al. 2000). In addition,
the number of consumers aware of the 5-A-Day
messages increased from 8% to 20% during the
evaluation period. Because clinical research and
trials during the evaluation period continue to
accumulate evidence that high consumption of
vegetables and fruits is strongly associated with
reductions in cancer risk, raising awareness
to increase consumption is likely to be a valid
strategy for cancer prevention and for improved
public health. The 5-A-Day program is the type
of intervention program that, in the future, will
highlight the role of diet and nutrition in disease
prevention and control, and can positively im-
pact cancer awareness and prevention.

The future for cancer prevention clinical tri-
als also looks encouraging as knowledge gained
in the past is being investigated in medical and
public health settings. Trials mentioned earlier
(e.g., SELECT and STAR) will add immeasurably
to the knowledge needed to make clinical recom-
mendations to physicians, who will pass these de-
cisions on to patients. Translating findings from
the trials to the clinic has become an important
focus of the NCI. Future prospects in this area
are bright, because much of the challenge of the
early days of the war on cancer was accumulat-
ing so much basic research knowledge that often
there was difficulty in developing applications
that could be recommended to patients. This
problem has been alleviated somewhat as clinical
trials for cancer prevention have involved com-
munity-based clinicians in recruiting patients
and conducting trials at the community level.
This model, as seen in the SELECT trial, shows a
maturation of cancer prevention clinical studies
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that open a pathway to dissemination in the de-
sign of the trial.

The future of cancer prevention, and prog-
ress against cancer in general, is benefiting from
emerging technologies for the screening of those
at risk of cancer, earlier diagnosis, and treatment.
Screening technologies, as discussed in the sec-
tion on colorectal cancer, are being developed for
other site-specific cancers. For example, breast
cancer screening by mammography is still the
accepted screening modality, although an imper-
fect tool. The use of magnetic resonance, posi-
tron emission tomography (PET), and magnetic
resonance spectroscopy (MRS) are being used
with some success (Smith and Andreopoulou
2004). Computerized imaging, known as com-
puter-aided detection and diagnosis, in concert
with mammography has been shown to increase
the ability of radiologists to diagnose the early
signs of breast cancer (Giger 2004). Although
newer technologies at this point are not realis-
tic for population-wide use, there are promising
developments in the ability to identify those pa-
tients at higher risk that could benefit from these
technologies.

Genetic and molecular biology have been
integrated with cancer prevention research as
knowledge of individual differences regarding
cancer risk has been established. Genetic poly-
morphisms - variations in nucleotides within
the same gene - have been found that are associ-
ated with cancer risk at various sites. The associa-
tions are complicated, but ongoing basic research
is making progress toward identifying specific
polymorphisms that might increase or decrease
cancer risk. To illustrate, polymorphisms in
the P450-CYP1A1 gene are associated with an
increased risk of lung cancer with increased
consumption of cruciferous vegetables, but de-
creased risk of breast cancer (Wargovich 2003).
Understanding variability among individuals is a
significant challenge that can be addressed with
emerging technologies. The P450 gene also has a
polymorphism that is associated with breast can-
cer and the intake of lignans, plant compounds
metabolized to produce phytoestrogens. The
CYP17 polymorphism appears to reduce the risk
of breast cancer in premenopausal women with
high levels of lignan consumption (McCann et
al. 2002).

Peter Greenwald

Significant progress is also being gained from
the study of biomarkers for cancer risk prediction
and early detection. The NCI's Early Detection
Research Network (EDRN), established in 1998
with 18 biomarker development laboratories, is
a collaborative effort of the NCI, academic, and
private research institutions for the systematic
identification, development, and validation of
novel biomarkers that distinguish the charac-
teristics of cancer cells. The EDRN is focusing
on four cancer sites: (1) breast and gynecologic
cancers, (2) gastrointestinal and other associated
cancers, (3) lung and upper aerodigestive can-
cers, and (4) prostate and urologic cancers. Cur-
rently, the EDRN is proceeding on the validation
of three promising biomarkers and many more
are in the earliest phase of development. More
information on the EDRN may be found at the
NCI Web Site at http://www3.cancer.gov/preven-
tion/cbrg/edrn/.

There is a wealth of new technologies that are
being investigated in cancer research that can
add significantly to progress in the next decade,
including gene expression profiling, tissue mi-
croarrays, and proteomics. Of these, gene expres-
sion profiling allows rapid identification of liter-
ally thousands of differentially expressed genes,
which may allow the detection and definition of
changes in gene expression that can be correlated
with precancerous conditions and perhaps indi-
cate risk for progression to full-blown cancer. Se-
rial analysis of gene expression (SAGE) is used
to describe gene expression profiles of cell types
with comparisons to cancer cells, identify the
presence of malignant tissue, and follow progres-
sion of tumors as they grow or react to therapy.
The increasing amounts of information available
on the behavior and biology of normal and ma-
lignant cells will only accelerate development of
more predictive assays that could be used in che-
moprevention or intervention research.

Conclusion

There has been substantial progress in the war
on cancer, and recent improvements in some
cancer sites, regarding incidence and mortality,
should be encouraging. There is still much to be
known, but the types of systematic investigations



1 A Favorable View: Progress in Cancer Prevention and Screening 15

conducted in the past have given us a wealth of
knowledge that is being applied to cancer screen-
ing, diagnosis, and treatment. Cancer prevention
has an important role in the fight against cancer.
For progress to continue, cancer prevention must
be built into the mainstream of major research
institutions and become a part of clinical prac-
tice. Training cancer prevention researchers in
new approaches and multidisciplinary collabo-
rations with technologists, computer specialists,
and investigators in fields outside oncology can
make a substantial difference in developing ap-
proaches to better prevent cancer and improve
patient outcomes.
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Abstract

Cells in the body are permanently attacked by
DNA-reactive species, both from intracellular
and environmental sources. Inherited and ac-
quired deficiencies in host defense mechanisms
against DNA damage (metabolic and DNA repair
enzymes) can modify cancer susceptibility as
well as therapy response. Genetic profiles should
help to identify high-risk individuals who subse-
quently can be enrolled in preventive measures
or treated by tailored therapy regimens. Some of
our attempts to define such risk profiles are pre-
sented. Cancer susceptibility: Single nucleotide
polymorphisms (SNPs) in metabolic and repair
genes were investigated in a hospital-based lung
cancer case—control study. When evaluating
the risk associated with different genotypes for
N-acetyltransferases (Wikman et al. 2001) and
glutathione-S-transferases (Risch et al. 2001), it
is mandatory to distinguish between the three
major histological subtypes of lung tumors. A
promoter polymorphism of the myeloperoxidase
gene MPO was shown to decrease lung cancer
susceptibility mainly in small cell lung cancer
(SCLC) (Dally et al. 2002). The CYP3A4*1B allele
was also linked to an increased SCLC risk and in
smoking women increased the risk of lung can-
cer eightfold (Dally et al. 2003b). Polymorphisms
in DNA repair genes were shown to modulate
lung cancer risk in smokers, and reduced DNA
repair capacity elevated the disease risk (Rajace-
Behbahani et al. 2001). Investigations of several
DNA repair gene variants revealed that lung can-
cer risk was only moderately affected by a single
variant but was enhanced up to approximately
threefold by specific risk allele combinations

(Popanda et al. 2004). Therapy response: Inter-
individual differences in therapy response are
consistently observed with cancer chemothera-
peutic agents. Initial results from ongoing stud-
ies showed that certain polymorphisms in drug
transporter genes (ABCB1) differentially affect
response outcome in histological subgroups of
lung cancer. Stronger beneficial effects were seen
in non-small cell lung cancer (NSCLC) patients
following gemcitabine and in SCLC patients
following etoposide-based treatment. Several
DNA repair parameters (polymorphisms, RNA
expression, and DNA repair capacity) were meas-
ured in vitro in lymphocytes of patients before
radiotherapy and correlated with the occurrence
of acute side effects (radio-hypersensitivity). Our
initial analysis of several repair gene variants
in breast cancer patients (n=446) who received
radiotherapy revealed no association of single
polymorphisms and the development of side ef-
fects (moist desquamation of the irradiated nor-
mal skin). The risk for this side effect was, how-
ever, strongly reduced in normal weight women
carrying a combination of XRCC1 399GIn and
APE1 148Glu alleles, indicating that these vari-
ants afford some protection against radio-hyper-
sensitivity (Chang-Claude et al. 2005). Based on
these data we conclude that specific metabolic
and DNA repair gene variants can affect cancer
risk and therapy outcome. Predisposition to he-
reditary cancer syndromes is dominated by the
strong effects of some high-penetrance tumor
susceptibility genes, while predisposition to spo-
radic cancer is influenced by the combination of
multiple low-penetrance genes, of which as a ma-
jor challenge, many disease-relevant combina-
tions remain to be identified. Before translating
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these findings into clinical use and application
for public health measures, large population-
based studies and validation of the results will be
required.

Introduction

Cells in the body are permanently attacked by
DNA-reactive species, both from intracellular
and environmental sources. Inherited and ac-
quired deficiencies in host defense mechanisms
against such DNA damage, e.g., metabolic and
DNA repair enzymes, are expected to modify
cancer susceptibility (Bartsch and Hietanen
1996; Vineis 2004) as well as therapy response
(Eichelbaum et al. 2006). Variations in an individ-
ual’s metabolic and DNA repair phenotype have
now been related to genetic polymorphisms, and
many genes encoding carcinogen-metabolizing
and DNA-repair enzymes have been identified
and sequenced. Consequently, allelic variants
(SNPs) that give rise to the observed variation
opened new possibilities of studies on individual
variability in cancer susceptibility that has been
observed by epidemiologists. Scientists became
aware that environmental and genetic factors in-
teract in complex diseases.

The incorporation of studies of polymor-
phisms in metabolic and DNA repair genes into
cancer epidemiology is particularly important
for at least three reasons: (i) the identification of a
subpopulation of subjects who are more suscep-
tible to environmentally induced cancer would
increase the power of epidemiological studies;
(ii) the role of an etiological agent is strength-
ened when the enzyme(s) involved in its metab-
olism and damage removal are known; and (iii)
metabolic polymorphisms may be particularly
significant in relation to low-level exposures (Vi-
neis et al. 1994), influencing the process of risk
assessment and of setting acceptable limits of ex-
posure, which should take individual susceptibil-
ity into account.

Genes and their products that are involved in
cancer susceptibility may also modulate thera-
peutic outcome of anti-cancer drugs (Spitz et
al. 2005). Interindividual differences in therapy
response are consistently observed with most
chemotherapeutic agents or regimens. Pharma-
cogenetic investigations are trying to link inher-
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ited genetic differences to the therapy response
by specific drugs. The best recognized examples
are genetic polymorphisms of drug-metabo-
lizing enzymes, which affect 30% of all drugs
(Eichelbaum et al. 2006), but inherited varia-
tions in DNA repair, in drug transporter genes
and other drug target genes also likely contribute
to the variability in the outcome of cancer treat-
ment (Efferth and Volm 2005; Lee et al. 2005).

Given the number and variability in expres-
sion of carcinogen-metabolizing and DNA
repair genes and the complexity of human car-
cinogen exposures, assessment of a single poly-
morphic enzyme (genotype) for risk prediction
or therapy outcome is not sufficient. Therefore,
so-called genetic risk profiles are being estab-
lished taking into account genetic variation of
a variety of genes and their products that affect
the multistage carcinogenesis process. The util-
ity of such profiles has been shown for instance
for enzymes encoded by DNA repair genes that
constantly monitor the genome to repair dam-
aged nucleotide residues resulting from envi-
ronmental and endogenous exposures. Inher-
ited SNPs of DNA repair genes thus can also
contribute to variations in DNA repair capacity
and hence susceptibility to carcinogens. Recent
studies suggested that the combined effect of
multiple variant alleles may be more important
than the investigation of a single SNP in modu-
lating DNA repair capacity (Matullo et al. 2003;
Mohrenweiser et al. 2003). A theoretical model
was developed that underlies the rational for in-
dividualizing radiotherapy (Burnet et al. 1998).
The gaussian distribution of the dose-response
curve comprising sensitive and resistant subjects
is likely to originate from the combined effects
of several low-penetrance genes (Vineis 2004).
Genetic profiles should help to identify high-risk
individuals for environmentally induced cancer
who subsequently can be enrolled in preventive
measures. This type of approach may also help
clinicians in the future to individualize and op-
timize anti-cancer drug therapy or radiotherapy
and to predict side effects. Some of our current
attempts to define such risk profiles are summa-
rized below with special reference to polymor-
phic genes modulating tobacco smoke-induced
lung cancer risk, chemotherapy response in lung
cancer patients, and side effects in patients re-
ceiving radiotherapy.
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Genetic Risk Profiles for Cancer
Susceptibility

Genetic Variation in Metabolic Genes
and Lung Cancer Risk

We have carried out analyses of a hospital-based
case—control study, investigating lung cancer
risk, for a number of genetic polymorphisms in
metabolic genes, such as those coding for phase
I activating and phase II conjugating enzymes.
Genotype-specific modulation of lung cancer
risk would not normally be expected unless there
is environmental exposure to pro-carcinogens;
therefore smoking and other environmental ex-
posures must be taken into account. Clinically
and etiologically there are important distinctions
to be made between different histological tumor
types. Given that some studies find an increased
lung cancer risk for women compared to men, it
is also interesting to stratify by gender where bio-
logically plausible (Risch et al. 1993). Below we
detail examples of our analyses where data were
stratified by histology and gender.

Stratification by Lung Cancer Histology

Our studies on genetic polymorphisms and lung
cancer risk show the importance of stratifying the
analyses by lung cancer histology. Etiologically,
small cell lung cancer (SCLC) and squamous cell
carcinoma (SCC) have the strongest association
with smoking because these tumors are found
almost exclusively in smokers, whereas adeno-
carcinoma also develops in a significant number
of non-smokers (Muscat and Wynder 1995). Re-
cently, mutational and epigenetic evidence has
even been found for independent pathways for
lung adenocarcinomas arising in smokers and
never smokers (Toyooka et al. 2006). In addition,
the histogenesis of SCLC is completely different
from that of NSCLC because it morphologically
and immunohistochemically belongs to the neu-
roendocrine tumors (Kayser 1992; Brambilla et
al. 2005).

The MPO-463 polymorphism is a good ex-
ample, showing that separate analysis of differ-
ent histological types of lung cancer is important
in risk assessment. MPO-463 has functional
significance for metabolism and DNA binding

of carcinogens present in tobacco smoke. We
conducted a case—control study with 625 ever-
smoking lung cancer patients that included 228
adenocarcinomas, 224 SCC and 135 SCLC, as
well as 340 ever-smoking hospital-based con-
trols. MPO genotyping was performed with cap-
illary PCR followed by fluorescence-based melt-
ing curve analysis. Carriers of the MPO-463A
variant genotypes showed a protective effect
approaching significance (odds ratio [OR], 0.75;
95% CI, 0.55-1.01) when all lung cancer cases
were compared with controls. Among histologi-
cal types of lung cancer, a weak protective effect
was found for both adenocarcinoma (OR, 0.81;
CI, 0.55-1.19) and SCC (OR, 0.82; CI, 0.56-1.21)
that was stronger and significant for SCLC (OR,
0.58; CI, 0.36-0.95; p=0.029) (Dally et al. 2002)
(see Fig. 1).

Since 1997, controversial results have been
published regarding the MPO-463A allele and its
impact on lung cancer. This seems to be mainly
due to differing proportions of histological types
of lung cancer as well as differences in the num-
ber of never-smokers among cases and controls
in several studies. The MPO genotype frequen-
cies may also differ in nonmalignant lung dis-
eases. As lung tumor development is frequently
preceded by chronic inflammation of the lung
(Mayne et al. 1999), with recruitment of large
numbers of neutrophils to the lung and local
release of MPO (Grattendick et al. 2002), future
case—control studies investigating MPO geno-
type and lung cancer risk would ideally include
information on previous lung diseases for both
cases and controls. In conclusion, further (large)
case—control studies should preferentially ana-
lyze smokers, include a separate analysis of his-
tological types of lung cancer, and in such studies
clinical assessment of and statistical adjustment
for inflammatory nonmalignant lung diseases
would be desirable (Dally et al. 2003a).

The highly polymorphic N-acetyltransferases
(NAT1 and NAT?2) are involved in both activa-
tion and inactivation reactions of numerous
carcinogens, such as tobacco-derived aromatic
amines. The potential effect of the NAT geno-
types in individual susceptibility to lung cancer
was examined in a hospital based case—control
study consisting of 392 Caucasian lung cancer
patients (152 adenocarcinomas, 173 SCC, and
67 other primary lung tumors) and 351 controls.
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Fig.1 Risk, among smokers, for different types of lung cancer for carriers of the MPO-463A allele. The study included
340 ever-smoking hospital controls, 625 ever-smoking lung cancer patients with 228 adenocarcinomas, 224 squamous
cell carcinomas, and 135 small cell lung cancer cases (see also Dally et al. 2002)

In addition to the wild type allele NAT1%4, seven
variant NAT1 alleles (NAT1*3, *10, *11, *14, *15,
*17, and *22) were analyzed. Fluorescent-based
melting curve analysis (LightCycler, Roche Di-
agnostics, Mannheim, Germany) was applied
for the detection of the polymorphic NAT1 sites
at nt 1088 and nt 1095. For NAT1, one or two
NAT1*10 alleles identified fast NAT1 acetylators,
whereas NAT*14, *15, *17, or *22 defined slow
acetylators. Individuals with a NAT1*10 allele
combined with a “slow allele” were considered
intermediate acetylators. The NAT2 polymorphic
sites at nt 481, 590, 803, and 857 were detected by
either PCR-RFLP or LightCycler-based analyses.
For NAT2, carriers of at least one wild type allele
were considered fast acetylators. Multivariate lo-
gistic regression analyses were performed taking
into account levels of smoking, age, gender, and
occupational exposure (Wikman et al. 2001).

An increased risk for adenocarcinoma among
the NAT1 putative fast acetylators (OR, 1.92; CI,
1.16-3.16) was found but could not be detected
for SCC or the total case group (see Fig. 2). NAT2
genotypes alone appeared not to modify individ-
ual lung cancer risk; however, individuals with
combined NAT1 fast and NAT2 slow genotype
had significantly elevated adenocarcinoma risk
(OR, 2.22; CI, 1.03-4.81), which was higher than
that observed for NAT1 and AC alone (Wikman
et al. 2001). This data clearly shows the impor-
tance of separating different histological lung
tumor subtypes in studies on genetic susceptibil-
ity factors and implicates the NAT1*10 allele as a
risk factor for adenocarcinoma.
Glutathione-S-transferase ~ polymorphisms
were also investigated as possible lung cancer
risk factors. In our case—control study (389 Cau-
casian lung cancer patients, including 151 adeno-
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Fig.2 Lung cancer risk for NAT1 fast and/or NAT2 slow acetylators for different types of non-small cell lung cancer.
The study included 392 Caucasian lung cancer patients (152 adenocarcinomas, 173 squamous cell carcinomas and 67
other primary lung tumors) compared to 351 controls (see also Risch et al. 2001)

carcinomas and 172 SCCs, and 353 hospital
controls without malignant disease), genotype
frequencies for GSTM1, GSTM3, GSTP1, and
GSTT1 were determined by PCR/RFLP-based
methods. While adjusted odds ratios (OR) in-
dicated no significantly increased risk for lung
cancer overall due to any single GST genotype,
the risk alleles for GSTM1, GSTM3, and GSTP1,
conferring reduced enzyme activity, were present
at higher frequency in SCC- than among adeno-
carcinoma patients (Risch et al. 2001). This is
consistent with a reduced detoxification of carci-
nogenic polycyclic aromatic hydrocarbons from
cigarette smoke that are more important for the
development of SCC than of adenocarcinoma.
An exploratory data analysis also identified sta-
tistically significantly increased ORs for the com-
binations GSTT1 non-null and GSTP1 GG or AG
for lung cancer overall (OR, 2.23; CI, 1.11-4.45)
and for SCC (OR, 2.69; CI, 1.03-6.99). For lung
cancer overall, and especially among SCC pa-

tients, the GSTT1-null genotype was underrep-
resented (SCC 11.2% vs controls 19%, p=0.026;
OR, 0.57; CI, 0.30-1.06). In conclusion, GST
genotypes may act differently, either by detoxify-
ing harmful tobacco carcinogens and/or by elim-
inating lung cancer chemopreventive agents. The
latter role for GSTT1 would explain the observed
lower risk of SCC associated with GSTT1-null.
The CYP3A isozymes play a pivotal role in
the metabolism of numerous xenobiotics, in-
cluding tobacco smoke constituents. The human
CYP3A4 enzyme is involved in tobacco-specific
nitrosamine- and BaP-metabolism, leading to
genotoxic intermediates with subsequent DNA-
adduct formation. Both CYP3A4 and CYP3A5
are present in human lung and show selective
expression in specific lung cells (Raunio et al.
2005). An A to G point mutation in the nifedip-
ine-specific response element in the promoter of
CYP3A4 (CYP3A4*1B) has been associated with
a twofold higher promoter activity and twofold
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higher CYP3A4 protein level. In a case-control
study with 801 Caucasian lung cancer patients
that included 330 adenocarcinomas, 260 SCCs,
171 SCLCs, and 432 Caucasian hospital-based
controls, we investigated the influence of genetic
polymorphisms in CYP3A isozymes on lung
cancer risk. CYP3A genotyping was performed
by capillary PCR followed by fluorescence-based
melting curve analysis. After adjustment for
gender, age, smoking, and occupational expo-
sure, a significantly increased risk of contract-
ing the smoking-related SCLC was observed for
CYP3A4*1B carriers (OR, 2.25; CI, 1.11-4.55),
while the risk was not significantly increased for
lung cancer overall. No effect was observed for
adenocarcinoma or SCC (see Fig. 3). No modi-
fication of lung cancer risk overall or histologi-
cal types by the CYP3A5 genotype was found
for the CYP3A5*1 allele carriers compared to
CYP3A5 *3/*3 carriers (not shown). Individuals
carrying the CYP3A5*1 homozygous genotype
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had a greater than 3.9-fold increased risk either
obtained for lung cancer overall and for all his-
tological types, but ORs had large confidence in-
tervals (not shown).

Stratification by Gender

In the past, gender differences in genetic suscep-
tibility for lung cancer have been described for
genetic factors including several genetic poly-
morphisms (Dresler et al. 2000; Pauk et al. 2005).
A recent report by Larsen et al. showed a sig-
nificant underrepresentation of the homozygous
GSTP1 Ile105Val genotype in NSCLC compared
with controls (OR, 0.73; CI, 0.53-1.00; p=0.050)
and the effect was stronger in females (OR, 0.57;
CI, 0.34-0.98; p=0.04) (Larsen et al. 2006).
Besides xenobiotic metabolism, CYP3A4 is
also involved in steroid metabolism, thereby
generating the putative carcinogen 16a-hydrox-

All lung cancer cases »iH—<
h,15
Adenocarcinoma —_—————
0,9
SCC —_————
2,25
SCLC ————i
Lung cancer stratified 1.00
by gender and pack- Males ’.
years
Males >20 PY 342
L
3,04
Females =
Females >20 PY 8,00
——

:
0,01 01 4

100

Odds ratio

Fig.3 CYP3A4 genotype-dependent risk for different histological types of lung cancer and for lung cancer stratified by
gender and pack-years. The study included 432 hospital controls, 801 lung cancer patients with 330 adenocarcinomas,
260 squamous cell carcinomas, and 171 small cell lung cancer cases (see also Dally et al. 2003b). CYP3A4*1A/*1A refer-
ence genotype; CYP3A4*1B allele carriers including only one adenocarcinoma patient with a CYP3A4*1B/*1B geno-
type. CYP3A4*1A/*1A reference genotype = pale diamond; CYP3A4*1B allele carriers including only one adenocarci-
noma patient with a CYP3A4*1B/*1B genotype = dark diamond and dark square
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yestrone in humans (Huang et al. 1998). A gen-
der-stratified analysis was carried out to detect
whether CYP3A genotypes affect lung cancer
risk differently in males and females. We found
an increased risk approaching significance for
female CYP3A4*1B carriers (OR, 3.04; CI, 0.94-
9.90; p=0.06), while male carriers were not af-
fected (OR, 1.00; CI, 0.56-1.81) (see Fig. 3).

Our data suggest that smoking strengthens
this gender-specific lung cancer risk. Heavier
smoking men (220 PY) with the CYP3A4*1B al-
lele had a significant OR for lung cancer of 3.42
(CI, 1.65-7.14; p=0.001) compared to *1A/*1A
carriers with lower tobacco exposure (<20 PY).
For women, the respective OR was 8.00 (CI,
2.12-30.30; p=0.005) (see Fig. 3).

Genetic Variation in DNA Repair Genes
and Cancer Risk

The ability to repair DNA lesions is thought to
be an important host factor contributing to indi-
vidual cancer susceptibility. Different direct and
indirect methods such as host-cell reactivation
and comet assay or characterization of variants
in DNA repair genes have been used in molecu-
lar epidemiological studies to identify subjects
who are at high risk. Overall, the results in many
studies showed positive and consistent associa-
tions between DNA repair capacity and cancer
occurrence, mainly with odds ratios in the range
of 2-10 (Berwick and Vineis 2000, 2005).

Modulation of Lung Cancer Risk by Genetic
Variation in DNA Repair Genes

Many SNPs have been described in DNA repair
genes, indicating that DNA repair pathways and
activities are affected by a high degree of genetic
variation (Mohrenweiser et al. 2003). Data on
the functional impact of these polymorphisms
is still limited, but there is sufficient evidence
to show that many of the genetic variants can
modify DNA repair activity, thus contributing
to an increase in mutation rate, genetic insta-
bility, and cancer risk. We have investigated the
effects of several polymorphisms in DNA repair
genes on lung cancer risk including XPA (-4G/

A), XPD (Lys751GIn and Asp312Asn), XRCC1
(Arg399GIn), APE1 (Asp148Glu), and XRCC3
(Thr241Met) (Popanda et al. 2004).

Polymorphisms were analyzed in a case-con-
trol study including 463 lung cancer cases (among
them 204 adenocarcinomas and 212 SCCs) and
460 tumor-free hospital controls. Genotypes
were determined using PCR-based melting point
analysis of sequence-specific probes (LightCy-
cler technology). Odds ratios (OR) adjusted for
age, gender, smoking, and occupational exposure
were calculated.

In general, single polymorphisms were found
to be weakly associated with lung cancer risk
in our study population (see Fig.4). For ho-
mozygous individuals carrying the Glu vari-
ant of APEI, a protective effect was found (OR,
0.77; CI, 0.51-1.16). Individuals homozygous
for the variants XPA (-4A) (OR, 1.53; CI, 0.94-
2.5), XPD 751GIn (OR, 1.39; CI, 0.90-2.14) or
XRCC3 241Met (OR, 1.29; CI, 0.85-1.98) showed
a slightly higher risk for lung cancer overall (see
Fig.4). In the subgroup of adenocarcinoma
cases, adjusted ORs were found to be increased
for individuals homozygous for XPA (-4A) (OR,
1.62; CI, 0.91-2.88) and XRCC3 241Met (OR,
1.65; CI, 0.99-2.75).

DNA is repaired via different repair pathways,
each being specific for a defined type of DNA
lesions (Hoeijmakers 2001). The genetic vari-
ants we have selected for our analysis are part of
three DNA repair pathways, namely nucleotide
excision repair (XPD, XPA), base excision repair
(XRCC1, APE1), and DNA double-strand break
repair (XRCC3). As an individual is character-
ized by many genetic variants (Mohrenweiser
et al. 2003), we determined combined effects of
variant alleles (Popanda et al. 2004) and identi-
fied 54 patients and controls who were homozy-
gous for two or three of the potential risk alleles
(i.e., the variants in nucleotide excision repair,
XPA (-4A) and XPD 751GlIn, and in homolo-
gous recombination, XRCC3-241Met). ORs were
significantly increased when all patients (OR,
2.37; CI, 1.26-4.48) (see Fig.4), patients with
squamous cell carcinoma (OR, 2.83; CI, 1.17-
6.85), and with adenocarcinoma (OR, 3.05; CI,
1.49-6.23) were analyzed. Combinations of poly-
morphisms in genes involved in the same repair
pathway (XPA+XPD or XRCC1+APEL1) affected
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Fig.4 Lung cancer risk for homozygous carriers of one or
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shown for single variant alleles and for the combinations of two or three potential risk alleles (see also Popanda et al.

2004)

lung cancer risk only in patients with squamous
cell carcinoma.

DNA repair, which is activated in the presence
of DNA damage, is an important cellular de-
fense mechanism against adverse effects caused
by endogenous and environmental carcinogens.
Thus, a functional defect in DNA repair capacity
caused by a variant of a low penetrance gene will
become apparent when measured in the presence
of damaged DNA. In epidemiological studies,
this requires detailed knowledge to which classes
of environmental carcinogens individuals are ex-
posed so as to assess a possible risk modification
by genetic variants (Wild 2005). For example,
the analysis of lung cancer patients with adeno-
carcinoma is presented here for the XPA (-4G/
A) polymorphism (see Fig. 5) (Butkiewicz et al.
2004). A nearly threefold increased risk for ad-
enocarcinoma was associated with the XPA AA
genotype when individuals were occupationally
exposed (OR, 2.95; CI, 1.42-6.14) or were heavy
smokers with more than 20 pack-years (OR, 2.52;

CI, 1.17-5.42). In contrast, no genotype-depen-
dent increase in OR was found for nonexposed
individuals or light smokers. This significant ef-
fect of the XPA polymorphism in heavy smokers
and occupationally exposed individuals suggests
a strong gene—environment interaction for this
gene.

The relatively low impact of single variant
alleles on cancer risk that we and others have
consistently found contrasts with the markedly
increased risk associated with a reduced pheno-
typic DNA repair capacity (reviewed in Berwick
and Vineis 2000; Mohrenweiser et al. 2003; Spitz
etal. 2003). The DNA repair capacity determined
in carcinogen (bleomycin) -treated human lym-
phocytes in vitro (see next chapter) is an integra-
tive measure of the functional impact of all re-
pair variants, contributing to the repair of DNA
damage after a specific genotoxic exposure. In
case of exposure to carcinogenic mixtures such
as occurs in tobacco smokers, specific gene-gene
interactions either within one repair pathway or
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Fig.5 Lung cancer risk for homozygous carriers of the (-4G/A) polymorphism in the XPA gene. An increased risk for
adenocarcinoma associated with the XPA AA genotype was observed for heavy smokers and occupationally exposed
individuals. No genotype-dependent increase in OR was found for those smoking less than 20 pack-years or for nonex-

posed individuals (see also Butkiewicz et al. 2004)

between different pathways are required. Our re-
sults on combined genotypes indicate that lung
cancer risk is considerably enhanced by specific
combinations of variant alleles. The interaction
of several (or many) variant repair proteins, each
with only slightly reduced functional activity,
may be necessary to significantly decrease DNA
repair activity and to increase cancer risk. How-
ever, given the huge number of possible genotype
combinations in our cohort, only some individu-
als with a specific genotype combination could
be studied. Validation of our results in larger
population-based studies including a wider
range of genetic variants is required. In our on-
going studies, we are also measuring phenotypic
DNA repair capacity, which reflects complex
DNA repair genotype combinations and which
cannot be easily characterized by today’s geno-
typing methods.

Phenotypic Variation in DNA Repair
and Cancer Risk

We developed and validated a microgel electro-
phoresis (comet) assay to measure DNA repair
capacity in cryopreserved peripheral blood lym-
phocytes from lung cancer patients and hospital-
based controls without cancer (Schmezer et al.
2001). After thawing, phytohemagglutinin-stim-
ulated cells were treated with bleomycin at 20 pg/
ml for 30 min and the extent of DNA damage,
expressed as mutagen sensitivity and DNA repair
capacity, are determined by microgel electro-
phoresis. Repeated analysis of peripheral blood
lymphocytes from the same individual demon-
strated good reproducibility of the assay even for
up to 12 months after cryopreservation.
Lymphocytes from 160 patients with non-
small cell lung cancer and 180 tumor-free hospi-
tal controls were investigated. Mutagen sensitivity
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defined as the tail moment of bleomycin-treated
cells, without allowing time for DNA repair,
was significantly higher in lung cancer patients
(p<0.0001) than in controls (Rajaee-Behbahani
et al. 2001). DNA repair capacity was analyzed
after allowing 15 min repair time. Lymphocytes
of patients showed a reduced DNA repair capac-
ity when compared to cells of controls (67% vs
79.3%; p<0.0004). Neither in the patients nor in
the control group did we observe any correlation
between mutagen sensitivity and DNA repair ca-
pacity with age or gender. The median values of
DNA repair capacity and sensitivity in controls
were used as the cut-off points to calculate odds
ratios. After adjustment for age, gender, and
smoking status, the cases versus controls had a
more than twofold reduction in DNA repair ca-
pacity and a fourfold increase in mutagen sen-
sitivity. Bleomycin sensitivity and DNA repair
capacity were found to be independent suscepti-
bility markers for non-small cell lung cancer.

Our results revealed the comet assay to be a
sensitive and fast tool that can be applied both
to native and cryopreserved peripheral blood
lymphocytes. It is suitable to determine individ-
ual mutagen sensitivity and DNA repair capac-
ity in whole cells, thus allowing the assessment
of complex phenotypes of integrated response
to DNA damage. Important parts of the assay
such as scanning of the fluorescence images have
been successfully automated (Iwakawa et al.
2005; Schunck et al. 2004), thus allowing high as-
say reproducibility and application in large-scale
epidemiological studies. Validation of this assay
in large prospective studies for the identification
of high-risk subjects for non-small cell lung can-
cer is now warranted.

Further analyses of specific repair pathways
or single repair enzymes can help to identify
major factors that contribute to the observed
differences in cellular DNA repair capacity
among individuals within a population. We have
therefore investigated the activity of poly(ADP-
ribose) polymerase (PARP), a key enzyme in
DNA strand-break repair. This nuclear enzyme
is catalytically activated by strand breaks. Using
NAD® as a precursor, it catalyzes the formation
of ADP-ribose polymers, which are attached to
various proteins (Biirkle 2001, 2005). We investi-
gated whether differences in the activity of PARP
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are associated with the risk for laryngeal cancer.
In a case-control study on genetic, lifestyle, and
occupational risk factors for laryngeal cancer,
PARP activity was assessed as DNA damage-in-
duced poly(ADP-ribose) formation in human
peripheral blood lymphocytes by quantitative
immunofluorescence analysis (Rajace-Behbahani
et al. 2002). Polymer formation was determined
as the cellular response to bleomycin-induced
DNA damage in lymphocytes from 69 laryngeal
cancer patients and 125 healthy controls. The
frequency of mutagen-induced polymer forma-
tion, measured as mean pixel intensity, was sig-
nificantly lower in cases than in controls, and it
was not influenced by either smoking, age, or
sex. There was no significant difference between
cases and controls in basal polymer formation,
i.e, in cells that were not treated with bleomy-
cin. When the highest tertile of polymer forma-
tion was used as the reference, the odds ratio for
the lowest tertile of bleomycin-induced polymer
formation was 3.8 (CI, 1.4-10.5; p=0.01). Periph-
eral blood lymphocytes from laryngeal cancer
patients thus showed significantly less bleomy-
cin-induced poly(ADP-ribose) formation. Our
results suggest that a reduced capacity of somatic
cells to synthesize poly(ADP-ribose) might be
associated with an increased risk for laryngeal
cancer, an observation that has also been made
for other types of cancer such as breast cancer in
women (Hu et al. 1997). A PARP variant (AD-
PRT V762A) that leads to altered enzyme func-
tion was significantly associated with increased
prostate cancer risk (Lockett et al. 2004).

Genetic Risk Profiles for Therapy Response
Chemotherapy Response

Drug-metabolizing enzymes are responsible for
the activation or detoxification of cytotoxic drugs
including chemotherapeutics. Genetic variability
between individuals in the pharmacokinetics of
cancer chemotherapy plays an important role in
therapeutic efficacy and safety (Scripture et al.
2005). Some prominent examples of the impact
of genetic polymorphisms in anticancer drug
metabolizing enzymes on response outcome
have been described. Polymorphisms in thiopu-
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rine methyltransferase (TPMT) have been asso-
ciated with mercaptopurine’s efficacy and toxic-
ity. Acute lymphoblastic leukemia patients with
at least one mutant TPMT allele, which results
in intermediate levels of TPMT activity, tend
to have an improved response to mercaptopu-
rine therapy and better chances of being cured,
compared with patients who have two wild type
TPMT alleles. On the other hand, patients with
reduced TPMT activity are at higher risk of de-
veloping a thiopurine-related second tumor
(Relling et al. 1999; Relling and Dervieux 2001).
Thymidylate synthase (TS) activity is associated
with better antitumor response to 5-fluorouracil
(5-FU), which is widely used in the treatment of
breast and colorectal cancer. TS activity is regu-
lated by a variable number of tandem repeats in
the enhancer/promoter region of the TS gene.
Patients who have a homozygous genotype with
three tandem repeats have higher TS activity and
lower probability of responding to 5-FU therapy
than patients with two tandem repeats (Vil-
lafrana et al. 2001; Relling and Dervieux 2001).
Irinotecan is used to treat various solid tumors,
such as colon cancer and lung cancer. A variant
number of dinucleotide repeat sequences in the
promotor for uridine 5'-diphosphate glucuro-
nosyltransferase 1A1 (UGT1A1) influences the
glucuronidation of SN-38, the active metabolite
of irinotecan, which is associated with severe
toxicity, including diarrhea and myelosuppres-
sion (Relling and Dervieux 2001; Candelaria et
al. 2005).

There is an increasing number of publications
that investigate the impact of genetic polymor-
phisms on response outcome in tumor therapy,
especially on survival. There is a lack of clinical
trials proving that pharmacogenetic testing be-
fore treatment helps to find the appropriate drug
and dose for the individual patient, thereby im-
proving therapeutic response outcome and/or
reducing adverse drug reactions (Eichelbaum et
al. 2006). However, pharmacogenetics in clinical
cancer therapy has recently attracted increasing
interest. At the Mayo Clinic, a microarray able
to genotype more than 100,000 SNPs is used to
investigate the genetic basis for differential re-
sponses to antihypertensive drugs to identify
genes influencing drug response and ultimately
tailor antihypertensive therapy for individual

patients. The Roche AmpliChip CYP450 Test
was cleared for diagnostic use in Europe and
the United States in 2005 to identify SNPs in
CYP2D6 and CYP2C19, which help to metabo-
lize up to 25% of all prescription drugs, including
those for cardiovascular disease and depression
(Lipshutz 2005).

For the past decades, a widely used chemo-
therapy protocol for SCLC patients with exten-
sive disease is the combination of carboplatin
and etoposide. Other established drugs in SCLC
polychemotherapy include combinations of cy-
clophosphamide, doxorubicin, and/or vincris-
tine. Until recently, chemotherapeutic treatment
of NSCLC has been neglected, as in contrast to
SCLG, this histological type of lung cancer is rela-
tively insensitive to standard cytotoxic agents. In
the last few years, interest in the chemotherapy
of NSCLC has rapidly increased, mostly because
a number of new drugs - including paclitaxel,
docetaxel, vinorelbine, gemcitabine, topotecan,
and irinotecan - have emerged as active against
this tumor. A number of clinical studies were
conducted to identify an ideal chemotherapy
regimen for advanced NSCLC, but to date, there
is no accepted standard of care.

Currently, lung cancer therapy strategy is pre-
dominantly dependent on tumor stage and the
performance status of the patient (Zochbauer-
Muller et al. 1999; Jassem 1999; Thomas et al.
2002). Several molecular markers are considered
to predict chemotherapy response in lung cancer
patients (Rosell et al. 2004; Fischer and Lahm
2004), but only a very limited number of stud-
ies have been published showing any influence of
genetic polymorphisms on response outcome in
lung cancer treatment (Gautschi et al. 2006; Al-
berola et al. 2004).

In an ongoing pharmacogenetic study, the
influence of certain SNPs and haplotypes on
chemotherapy response outcome and survival
in patients with primary lung cancer is being in-
vestigated. These concern enzymes that metabo-
lize and transport anticancer agents used in lung
cancer treatment. In addition, the influence of
repair enzymes, especially those that play a criti-
cal role in platinum resistance is being analyzed.
All patients receive a first-line chemotherapy.
Chemotherapy response is assessed after the
second cycle to detect mainly host factor-related
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mechanisms of resistance and to exclude, as far
as possible, acquired mechanisms of resistance in
the tumor developed during treatment.

A statistically significant association was
found for SNPs in the ABCBI transporter gene
with chemotherapy response as well as with sur-
vival. The observations indicate that for a certain
fraction of NSCLC patients with a gemcitabine-
based therapy who are carriers of the variant al-
leles, treatment will be less effective compared
to homozygous wild type carriers with the same
treatment. These results imply that dose consid-
erations in phase I and phase II trials should in-
clude relevant SNPs in drug transporters and that
there is a need to identify such polymorphisms.
An adapted dose, based on the patient’s genetic
make-up, may improve chemotherapy response
and prolong life, and this should be evaluated in
a multicenter clinical trial comparing genetically
adaptive chemotherapy with conventional treat-
ment (unpublished data).

Radiotherapy: Biomarkers of Sensitivity
to lonizing Radiation

Normal tissue reactions after therapeutic ion-
izing radiation (IR) differ considerably among
patients and may require interruption of ther-
apy. As this variability cannot be explained by
radiation modalities, intrinsic genetic factors
have been postulated to affect individual radio-
sensitivity (Andreassen et al. 2002). Given the
high variability of treatment response in patients,
predictive assays in the clinic are greatly needed,
because hypersensitive patients could be identi-
fied prior to therapy and harmful side effects
prevented. For patients with normal radiosensi-
tivity, more efficient treatment schedules could
be developed, improving tumor therapy (Peters
and McKay 2001). During therapeutic treatment
with IR, DNA single-strand breaks, oxidative
DNA modifications, and DNA double-strand
breaks are induced. In order to avoid death of
damaged cells or fixation of mutations after cell
replication, these DNA lesions are removed by
specific cellular DNA repair mechanisms (Hoei-
jmakers 2001). Differences in DNA repair effi-
ciency between individuals are therefore thought
to be responsible for the variability in radiation
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response. This hypothesis is supported by asso-
ciations found between cellular radiosensitivity
measured as DNA repair capacity in vitro and
clinical radiosensitivity in vivo, especially for
patients with specific DNA repair gene defects
(see Andreassen et al. 2002). In our study on bio-
markers for radiosensitivity, we concentrated on
DNA repair as an important part of the cellular
radiation response. In two molecular epidemio-
logical studies, we explored cellular DNA repair
capacity, mnRNA expression, and genetic variants
of DNA repair and repair-related genes as pos-
sible biomarkers of radiosensitivity.

DNA Repair Capacity and mRNA Expression
of Repair and Repair-Related Genes

The cellular capacity to repair IR-induced DNA
damage plays a critical role for both the suscepti-
bility of patients to side effects after radiotherapy
and their subsequent cancer risk. Whether DNA
repair capacity determined in vitro is correlated
with the occurrence of acute side effects in ra-
diotherapy patients was evaluated in a prospec-
tive study of 478 female breast cancer patients
receiving adjuvant radiotherapy of the breast
after breast-conserving surgery. Acute skin tox-
icity was documented systematically using a
modified version of the common toxicity criteria
(Twardella et al. 2003). Prognostic personal and
treatment characteristics were identified for the
entire cohort. Cryo-preserved lymphocytes from
a subgroup of 113 study participants were y-ir-
radiated with 5 Gy in vitro and analyzed using
the alkaline comet assay (Popanda et al. 2003).
Reproducibility of this assay was determined by
repeated analysis of cells from healthy donors
and coefficients of variation were calculated to
be between 0.16 and 0.3. The various parameters
determined to characterize the individual DNA
repair capacity showed large differences between
patients. Eleven patients were identified with
considerably enhanced DNA damage induction,
and seven patients exhibited severely reduced
DNA repair capacity after 15 and 30 min.

Using proportional hazards analysis to ac-
count for cumulative biologically effective IR
dose, the hazard for the development of acute
skin reactions (moist desquamation) associated
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with DNA repair capacity was modeled. Our
results revealed that the examined comet assay
parameters were not significantly associated with
risk of acute skin toxicity. Of the 478 partici-
pants, 84 presented with acute reactions by the
end of treatment. While higher body mass index
was significantly associated with an increased
risk for acute reactions when adjusted for treat-
ing hospital and photon beam quality, individual
repair parameters as determined by the alka-
line comet assay were, however, not informative
enough. More comprehensive analyses including
late effects of radiotherapy and repair kinetics
optimized for different IR-induced DNA lesions
are warranted.

In another prospective molecular epidemi-
ology study, we analyzed constitutive mRNA
expression of DNA repair or repair-related genes
in radiotherapy patients to see whether gene ex-
pression patterns are predictive for therapy-re-
lated acute side effects. Therefore, prostate cancer
patients (n=406) receiving intensity-modulated
radiotherapy were recruited, and adverse effects
were monitored during therapy using common
toxicity criteria (US NIH 1999). For expression
analyses, samples from 58 patients were selected
according to their observed degree of clinical
side effects to radiotherapy. Expression profiles
were generated from PBL using customized
cDNA-arrays that carried probes for 143 DNA
repair or repair-related genes (Mayer et al. 2002).
In addition, expression of selected genes was
confirmed by quantitative RT-PCR. Constitu-
tive mRNA expression profiles were analyzed for
predicting acute clinical radiosensitivity (Hiim-
merich et al. 2006). Cluster analysis identified
19 differentially expressed genes. Many of these
genes are involved in DNA double-strand break
repair. Expression levels of these genes differed
up to sevenfold from the mean of all patients,
whereas expression levels of housekeeping genes
varied only up to twofold. High expression of
the identified genes was associated with a lack of
clinical radiation sensitivity. Constitutive expres-
sion of DNA repair-related genes may affect the
development of acute side effects in radiotherapy
patients, and high expression levels of these
genes seem to support protection from adverse
reactions.

Associations of Acute Side Effects of Radiotherapy
and Polymorphisms in Genes Involved
in the Repair of Radiation-Induced DNA Damage

Here, we evaluated the association of the risk
of acute skin reactions following radiotherapy
with polymorphisms in the base excision re-
pair genes XRCC1 (Argl194Trp, Arg280His, and
Arg399GIn) and APE1 (Asp148Glu), the nucleo-
tide excision repair gene XPD (Lys751Gln and
Asp312Asn), the DNA double-strand break-
repair genes XRCC2 (Argl88His) and XRCC3
(Thr241Met), and the DNA repair-related genes
TP53 (Arg72Pro, p53PIN3) and p21 (Ser31Arg).

We conducted a prospective study of 446 fe-
male patients with breast cancer who received
radiotherapy after breast-conserving surgery. All
the patients were administered a typical breast-
radiation treatment with an average biologi-
cally effective radiation dose (BED) of 54.0 Gy
+ 4.8 Gy with a range from 35.5 Gy to 64.5 Gy
(Twardella et al. 2003). BED was calculated to ac-
count for differences in fractionation and overall
treatment time. The clinical radiation reaction
developing in the skin within the radiation field
of the breast was documented at regular time
intervals during treatment and the severity of
acute side effects was assessed using a classifica-
tion system based on the common toxicity crite-
ria (CTC) of the US NIH (1999). Seventy-seven
of the 446 participants presented with increased
acute toxicity (at least one moist desquamation
or interruption of RT due to toxicity) by the end
of treatment (Popanda et al. 2003; Twardella et al.
2003). For statistical evaluation, development of
acute skin reactions associated with DNA repair
gene polymorphisms was modeled using Cox
proportional hazards, accounting for cumulative
biologically effective radiation dose.

Opverall results showed that the development
of acute toxicity was not associated with the ge-
netic variants studied, although the hazard ra-
tios (HR) for the base excision repair genes were
generally below 1 (Chang-Claude et al. 2005; Tan
et al. 2005). However, risks were differential by
body mass index, an independent risk factor for
radiosensitivity. Among normal weight patients
only, both carriers of the APE1 148Glu and the
XRCC1 399Gln allele had decreased risk of acute
skin reactions after radiotherapy (HR, 0.49 and
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Fig. 6 Genetic variants in DNA repair, acute side effects of radiotherapy and body mass index. Risks to develop acute
side effects of radiotherapy were differential by body mass index (see also Chang-Claude et al. 2005). Among normal-
weight patients, carriers of both the XRCC1 399GIn and the APE1 148Glu alleles had decreased risk of acute skin reac-
tions after radiotherapy. This protective effect was not observed in overweight patients (p interaction =0.009)

0.51, respectively) (see Fig.6). The results for
XRCCI were confirmed by haplotype analysis.
When considering combined effects, we ob-
served that, compared to homozygote carriers of
the wild type allele in both genes, the risk was
most strongly reduced in carriers of both APE1
148Glu and XRCC1 399Gln alleles with normal
weight (HR, 0.19; CI, 0.06-0.56) but not in those
with overweight (HR, 1.39; CI, 0.56-3.45) (p for
interaction 0.009) (see Fig. 6). A similar, but not
significant difference in radiosensitivity in nor-
mal and overweight patients was observed for
carriers of TP53 72Pro and p21 31Ser. No effect
on radiosensitivity could be found for the poly-
morphisms in DNA double-strand break-repair
genes.

Thus, in patients with normal weight the pres-
ence of the XRCC1 399GIn or APEI 148Glu al-
leles might afford some protection against acute
radio-hypersensitivity. However, because of our
limited analysis further DNA repair gene vari-

ants including haplotype and combination ana-
lysis need to be investigated. In addition, late ef-
fects of radiotherapy should be included in order
to evaluate whether a set of specific profile of ge-
netic variants can serve as a predictive biomarker
for radiosensitivity.

Conclusions and Future Perspectives

Genetic risk profiles should help to identify high-
risk individuals for environmentally induced can-
cer who subsequently can be enrolled in preven-
tive measures. Such an approach may also help
clinicians in future to individualize and optimize
anti-cancer drug therapy or radiotherapy and to
predict side effects. At present, our results show
that single allelic variants of low-penetrance
genes affect cancer susceptibility mainly in spe-
cific subgroups, especially when the analyses are
stratified by histological types of lung cancer,
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tobacco consumption, body weight, or gender.
Nevertheless, it seems that, for complex biologi-
cal endpoints such as cancer or therapy outcome,
single allelic variants are not sufficient as predic-
tive biomarkers because cancer susceptibility,
efficacy of cancer chemotherapy, and resistance
as well as drug-related toxicity in normal tissues,
are multifactorial in nature and modulated by
complex gene-gene and gene-environment in-
teractions. Sophisticated approaches such as in-
tegrated drug metabolizing and repair pathway
profiling or even genome-wide linkage analyses
may improve the predictive power compared
with genotyping of single genes (Matsuzaki et
al. 2004; Evans and Relling 2004; Nebert and
Vesell 2004). There is a great need for prospec-
tive clinical trials that evaluate therapies adapted
to the patients’ individual genetic background.
Therefore, the implementation of pharmacoge-
netics into clinical routine diagnostics including
genotype-based recommendations for treatment
decisions and risk assessment is a challenge for
the future.

Studies that used mouse models of human
cancer confirmed the existence of numerous
tumor-susceptibility genes and demonstrated
that their individual effects are underestimated
as they were highly dependent on genetic back-
ground and microenvironment (Fijneman 2005).
A major challenge will therefore be to establish
signatures that reflect phenotypic representa-
tion of genetic variation in networks of low-pen-
etrance susceptibility genes. We developed and
validated a microgel electrophoresis (comet) as-
say to measure DNA repair capacity with high
assay reproducibility. It may serve as a sensitive
and fast tool to assess complex phenotypes of in-
tegrated response to DNA damage and to iden-
tify informative signatures of genetic variation
by phenotype-genotype comparison. Such de-
velopments will hopefully offer new possibilities
to improve cancer screening programs, prevent
tumor initiation, and intervene in tumor pro-
gression in a patient-tailored manner.
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Abstract

Tumor promotion is an essential process in
multistage cancer development providing the
conditions for clonal expansion and genetic in-
stability of preneoplastic and premalignant cells.
It is caused by a continuous disturbance of cel-
lular signal transduction that results in an over-
stimulation of metabolic pathways along which
mediators of cell proliferation and inflammation
as well as genotoxic by-products are generated.
Among such pathways the oxidative metabolism
of arachidonic acid has turned out to be of ut-
most importance in tumor promotion. The aber-
rant overexpression of cyclooxygenase-2, an in-
ducible enzyme of prostanoid synthesis and lipid
peroxidation, is a characteristic feature of more
than two-thirds of all human neoplasias, and the
specific inhibition of this enzyme has been found
to have a substantial chemopreventive effect in
both animal models and man. The prostaglan-
dins produced by COX-2 promote tumor de-
velopment by stimulating cell proliferation and
angiogenesis and by suppressing programmed
cell death and immune defense. In mice, a COX-
2 transgene fused with the keratin 5 promoter,
which is constitutively active in the basal (pro-
liferative) compartment of stratified and simple
epithelia, causes a preneoplastic and premalig-
nant phenotype in several organs. Among these
organs, skin, mammary gland, urinary bladder,
and pancreas have been investigated in more
detail. Histologically and biochemically, the
COX-2-dependent alterations resemble an au-
topromoted state that — as shown for skin and
urinary bladder - strongly sensitizes the tissue
for carcinogenesis. In transgenic animals COX-2

expression is not restricted to keratin 5-positive
cells but is seen also in adjacent keratin 5-nega-
tive cells. This spreading of the COX-2 signal in-
dicates a paracrine mechanism of autoamplifica-
tion. While cancer chemoprevention by COX-2
inhibition is a rapidly developing field, much less
is known about other pathways of unsaturated
fatty acid metabolism, although some of them
may play a role in carcinogenesis rivaling that
of prostaglandin formation. Here an urgent de-
mand for systematic research exists.

Introduction

Tumor promotion means acceleration of tumor
development by nongenotoxic stimuli. The theo-
retical concept is based on the fact that cancer
generally develops via several - let us say half a
dozen or so - stages that represent a stepwise ac-
cumulation of genetic defects frequently becom-
ing visible as clinical manifestations.

The initial genetic change is thought to be due
mainly to a single hit of an environmental agent
(such as chemicals, UV light, ionizing radiation,
and certain viruses). Indeed, most tumors are
monoclonal, i.e., start with a single genetic muta-
tion in a single cell. Apart from extreme condi-
tions, the probability of the additional changes
to occur accidentally in just this particular cell is
practically zero.

This probability is dramatically increased by
tumor promotion, mainly along two routes:

1. Clonal expansion of the mutated preneoplas-
tic or premalignant cell due to a continuous
stimulation of cell proliferation
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2. Generation of genetic instability by an activa-
tion of metabolic pathways yielding genotoxic
products (such as organic free radicals, reac-
tive oxygen species, etc.), and perhaps by an
impairment of DNA repair, thus rendering
tumor development more and more indepen-
dent of the environment.

It is easily conceivable that cancer development
must depend critically on tumor promotion.

The other side of this coin is, of course, can-
cer prevention: even when there is no chance to
avoid the contact with genotoxic carcinogens, we
should seriously consider the possibility of inter-
rupting cancer development (i.e., to bring it to a
halt at a still harmless stage) by interfering with
the cellular events tumor promotion is based
upon. To this end we have to know the molecular
mechanisms involved.

Molecular Mechanisms
of Tumor Promotion

Our knowledge of the cellular and molecular
mode of action of tumor promoters is almost
exclusively based on animal models. A common
theme arising from such studies is that tumor
promotion is caused by a long-lasting and con-
tinuously repeated disturbance of cellular signal
transduction.

The classical animal model of multistage car-
cinogenesis is mouse skin, which was introduced
in the first half of the last century (for reviews
see DiGiovanni 1992; Marks and Fiirstenberger
1995). In this model, tumor development is initi-
ated by a single local application of a genotoxic
carcinogen (such as, for instance, dimethyl-
benzanthracene, DMBA) in a dose that does
not cause tumorigenesis by its own, i.e., without
subsequent promoter treatment. As skin tumor
promoters, natural and industrial products have
become employed with the phorbol ester TPA
(tetradecanoyl-phorbol acetate, alias PMA, phor-
bol myristate acetate), derived from the Euphor-
bia plant Croton tiglium being the most potent
and the most prominent one.

As far as mouse skin tumor promotion is con-
cerned, these studies have led to the following
conclusions:

1. Without promotion no tumors arise, provided
the concentration of genotoxic carcinogens
is low (resembling the environmental situa-
tion).

2. Up to the stage of autonomous benign tumors
promotion is reversible.

3. Promotion is caused by a repeated disturbance

of signal transduction, in this case of protein

kinase C (PKC) -dependent signaling, since

TPA specifically mimics the effects of diacyl-

glycerol, the endogenous PKC activator.

Promotion proceeds along pathways normally

reserved for wound repair and tissue regen-

eration.

5. A key event in promotion is an overstimula-
tion of arachidonic acid metabolism result-
ing in the formation of prostaglandins, which
have been identified as endogenous mediators
of tumor promotion.

»

Figure 1 summarizes the present mechanistic
concept of skin tumor promotion with DMBA as
a tumor initiator and TPA as a promoter (see also
Marks et al. 2000). The key message is that by
positive feedback in combination with a genetic
defect (in the case of DMBA treatment an on-
cogenic mutation of H-Ras), signaling cascades
become overstimulated, leading to excessive cell
proliferation and to genotoxic metabolites that
are generated, in particular, by lipid peroxidation
in the course of arachidonic acid metabolism. A
central point for an understanding tumor pro-
motion is that while normal cells rapidly adapt to
a continuous promoter treatment, initiated cells
do not do so, thus gaining a selective advantage
over their nonmutated neighbors. The molecular
mechanism of adaptation is still unknown.

Of course, in other models and tissues tumor
initiation may not be restricted to a Ras mutation
and - considering the variability and versatil-
ity of mitogenic and oxidative signal processing
- tumor promoters may interfere with targets
other than protein kinase C, though the mecha-
nistic principles may remain untouched. Con-
sequently, intestinal carcinogenesis is initiated
most frequently by a loss-of-function mutation
of the APC tumor suppressor protein, a compo-
nent of the mitogenic Wnt-f-catenin signaling
cascade, and tumor development is thought to be
promoted by bile acid metabolites and food con-
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Fig.1 A mechanism of tumor promotion in mouse skin. In the mouse skin model of carcinogenesis tumor development
is promoted by either repeated wounding or phorbol ester application. Upon wounding, endogenous factors are released
such as growth factors interacting with receptor tyrosine kinases (RTK, left) and pro-inflammatory mediators interact-
ing with G-protein-coupled receptors (right). As a result, intracellular signaling pathways such as the phospholipase C
(PLC)-diacylglycerol (DAG) protein kinase C (PKC) cascade and the RAS-RAF-MAPkinase cascade are activated. The
phorbol ester tumor promoter TPA makes a short-cut by mimicking the stimulatory effect of diacylglycerol on protein
kinase C, which in turn stimulates the protein kinase Raf. Via the Raf-MEK-ERK (MAPkinase) module, the release of
arachidonic acid by phospholipase A, (PLA,) and the transcription of numerous genes are upregulated, including those
of TGFa and cyclooxygenase-2 (COX-2). As a result, two positive feedback loops that synergize with each other become
established, resulting in an auto/paracrine overstimulation. In one of those loops (shown to the left), TGFa acts back on
the EGF receptor, whereas in the other one (shown to the right), COX-2 transforms arachidonic acid into prostaglandin.
By interacting with the corresponding Gq,1:-protein-coupled receptor, the latter induces DAG release by phospholipase
CB (PLCP), thus augmenting the effect of the tumor promoter, in addition to other effects (see Fig. 2). In epidermal cells
initiated by DMBA, the Ras-Raf-ERK cascade is out of control because of a point-mutated hyperactive Ras protein. In
contrast to normal cells, these cells cannot fully adopt to a repeated promoter treatment and gain a selective advantage,
leading to clonal expansion

stituents (reviewed by Marks and Fiirstenberger
2000). Nevertheless, in the skin as well as in in-
testinal epithelium (Dannenberg et al. 2005),
a synergism between autoamplifying signaling
cascades activated by growth factors (such as
EGF and its relatives) and prostaglandins seems
to play a key role in tumor promotion.

Prostaglandins are Endogenous
Tumor Promoters

In the animal models of skin and intestinal car-
cinogenesis, tumor development can be inter-
rupted almost completely by nonsteroidal anti-
inflammatory drugs (NSAIDs).

This effect could be traced back to an inhi-
bition of prostaglandin synthesis. In fact, pros-
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taglandins exhibit exactly those effects that are
thought to promote tumor development includ-
ing a stimulation of cell proliferation, inflam-
mation, and angiogenesis, and an inhibition of
differentiation, apoptosis, and immune defense.
Moreover, in the course of prostaglandin synthe-
sis (being a type of enzymatic lipid peroxidation)
reactive oxygen species and other genotoxic
agents (such as malondialdehyde) are formed as
intermediates and by-products.

In the skin model using NMRI mice, pros-
taglandin F,, (PGF,,) has been shown to medi-
ate tumor promotion (Fiirstenberger et al. 1989;
Miiller-Decker et al. 1998; Marks et al. 2002),
whereas in other mouse strains and in intesti-
nal carcinogenesis, E-type prostaglandins play
this role (Wang and DuBois 2006). This differ-
ence becomes more or less irrelevant at the level
of signal transduction exhibiting a high degree
of cross-talk (Fig.2). The cellular PGF,, recep-
tor FP seems to couple exclusively with a Gq,1:-
protein (Alexander et al. 2001), thus activating
the diacylglycerol / inositol 1,4,5-trisphosphate
cascades of signaling that are known to stimulate
cell proliferation and angiogenesis while inhib-
iting apoptosis. E-type prostaglandins interact
with four different receptor isoforms (EP; to
EP,) that couple with Gs-, Gq,1:- or Gio-proteins
(Alexander et al. 2001). For intestinal carcino-
genesis, the Gs-coupled receptor EP, has been
found to be of particular relevance. There is ex-
perimental evidence that in colon cancer cells
this receptor activates several signaling cascades.
Thus, the major effect of the a-subunit of the Gs-
protein is to stimulate adenylate cyclase. Along
this pathway, a wide variety of cAMP-dependent
downstream events become modulated, includ-
ing the activation of numerous genes that may
be involved in colon tumorigenesis (Holla et al.
2005; Dannenberg et al. 2005). Recently, the a-
subunit of the EP, receptor-coupled Gs-protein
has been shown to activate the pro-mitogenic
axin-P-catenin signaling pathway also, whereas
the Py-subunit stimulates phosphoinositide 3-
kinase, leading in turn to an activation of pro-
tein kinase B/Akt and - as a consequence - to an
inhibition of programmed cell death (Castellone
et al. 2005). Since GPy-subunits are also released
from Gq,1:- (and Giy,-) proteins, the anti-apop-
totic PI3 kinase-PKB/Akt pathway is most prob-

ably activated by other prostaglandin receptors
as well (Fig. 2).

Moreover, G-protein-coupled receptors such
as the prostaglandin receptors may transactivate
signaling cascades that hitherto were thought to
be stimulated by growth factors leading to an ac-
tivation of MAP-kinases (Shenoy and Lefkowitz
2003). Among many other effects, the expression
of growth factors and cyclooxygenase-2, the key
enzyme of prostaglandin synthesis, becomes up-
regulated along these and the above-mentioned
pathways, resulting in a dramatic amplification
due to positive feedback (Fig. 1).

The rate-limiting step of prostaglandin syn-
thesis is the twofold oxygenation of arachidonic
acid catalyzed by cyclooxygenases. In human
and murine tissues, these enzymes are expressed
in two isoforms, COX-1 and COX-2.

While COX-1 is a constitutive housekeeping
enzyme supplying the everyday needs of pros-
taglandins, COX-2 is an emergency enzyme
expressed in most tissues only on demand, i.e.,
when there is an increased requirement for
prostanoids, as, for instance, in stress situations
such as inflammation, wound repair and - being
the reverse side of the coin - neoplastic growth
(since a constitutive COX-2 expression is also
observed in embryonic tissues, the stress-in-
duced transient COX-2 expression in adult tis-
sues may be considered to represent a re-activa-
tion of an embryonic process of signaling). The
COX-2 gene promoter contains binding sites for
several transcription factors (including CREB,
SP1, NFkB, C/EBP, and Ets). Therefore, COX-2
expression is initiated by a wide variety of mito-
genic hormones, growth factors, and cytokines
and perpetuated by prostaglandins through
positive feedback. In addition to endogenous
factors, chemical carcinogens and skin and intes-
tinal tumor promoters induce an expression of
COX-2. In fact, in the animal models mentioned
above, tumor-promoting prostaglandin synthe-
sis is mainly catalyzed by COX-2, and studies on
COX-2 knockout animals have revealed a causal
relationship between COX-2 expression and in-
testinal and skin cancer development (Oshima et
al. 1996; Tiano et al. 2002).

The animal experiments are mirrored by clini-
cal observations. Aberrant COX-2 expression has
been found to be a consistent feature of at least
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Fig.2 Prostaglandin signaling. The major arachidonic acid-derived prostaglandins, PGE, and PGF,a, interact with G-
protein-coupled receptors characterized by seven transmembrane domains. The PGF,a receptor FP, as well as the PGE,
receptors EP, and EP; couple with a Gq,1;-protein, the PGE, receptors EP, and EP, with a Gs-protein. Upon recep-
tor activation, the G-proteins dissociate. The Gas-subunit stimulates adenylate cyclase and the Gagq,i;-subunit phos-
pholipase CB (PLCp), while the GBy-subunits released from both G-proteins may activate certain isoforms of PLC,
phosphoinositide 3-kinase (PI3 kinase) and adenylate cyclase. These enzymes catalyze the generation of the second
messengers inositol 1,4-5-trisphosphate (InsP;, leading to an elevation of cytoplasmic Ca®*), diacylglycerol (DAG),
phosphatidylinositol 3,4,5-trisphosphate (PIPs) and cyclic AMP (cAMP) that specifically activate protein kinases such
as Ca®/calmodulin-dependent kinases (CaMPK), protein kinase C (PKC), protein kinase B/Akt, and protein kinase A
(PKA). Along pathways controlled by these kinases, the transcription of a wide variety of genes becomes stimulated. In
addition, the G-protein-coupled prostaglandin receptors may transactivate signaling cascades originating from tyrosine
kinase-coupled growth factor receptors (GFR) and leading to an upregulation of phospholipase Cy (which like PLC}
catalyzes the release of InsP; and DAG) and PI 3-kinase as well as of MAPkinase cascades, inducing the transcription
of additional genes. Alternatively, the EP; receptor may also interact with a Gi,-protein, resulting in an inhibition of
adenylate cyclase and a particularly strong release of GBy-subunits (not shown). The genes activated by prostaglandin
signaling encode proteins stimulating cell proliferation, angiogenesis, and genotoxic metabolism, and inhibiting apopto-
sis, cell differentiation, and immune defense. Among these genes are those of COX-2 and TGFa (see Fig. 1)

75% of all human cancers and the corresponding
premalignant states. Moreover, an anti-tumor ef-
fect of NSAIDs was detected by epidemiological
and clinical evaluations and traced back mainly
to an inhibition of COX-2-catalyzed prostaglan-
din synthesis (reviewed by Marks and Fiirsten-
berger 2000; Turini and DuBois 2002; Thun et

al. 2002; Dannenberg et al. 2005). Mechanisti-
cally, this presently represents one of the most
clearcut examples of cancer chemoprevention
with a particularly high potential for practical
use (Gasparini et al. 2003; Steele et al. 2003; Sub-
baramaiah and Dannenberg 2003). As far as clas-
sical NSAIDs are concerned, such approaches
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are limited by side effects, in particular on the
gastrointestinal tract, which result from COX-1
inhibition. Therefore, newly developed COX-2-
specific inhibitors (Coxibs) were greeted with
great enthusiasm. However, in the meantime,
some of them have been discredited since the
risk of thrombotic events such a myocardial in-
farction and stroke has been found to increase
upon long-term application as it is required for
cancer prevention (Bresalier et al. 2005; Nuss-
meier et al. 2005; Solomon et al. 2005). This does
not devaluate arachidonic acid metabolism as a
target of cancer chemoprevention but calls for
additional in-depth studies of the cellular and
molecular mechanisms involved.

Transgenic COX-2 Overexpression
Creates a Preneoplastic Situation
in Mouse Skin

To evaluate the role of COX-2 in mouse skin car-
cinogenesis, we have bred transgenic mouse lines
carrying the cox-2 gene under the control of a
keratin 5 (K5) promoter. This gene promoter is
constitutively active in the proliferative compart-
ment of stratified and simple epithelia, causing
a continuous production of keratin 5 and - in
transgenic animals — of COX-2.

COX-2 transgenic animals were viable but
showed a particular skin phenotype character-
ized by a shaggy hair coat. In fact, a spatiotem-
porally controlled expression of COX-2 accom-
panies hair follicle development, and the effect of
transgenic COX-2 overexpression was shown to
be caused by a disturbance of hair follicle cycling
resulting in alopecia (Miiller-Decker et al. 2003).
The skin of the transgenic animals exhibited a
preneoplastic morphology. Characteristic signs
were epidermal hyper- and dysplasia (due to a
delayed terminal differentiation rather than to
hyperproliferation) and increased angiogenesis.
In parallel, a substantial rise in the prostaglan-
din level in both skin and blood plasma was seen.
The development of the gross phenotype, includ-
ing the histological alterations and the increase
in the prostaglandin level was prevented by feed-
ing the mice with Celebrex, a selective COX-2
inhibitor (Neufang et al. 2001; Miiller-Decker
et al. 2002; Miiller-Decker et al. 2003). Most re-
markably, upon tumor initiation with DMBA, the

transgenic animals developed papillomas, carci-
nomas, and sebaceous gland adenomas without
promoter treatment (Miller-Decker et al. 2002).
In other words: the transgenic overexpression of
COX-2 had rendered the skin “autopromoted.”

These results show that in mouse skin COX-2
expression:

1. Provides a necessary and sufficient condition
for the activation of endogenous tumor-pro-
moting processes

2. Does not evoke tumorigenesis by its own but
strongly sensitizes the tissue for the effects of
genotoxic carcinogens.

Transgenic COX-2 Expression Induces
Mammary Gland Hyperplasia

In K5.COX-2 transgenic mice, aberrant COX-2
expression was not restricted to the skin but also
found in other epithelia expressing K5 such as
mammary gland, exocrine pancreas, and urinary
bladder.

Mammary gland epithelium consists of two
compartments: luminal cells for milk secretion
and contractile myoepithelial cells for milk ejec-
tion. Keratin 5 is expressed by myoepithelial cells
rather than by luminal cells. Cancers of the myo-
epithelium are rare. Instead, the great majority
of breast cancers develop in a multistage process
from luminal cells.

Our COX-2 transgenic mice exhibited, never-
theless, a pronounced mammary phenotype in
that the mammary glands became very enlarged
concomitant with a fivefold increase in the pros-
taglandin tissue level (Miiller-Decker et al. 2005).
This effect did not depend on pregnancy and lac-
togenic hormones. Feeding the animals with the
COX-2 inhibitor Celecoxib prevented the mam-
mary gland hyperplasia.

Most remarkably, COX-2 was found both in
the K5-positive myoepithelial cells and in ad-
jacent K5-negative luminal cells. Probably the
K5-positive cells expressing the k5 promotor.
cox-2 transgene generated a paracrine signal that
induced COX-2 expression in adjacent K5-nega-
tive cells. According to the mechanistic concept
depicted in Fig. 1, this signal might be a growth
factor or a prostaglandin species. By such an am-
plifying mechanism, even a locally restricted hot
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spot of COX-2 expression would spread within
the tissue.

Although the rate of cell proliferation was
strongly increased in both epithelial compart-
ments, tumors did not arise. Whether or not the
situation resembles that found in the skin, where
cancer development requires tumor initiation
in addition to constitutive COX-2 expression, is
unknown.

COX-2 has been consistently found to be
overexpressed in ductal carcinomas in situ and
invasive adenocarcinomas of the human breast
(Howe et al. 2001; Ristimaki et al. 2002; Half et al.
2002; Subbaramaiah et al. 2002). Consequently,
COX-2 has been suggested to be a promising tar-
get of breast cancer chemoprevention (Howe et
al. 2001, 2002; Singh-Ranger and Mokbel 2002).
Moreover, transgenic overexpression of COX-2
under the control of the MMTV (mouse mam-
mary tumor virus) promoter was sufficient to
induce mammary carcinogenesis in multiparous,
but not in virgin, mice (Liu et al. 2001).

Transgenic Overexpression of COX-2
Creates a Premalignant State in Pancreas

Our K5.COX-2 transgenic mouse lines devel-
oped a severe and fatal pancreatic phenotype
characterized by a strongly enlarged polycystic
pancreas (Miiller-Decker et al. 2006). These al-
terations correlated with increased steady-state
levels of COX-2, resulting in very high tissue
levels of prostaglandins. In addition, the levels
of the EGF receptor isoform HER and of Ras ex-
pression and activity were found to be elevated
indicating an upregulation of growth-factor
signaling as shown in Fig. 1. Histopathological
analysis revealed a pronounced ductal hyperpla-
sia and dysplasia accompanied by a high mitotic
activity, inflammatory infiltration, and periductal
fibrosis. The lesions exhibited a mixed pattern re-
sembling benign pancreatic neoplasia in humans
such as serous cystic adenomas, intraductal pap-
illary mucinous neoplasms, and pancreatic in-
traepithelial neoplasia, which are thought to be
premalignant states. However, carcinoma devel-
opment was not observed, thus resembling the
situation in skin.

The major cytokeratin produced by wild type
pancreatic epithelium is K19, whereas K5 is
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found only duct in about 5% of the cells. How-
ever, in the transgenic animals, aberrant COX-2
expression was also observed in many K19-posi-
tive cells, again indicating a paracrine mecha-
nism of amplification and spreading.

As in the skin and the mammary gland, in
the pancreas the development of the transgenic
phenotype was also prevented by feeding the ani-
mals with the COX-2 inhibitor Celebrex.

Specific COX-2 inhibitors have also been
found to suppress chemically induced pancre-
atic tumorigenesis in hamsters (Nishikawa et al.
2004) and the growth of pancreatic tumor xeno-
grafts in mice (Raut et al. 2004). Moreover, ab-
errant COX-2 expression has been reported for
benign and malignant pancreatic tumors of man
(Molina et al. 1999; Okami et a.l 1999; Tucker
at al 1999; Merati et al. 2001, 2002; Niijima et
al. 2002; Kokawa et al. 2002; Franco et al. 2004;
Miiller-Decker et al. 2006).

Transgenic Overexpression of COX-2
Sensitizes Urinary Bladder
for Carcinogenesis

Like skin epidermis, the bladder epithelium of
wild type animals was almost devoid of COX-2
(expressing only COX-1), whereas the transgenic
animals exhibited strong signals of both COX-2
mRNA and protein co-localizing with K5, and
a fivefold elevation of the prostaglandin level,
whereas COX-1 expression remained unchanged
(Klein et al. 2005). Approximately 75% of the ho-
mozygous transgenic animals developed severe
epithelial dysplasia starting with an inflamma-
tory reaction and progressing to a transitional
cell hyperplasia (caused by hyperproliferation)
within 6 months. After 4-6 additional months
approximately 10% of the animals had developed
transitional cell carcinoma indicating an uniden-
tified initiating (genotoxic) event to synergize
with COX-2 hyperactivity.

As in the skin hyperplastic transformation
of the epithelium was accompanied by vascular
hyperproliferation paralleled by a strong increase
in vascular endothelial growth factor (VEGE),
the expression of which is known to be induced
by prostaglandin E,.

These symptoms were considerably weaker
in heterozygous transgenic animals, indicating
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a causative role of COX-2 expression. Moreover,
when the transgenic animals were fed with the
COX-2 inhibitor Celebrex, the symptoms de-
scribed above did not show up (unpublished
data).

Our results are consistent with observations
of other authors. Thus, a dramatic expression of
COX-2 has been found in chemically induced
bladder carcinomas in rats and dogs (Kitayama
et al. 1999; Khan et al. 2000). Moreover, in ani-
mal models, tumorigenesis was suppressed
by a specific COX-2 inhibitor or a nonspecific
NSAID (Grubbs et al. 2000; Mohammed et al.
2002). Aberrant COX-2 expression has also been
reported for urinary bladder carcinomas in hu-
mans where it correlated positively with the stage
and the grade of tumor development (Komhoft
et al. 2000; Shirahama et al. 2001; Kim et al.
2002; Shariat et al. 2003a, b). Based on such ob-
servations, urinary bladder has been proposed
to provide a promising target of cancer chemo-
prevention by NSAIDs and COX-2 inhibitors, at
least for high-risk groups (Sabichi and Lippman
2004). This proposal is supported by a clinical
study (Castelao et al. 2000).

Polyunsaturated Fatty Acid Metabolism,
Lipid Peroxidation, and Cancer:
Two Sides of a Coin

In addition to cyclooxygenases, other enzymes ca-
talyze the oxidation of polyunsaturated fatty acids
(PUFAs) to products the (patho)physiological
roles of which are only known fragmentarily (for
areview see Marks 1999). Among those enzymes
are at least six lipoxygenases (in man) differing
in substrate and positional specificity, and sev-
eral cytochrome P-450-containing monooxy-
genases. Both enzymatic pathways are known to
be a source of reactive oxygen species and other
genotoxic by-products.

In fact, in the mouse skin model, the oxy-
genation of arachidonic acid catalyzed by 8- and
12S-lipoxygenase has been shown to become
activated in the course of tumor promotion. The
accumulation of the corresponding arachidonic
acid metabolites correlates with chromosomal
aberrations and pro-mutagenic etheno-DNA ad-
ducts that may participate in tumorigenesis (see

Nair et al. 2000 and references therein). More-
over, polyunsaturated fatty acids are also prone
to nonenzymatic autoxidation, yielding so-called
iso-prostanoids and related compounds. The
upregulation of these reactions in situations of
oxidative cellular stress accompanying acute poi-
soning, heavy smoking, Alzheimer’s dementia,
and tumorigenesis is generally believed to be of
considerable pathophysiological significance,
which cannot yet be reliably estimated, however.

Indeed, compared with the cyclooxygenases,
much less is known about the relationships be-
tween neoplastic growth and lipoxygenases,
other PUFA-metabolizing enzymes and nonen-
zymatic fatty acid oxygenation. Nevertheless, a
steadily increasing body of evidence indicates
a role of these processes in carcinogenesis that
may rival that of cyclooxygenases, and specific
enzyme inhibitors resembling NSAIDs that may
become applicable in cancer chemoprevention
in the future are being developed (for reviews
see Shureigi and Lippman 2001; Steele et al.
2003; Catalano and Procopio 2005; Fiirsten-
berger et al. 2006). However, even though the
investigation of this field is impeded by the large
variety of these enzymes (as compared with only
two cyclooxygenases!), an important difference
must be taken into account: while cyclooxygen-
ases are specific for Cyo-fatty acids such as ara-
chidonic acid, lipoxygenases and other PUFA-
metabolizing enzymes also accept C; fatty acids
such a linoleic and linolenic acid. The latter two
are mostly plant-derived, whereas arachidonic
acid is more or less restricted to animals. Some
indirect evidence indicates that in contrast to
the eicosanoids (Cso), derivatives of unsatu-
rated C,s-fatty acids (octadecanoids) exhibit an
anti- rather than a pro-carcinogenic effect, thus
explaining — at least partially — the well-known
cancer protection by a more vegetarian (or Med-
iterranean!) diet.

Considering the rapid progress that has been
made in the cyclooxygenase field, this still some-
what neglected subject of research requires par-
ticular attention right now, since it gives great
hopes for novel approaches of cancer chemopre-
vention.
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Abstract

In this review, selected examples of recent research
developments concerning insulin-like growth fac-
tors (IGFs) and insulin in the context of cancer
risk assessment and prevention will be discussed.
We reviewed background information related to
IGF physiology at the cellular and whole-organ-
ism levels, together with prior work concerning
IGF-I levels and risk of a variety of cancers, in-
cluding breast, prostate, colon, and lung in 2004
(Pollak et al. 2004). A comprehensive update to
that general review (Pollak et al. 2004) is sched-
uled for Nature Reviews Cancer in early 2007.

General Background Issues Concerning
Cancer Risk Assessment

Individuals are distinct from each other not only
regarding their level of cancer risk, but also with
respect to the dominant mechanism underlying
their risk. As an example related to breast can-
cer, consider five women: a carrier of a BRCAI
mutation, a woman who started to menstru-
ate at age 9, a woman with high birthweight, a
woman with high mammographic density, and a
woman with radiation exposure at puberty. All
are at increased risk relative to women without
identified risk factors, but because the mecha-
nism responsible for increased risk is distinct in
each case, one cannot presume that any specific
risk reduction strategy will benefit each woman
to the same degree. A panel of ideal serum or
DNA markers of risk would not only quantify
magnitude of risk, but would also provide infor-
mation regarding the mechanism underlying the

increased risk; this would be useful in selecting a
particular risk reduction strategy that is effective
for the risk mechanism involved.

At present, markers of risk fall short of this
ideal. For example, mammographic breast den-
sity is known to be associated with increased risk,
but because the mechanisms that link density to
risk are poorly understood, there is no standard
risk reduction strategy recognized as particularly
appropriate for these women. Risk reduction
strategies that have been studied in major clinical
prevention trials, such as tamoxifen, are known
to reduce breast cancer risk, but we do not un-
derstand clearly for which women such inter-
ventions are most effective. While risk reduc-
tion on the order of 40% has been reported for
women taking tamoxifen as a chemopreventive,
it is unlikely that all women in tamoxifen preven-
tion trials derived a similar degree of protection:
based on the varying molecular pathology that is
responsible for risk in individual women, some
may have enjoyed a 90% risk reduction with
tamoxifen, while others may have derived no
benefit. An important research goal is to develop
markers of risk that would both quantitate risk
and allow rational selection of an appropriate in-
tervention for an individual woman.

Another general issue concerns definition of
cancer prevention. Recent work (Thompson et
al. 2003, 2004) supports prior studies that sug-
gested that early steps of malignant transforma-
tion are common by middle age, particularly in
organs such as breast and prostate. In the case of
prostate, even histologically invasive cancer that
is clinically silent is common (Thompson et al.
2003, 2004). Obviously, prevention interventions
that are clinically useful are those that prevent
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clinically important disease. Such prevention
interventions may not have to act to limit early
carcinogenesis in all cases (this would imply the
need for interventions relatively early in life), but
rather may act to inhibit neoplastic progression
of early lesions. This point has implications for
development of markers of risk: for a disease
such as prostate cancer, which is now recognized
to be present in a large proportion of the adult
male population (Thompson et al. 2003, 2004),
prevention of clinically important disease may
be aided more by discovery of markers of prob-
ability of progression than markers that indicate
the presence of early disease or markers that in-
dicate risk of developing early disease.

IGF-Related Serum Markers
and Prostate Cancer

The first prospective study (Chan et al. 1998) that
linked circulating IGF-I levels to risk of prostate
cancer was reported in Science in 1998, and gen-
erated considerable interest in the field, both in
terms of population and laboratory (e.g., Majeed
etal. 2005) studies. However, the study was small
(only 152 cases and 152 controls), and there was
little information regarding the nature of the
prostate cancers that were found at increased
frequency among those men with higher IGF-I
levels (especially if these levels were associated
with a relatively low level of IGFBP-3, the major
serum IGF-binding protein). Subsequent stud-
ies and a meta-analysis (Renehan et al. 2004)
confirmed the association of IGF-I levels with
increased risk of a subsequent diagnosis of pros-
tate cancer. It should be emphasized that these
studies did not establish IGF-I as a tumor marker
for prostate cancer: to use an analogy from car-
diology, higher levels of IGF-I were found to be
indicative of increased risk of a later diagnosis of
prostate cancer, as elevated cholesterol indicates
increased risk of a subsequent myocardial in-
farction. However, cardiologists do not measure
cholesterol to make a diagnosis of myocardial in-
farction in a patient with chest pain, and a mea-
surement of a high IGF-I level does not indicate
the presence of prostate cancer.

Ongoing work (e.g., Ma et al. 2005), is seeking
to extend earlier results concerning the relation-
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ship between IGF-I and prostate cancer risk by
studying larger numbers of cases and controls,
in order to determine if men with higher IGF-
I levels are at risk for any particular subtype of
prostate cancer. This work is complicated by
changes in patterns of PSA screening in study
populations. In older work, many cases were not
detected by screening, but rather were men who
presented with symptoms of prostate cancer;
these men obviously had more advanced dis-
ease as a group than men with prostate cancer
detected by screening. In later series, particularly
those from North America, many subjects classi-
fied as prostate cancer cases had relatively early
prostate cancer detected by screening. There is
now emerging evidence from prospective study
populations that higher levels of IGF-I (particu-
larly when associated with relatively low levels
of IGFBP-3) may in fact be specifically related
to risk of a subsequent diagnosis of advanced or
poor prognosis prostate cancer, while IGF-I (and
IGFBP-3) levels are not associated with risk of a
subsequent diagnosis of localized, good-progno-
sis disease.

This area of research clearly deserves further
attention, because of two important unmet clini-
cal needs. In a screening context, a marker asso-
ciated with probability of developing advanced
disease would aid in clinical decision-making
when a screening exercise detects an early can-
cer - together with currently used criteria such
as the Gleason score, such a marker might aid in
making decisions for (or against) watchful wait-
ing in individual cases. In a prevention context,
subtly distinct from the screening context, given
the very common presence of early prostate can-
cer lesions in adult males, a case could be made
that all men with a high probability of develop-
ing more advanced prostate cancer (regardless
of whether they have a current prostate cancer
diagnosis) could be considered candidates for a
prevention strategy that acts by reducing likeli-
hood of progression of early cancers.

IGF-Related Markers
and Breast Cancer Risk

One of the earliest prospective studies concern-
ing IGF-I serum levels and subsequent risk of
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breast cancer (Hankison et al. 1998) reported
that IGF-I levels were strongly related to risk of
premenopausal, but not postmenopausal breast
cancer. Several subsequent studies (e.g., Toniolo
et al. 2000) reached similar conclusions, but
there has been inconsistency in the literature,
with some recent negative studies (e.g., Rinaldi
et al. 2005; Schernhammer et al. 2006). The rea-
son for this inconsistency is under investigation.
The initial positive studies may simply have been
chance findings, but it is also possible that there
is an undiscovered modifying factor that influ-
ences the relationship between IGF-I level and
risk. For example, cohorts or subcohorts with
higher BMI or insulin levels might show a higher
overall risk level than other cohorts, and such
increased risk might well obscure any effect of
IGF-1. While this explanation is plausible and
deserves exploration, to date no data explain the
inconsistencies that have been presented.

It is also possible that IGF-I levels sampled
at younger ages are more related to later risk of
breast cancer (Rollinson et al. 2005) than levels
in samples obtained later in life. This is plausi-
ble because there is precedent for breast cancer
risk factors that act mainly during a vulnerable
period around the time of puberty to influence
lifetime breast cancer risk. Although it has been
assumed that individuals stay true to their cen-
tile of breast cancer throughout life (i.e., being in
the top decile of the population at age 45 implies
one was at the top decile at age 15), this has never
been verified, as sample sets obtained from sub-
jects repetitively sampled over decades are rare.

There is reasonably strong laboratory evi-
dence (e.g., Pollak et al. 2001) that is consistent
with the original reports of a positive association
with risk. Furthermore, there is interesting cir-
cumstantial evidence consistent with the original
observations from several reports linking mam-
mographic breast density, a known strong breast
cancer risk factor, to IGF-I and IGFBP-3 levels
(Diorio et al. 2005, 2006; Byrne et al. 2000; Mas-
karinec et al. 2003). Additional circumstantial
evidence comes from work relating birth weight
and preadult growth patterns (both known to be
influenced by IGF physiology) to breast cancer
risk (Ahlgren et al. 2004).

Finally, a recent report on one of the largest
sample sets studied to date (Al-Zahrani et al.

2006) did reveal a modest positive association
between IGF-I levels and risk, and also extended
prior work (Deal et al. 2001) by providing data
showing that specific polymorphisms in genes
encoding proteins involved in IGF-I physiology
were related to both circulating levels and to risk
of breast cancer.

Obesity, Insulin, Risk of Cancer,
and Risk of Aggressive Cancer

Metabolic host risk factors or host prognostic
factors (as distinct from better described tumor
factors such as PTEN deletion or HER2 ampli-
fication) can influence the natural history of
cancer. There is increasing evidence that obesity
is related to increased risk of and/or worsened
prognosis of many common kinds of cancer
(Calle et al. 2003). The molecular and endocri-
nologic mechanism(s) underlying this relation-
ship are the subject of ongoing research in many
laboratories. This research is important because
in view of the fact that obesity is becoming in-
creasingly common around the world, there is
concern that there may be a secondary effect of
increased frequency of cancer diagnosis, and/or
more aggressive behavior of cancers in popula-
tions.

Obesity and excess caloric intake are associ-
ated with many metabolic changes, including,
for example, elevations of circulating insulin and
leptin levels. Elevated insulin levels can increase
IGF bioactivity by suppressing expression of cer-
tain IGF-binding proteins, particularly IGFBP-1.
Elevated insulin levels might also directly stimu-
late neoplastic cell proliferation and survival by
activating receptors on cancer cells that are up-
stream from the AKT survival signaling pathway.
More studies are needed, however, to clarify with
precision the receptors involved. Physiological
levels of insulin, even if elevated in the context
of obesity, are likely insufficient to activate IGF-I
receptors directly. It is possible that certain neo-
plastic cells exhibit insulin receptors and/or hy-
brid insulin-IGF receptors that could respond to
levels of insulin found in obese patients. At pres-
ent, the possibility that the adverse influence of
obesity could involve increased signaling down-
stream of insulin and/or insulin receptors is a
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plausible but unproven hypothesis. Advances in
our understanding will require both laboratory
models and clinical research. Early clinical re-
sults are consistent with the hypothesis (Wei et
al. 2005; Ma et al. 2004; Schairer et al. 2004).

An interesting related point concerns the
drug metformin, which has been in extensive use
in the management of type II diabetes for many
years. This drug is known to lower the elevated
insulin levels found in type II diabetes, but to
have little effect when given to people with nor-
mal insulin levels. Although there was a prior hy-
pothesis that metformin acted as a sensitizer of
cells to insulin action, and that this accounted for
the drop in insulin level, recent evidence suggests
that the drug acts primarily in vivo by reducing
glucose output by the liver (gluconeogenesis)
and that the fall in circulating insulin level is sec-
ondary to the fall in glucose (Shaw et al. 2005).
Interestingly, the molecular pathways involved in
this action of metformin in the liver involve acti-
vation of the amp-kinase/lkb1l tumor suppressor
pathway. Specifically in hepatocytes, this path-
way shuts off glucose output (Shaw et al. 2005).
However, we have shown in ongoing laboratory
studies that for some cancer cell lines, metformin
acts as a growth inhibitor specifically by activat-
ing the same ampk/lkb1 tumor suppressor path-
way. In these cell lines, as expected on the basis
of studies of the LKB1/ampk pathway, metfor-
min-induced ampk activation results in growth
inhibition at the level of m-tor. In a sense, met-
formin may act by simulating low cellular energy
supply, and thereby activating the physiologic
control systems that presumably have evolved to
block or at least dampen the action of mitogenic
signals if there is not sufficient energy available
for cell division.

Thus on theoretical grounds, metformin might
actin two ways to constrain abnormal cell growth:
(a) in vivo, it could reduce direct action of insulin
or insulin-dependent mitogenic signals through
its action as an insulin-lowering agent, and (b)
it might have a direct growth inhibitory role by
stimulating the lkb1l/ampkinase tumor suppres-
sor pathway. These mechanisms are not mutually
exclusive, but research in this area is in its infancy,
and much more work is needed to evaluate the
actions of metformin. Nevertheless, it is tempting
to speculate that this old drug or new derivatives
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might find new uses in the context of cancer pre-
vention, particularly among obese individuals.
Two recent studies provide further motivation
for studies in this area: one report provides early
evidence that the death rate from cancer is lower
among diabetics taking metformin than diabetics
on other treatments (Bowker et al. 2006), while
the other reports that a cancer diagnosis is less
common among metformin users than other dia-
betics (Evans et al; 2005).

Conclusion

The field of IGF and insulin signaling in relation
to cancer risk and prevention remains an active
research area for laboratory scientists, clinicians,
and population scientists. While interesting new
experimental and population studies have been
reported, substantial gaps in basic knowledge re-
main to be filled before the possibility of poten-
tial clinical applications can be addressed.
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Abstract

Interleukin-6 (IL-6) is an inflammatory cytokine
with a well-documented role in cancer. The cy-
tokine binds to a membrane-bound IL-6 recep-
tor (IL-6R) and this complex associates with
two molecules of the signal transducing protein
gp130, initiating intracellular signaling. Whereas
gp130 is expressed on all cells of the body, the
IL-6R is only found on some cells, mainly hepa-
tocytes and several leukocytes. Cells, which only
express gp130 and no IL-6R, cannot respond to
IL-6. We have shown that the IL-6R exists as a
soluble protein generated by limited proteolysis
of the membrane-bound receptor or by transla-
tion from an alternatively spliced mRNA. The
complex of soluble IL-6R (sIL-6R) and IL-6 can
bind to gp130 on cells that lack the membrane-
bound IL-6R and trigger gpl30 signaling. We
have named this process trans-signaling. We re-
view data that show that IL-6 uses classical sig-
naling via the membrane-bound receptor and
trans-signaling via the soluble receptor in physi-
ological and pathophysiological situations. We
have developed designer cytokines, which spe-
cifically enhance or inhibit IL-6 trans-signaling.
These designer cytokines have been shown to be
extremely useful in therapeutic applications such
as blockade of chronic inflammation and cancer.

Cytokines
Cytokines are small soluble proteins, which are

secreted by and act on a variety of different cell
types. Because of structural features, cytokines

can be grouped into different families. One of
them, named after the first discovered member
of the family is the interleukin 6 (IL-6) family
(Taga and Kishimoto 1997). This family further
comprises IL-11, ciliary neurotrophic factor
(CNTEF), cardiotrophin-1 (CT-1), cardiotrophin
like cytokine (CLC), leukemia inhibitory factor
(LIF), neuropoietin (NPN) and oncostatin M
(OSM). Recently two new cytokines also belong-
ing to the IL-6 family, named IL-27 and IL-31,
have been found (Dillon et al. 2004; Pflanz et al.
2004). Each of the cytokines of the IL-6 family
seem to have specific activities in different com-
partments but interestingly, in some cases the
cytokines of the family can substitute each other.
This phenomenon has been called redundancy.

Recent advances have documented a series of
IL-6 activities that are critical for resolving innate
immunity and promoting acquired immunity
(Jones 2005; Jones et al. 2005). The transition
between innate and acquired immunity is a cen-
tral event in the resolution of any inflammatory
condition, and disruption of this immunologi-
cal switch may potentially distort the immune
response and affect the onset of autoimmune or
chronic inflammatory disorders (Hoebe et al.
2004).

Receptor Complexes

The structural basis of redundancy in the IL-6
family is the composition of the receptor com-
plexes, via which the members of the IL-6 family
transduce their signals into the target cells. The
central protein of the receptor complexes is the
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ubiquitously expressed glycoprotein gp130 (Taga
and Kishimoto 1997). All receptor complexes use
this protein as a signal transducing receptor sub-
unit. Besides gp130, the receptor complexes may
contain different ligand-binding proteins, which
are specific for one cytokine, for example the re-
ceptors for IL-6, CNTF, and IL-11. Moreover, the
receptor complexes for CNTE, CLC, CT-1, LIE,
NPN, and OSM contain the LIF-receptor (LIF-
R) protein, a signal-transducing receptor subunit
which is homologous to gp130 (Taga and Kishi-
moto 1997).

Soluble Receptor Paradigm

When making contact with a target cell, IL-6 first
binds to the specific IL-6 receptor (IL-6R). In a
second step, this complex associates with two
molecules of gp130, thereby initiating intracel-
lular signaling (Taga and Kishimoto 1997; Rose-
John 2001). Whereas gp130 is expressed on most
if not all cells of the body, the expression of the
IL-6R is restricted to hepatocytes, neutrophils,
monocytes/macrophages, and some lympho-
cytes. Interestingly, cells that do not express the
IL-6R on the cell surface can respond to IL-6 if
a soluble form of the IL-6R (sIL-6R) is present
(Mackiewicz etal. 1992; Taga et al. 1989) (Fig. 1a).
Such a soluble IL-6R has been found in various
body fluids. It turned out that the sIL-6R can be
generated by two different mechanisms: limited
proteolysis of the membrane protein and transla-
tion from an alternatively spliced mRNA (Lust et
al. 1992; Rose-John and Heinrich 1994; Miillberg
et al. 2000; Althoff et al. 2000, 2001; Hundhau-
sen et al. 2003; Matthews et al. 2003; Abel et al.
2004). The stimulation of cells by the complex of
IL-6 and sIL-6R has been termed trans-signaling
(Rose-John and Heinrich 1994; Jones 2005; Jones
et al. 2005). Because they lack a functional IL-6R
on their surface, early hematopoietic progenitor
cells (Peters et al. 1997, 1998; Audet et al. 2001;
Hacker et al. 2003; Campard et al. 2006), embry-
onic stem cells (Rose-John 2002; Humphrey et
al. 2004), endothelial cells (Romano et al. 1997),
mesothelial cells (Hurst et al. 2001; McLoughlin
et al. 2003), neural cells (Mirz et al. 1998, 1999),
smooth muscle cells (Klouche et al. 1999), and T
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cells (Atreya et al. 2000; Becker et al. 2004, 2005)
only respond to IL-6 in the presence of the sIL-
6R.

Designer Cytokines

Construction of chimeric proteins containing
modules of different proteins belonging to the IL-
6R family helped us to identify cytokine binding
motives on receptor proteins (Kallen et al. 1999
2000; Aasland et al. 2002, 2003). On the basis of
these experiments together with other structural
information available on membrane bound and
soluble cytokine receptors, we designed several
cytokine-cytokine receptor molecules.

Covalent linkage of the domains of the IL-6
and sIL-6R that are necessary for biological ac-
tivity via a flexible polypeptide linker resulted in
a recombinant fusion protein, that was found to
be 100-1,000 times more active than the native
IL-6/sIL-6R complex. Because of this enhanced
activity, we termed this cytokine Hyper-IL-6
(Fischer et al. 1997). Cells lacking the IL-6R,
which as a consequence do not respond to IL-6
alone, such as embryonic stem cells, endothelial
cells, hematopoietic progenitor cells, neuronal
cells, and smooth muscle cells, show a remark-
able biologic response to Hyper-IL-6. Adoption
of this approach led to the construction of fusion
proteins between IL-11 and the soluble IL-11R
(Pflanz et al. 1999) Furthermore, proteins con-
sisting of CNTF fused to the soluble CNTF-R
have been constructed. These proteins show high
neurotrophic activity on neural cells lacking a
surface CNTF-R (Guillet et al. 2002; Sun et al.
2002).

By fusing the entire extracellular domain of
gp130 protein to the Fc region of human IgG1, we
constructed a soluble form of gp130 (sgp130Fc).
Surprisingly, in HepG2 cells this protein in-
hibited only the production of the acute-phase
protein antichymotrypsin (ACT) induced by
Hyper-IL-6, whereas the response to IL-6 alone
remained unaffected (Jostock et al. 2001). We
concluded that sgp130Fc does not interfere with
responses mediated by the membrane bound IL-
6R but exclusively inhibits IL-6 trans-signaling
via the soluble IL-6R (Fig. 1b).
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Generation of
the sIL-6R

IL-6

gp130

Signal Signal

Classical Signaling Trans-Signaling

sgp130 sgp130

N Inhibition of
Trans-Signaling
by a molar excess
of sgp130
Signal No Signal

Fig.1a, b Classical and trans-signaling of IL-6 and the inhibitory mechanism of sgp130. a The two modes of IL-6 acti-
vation: classical IL-6 activation via the membrane-bound IL-6R and trans-signaling via a soluble form of the IL-6R. In
both cases, signals are transmitted by membrane-bound gp130. b Sgp130 binds the IL-6/sIL-6R complex to antagonize
IL-6 trans-signaling, whereas classical signaling remains unaffected
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Since gp130 is part of the receptors of the cy-
tokines IL-6,IL-11,1L-27, CLC, CNTE, CT-1, LIF,
OSM, and NPN, we asked whether the sgp130
inhibition was specific for the IL-6/sIL-6R com-
plex or whether sgp130Fc also effected the bio-
logic activity of the other IL-6-family cytokines
(Jostock et al. 2001; Scheller et al. 2005). Our ex-
periments showed that CNTF-mediated activi-
ties were unaffected by the sgp130Fc protein. To
inhibit the proliferative activity of LIF and OSM
on BAF/3 cells stably transfected with gp130
and LIF-R cDNAs, more than 100-fold higher
sgp130Fc concentrations were needed than for
the inhibition of Hyper-IL-6. These findings are
in agreement with surface plasmon resonance
experiments showing that Hyper-IL-6 and OSM
bind to sgp130 with KD values of 6.9x10~> M and
1.6x107 M, respectively (Richards et al. 2006).
Because the recently found cytokine IL-27 also
acts via a receptor complex consisting of gp130
and the related receptor protein WSX-1 (Pflanz
et al. 2004), we examined whether sgp130Fc in-
hibited the biologic activity of IL-27 (Scheller et
al. 2005). Our results clearly indicated that the
sgp130Fc protein did not affect the IL-27-medi-
ated STAT3 phosphorylation and proliferation
of BAF/3 cells expressing gp130 and WSX-1. As
a conclusion of these results, we postulated that
the sgp130Fc protein is a specific inhibitor of the
IL-6/sIL-6R trans-signaling complex.

Physiological Role of Soluble gp130

In experimental arthritis, colitis, and colon can-
cer, sgp130 has been shown to influence leuko-
cyte trafficking and to reduce the severity of the
diseases. Moreover, the phenotype of sgp130
transgenic mice resembles the phenotype of
mice treated with sgp130 in vivo. Together these
findings led us to the conclusion that sgp130 acts
as the natural inhibitor only of IL-6/sIL-6R com-
plexes. IL-6 does not directly bind sgp130, and
as a consequence the classical IL-6 signal via the
membrane forms of the IL-6R and gp130 re-
mains unaffected. Figure 1b shows our concept
of the molecular mechanism, by which soluble
gp130 exerts selective inhibition of the IL-6/sIL-
6R complex. The IL-6/sIL-6R complex shows
equal affinity for the soluble and membrane-
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bound variants of sgp130, and a molar excess of
sgp130 inhibits IL-6 trans-signaling. The selec-
tive inhibition of IL-6 trans-signaling appears to
be an important pathophysiological regulation
mechanism in inflammatory diseases.

IL-6 Trans-signaling and Inflammation

Many investigations have shown that IL-6 plays
an important role in the transition from innate
immunity to acquired immunity, a crucial event
in the controlling of any inflammatory states
(Hurst et al. 2001; Jones 2005; Jones et al. 2005).
Disruption of this essential switch leads to an in-
appropriate immune response and might cause
the onset of autoimmune or chronic inflamma-
tory disorders (Hoebe et al. 2004). The discov-
ery of the IL-6 trans-signaling mechanism may
help to understand the contradictory role of IL-6
in acute and chronic inflammatory states (Kal-
len 2002). In acute inflammation such as septic
shock (Ulich et al. 1991; Barton and Jackson
1993; Diao and Kohanawa 2005), IL-6 shows
favorable effects, whereas under chronic inflam-
matory conditions, IL-6 seems to maintain the
disease state. The contribution of IL-6 trans-
signaling and the interference of IL-6 signaling
with STAT1, IFN-y, TGF-, GATA-3, and NF-xB
remarkably influence disease outcome (Becker et
al. 2004; Doganci et al. 2005; Hegde et al. 2004;
McLoughlin et al. 2005). Studies have been con-
ducted to examine the role of IL-6 trans-signal-
ing in acute inflammation, asthma, tumor expan-
sion, and the inflammatory response associated
with tumor progression. The common role of IL-
6 trans-signaling in these various disease states
was an orchestration of leukocyte recruitment
and activation and control of apoptotic processes
(Jones 2005; Jones et al. 2005). In this context,
IL-6 suppresses neutrophil infiltration while pro-
moting attraction and activation of mononuclear
leukocytes, leading to a switch from the innate to
the acquired immune system (Atreya et al. 2000;
Becker et al. 2004; Hurst et al. 2001; McLough-
lin et al. 2005). Interrupting IL-6 trans-signaling
in experimental models of colitis and rheuma-
toid arthritis improved disease outcome (Atreya
2000; Nowell et al. 2003). This effect is caused
by either inhibiting the recruitment or increas-
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ing the apoptotic clearance of mononuclear cells.
Both effects lead to a diminished mononuclear
cell concentration which are at least partly re-
sponsible for the chronic disease progression in
inflamed tissue. The observation that IL-6 trans-
signaling is a contributor to chronic disease pro-
gression is underlined by several in vitro and in
vivo studies in which IL-6 inhibited apoptosis by
inducing anti-apoptotic regulators via the STAT3
signal transduction pathway (Atreya et al. 2000;
Teague et al. 2000; Curnow et al. 2004). The un-
derstanding of IL-6 mediated control of activated
mononuclear cell populations is therefore a hall-
mark in understanding of chronic disease pro-
gression (Jones 2005; Jones et al. 2005).

Results from studies with IL-6 knockout mice
show that IL-6 influences T cell recruitment via
the local secretion of chemokines (CXCLI10,
CCL2, CCL4, CCL5, CCL11, CCL17) and the ex-
pression of chemokine receptors (CCR3, CCR4,
CCR5, CXCR3) on CD3+ cells (Hurst et al. 2001;
McLoughlin et al. 2005). Since sgp130 selec-
tively antagonizes IL-6 trans-signaling in vivo
without affecting the classical pathway via the
membrane receptor, it is possible to distinguish
between both mechanisms. Interestingly, sgp130
only blocked chemokine expression, whereas T
cell chemokine receptor expression remained
unaffected (McLoughlin et al. 2005). Differential
activities for IL-6 classical and trans-signaling
were also defined using a murine asthma model.
In this case, IL-6 alone directed the T cell popu-
lation toward the Th-2 subtype, whereas for the
activation of this Th2 population IL-6 trans-sig-
naling is necessary (Doganci et al. 2005).

In summary, T cell responses are differentially
regulated by IL-6 alone and by the IL-6/sIL-6R
complex. In this context, it is interesting to ad-
dress the question whether T cells universally ex-
press IL-6R protein on their surface, or whether
the expression of IL-6R is restricted to specific
subsets of T cells. Of CD3+ T-cells from the cir-
culation, 35%-45% express IL-6R, whereas only
2%-5% of CD3+ cells infiltrating an inflamma-
tory tissue are IL-6R-positive (Atreya et al. 2000;
Becker et al. 2004; Curnow et al. 2004). Thus
under inflammatory conditions, the expression
of the IL-6R or the homing of a CD3+IL-6R- T
cell subset to inflammatory foci is dramatically
downregulated. T cells treated in vivo with su-
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perantigen also show significantly lower levels of
IL-6R (Teague et al. 2000). Thus, the loss of the
IL-6R on the surface of T cells might be a marker
for a less activated status of these cells.

Furthermore, IL-6-mediated control of cellu-
lar differentiation also takes place in the polariza-
tion of monocytic cells. The major observed effect
is the inhibition of differentiation of monocytic
cells toward dendritic cells, thus favoring the
development of a macrophage phenotype (Cho-
marat et al. 2000; Mitani et al. 2000). The shift-
ing of the differentiation of human monocytes
can also be seen in IL-6-/- mice in vivo, where
the expansion of bone marrow cells resulted in a
tenfold higher number of CD11c+ dendritic cells
as compared with wild type mice (Bleier et al.
2004). Interestingly, the activity of dendritic cells
in IL-6-/- mice is impaired, implicating that IL-
6 is also necessary for their activity. In this con-
text, IL-6 has been shown to inhibit NF-kB activ-
ity and suppress the expression of the chemokine
receptor CCR7 in dendritic cells (Hegde et al.
2004). Furthermore, IL-6 secretion by dendritic
cells following toll-like receptor activation blocks
the immunosuppressive activities of regulatory T
cells (Pasare and Medzhitov 2003). Thus IL-6 not
only seems to be responsible for the recruitment
of dendritic cells, but also modulates the activity
of dendritic cells in advancing adaptive immune
reactions.

In summary, these studies highlight the cen-
tral role of IL-6 in both innate and acquired im-
mune responses. Changes in IL-6 production and
in the expression of IL-6R on the surface of tar-
get cells may support the development of chronic
inflammatory diseases. The finding that the IL-6
trans-signaling pathway has specific functions
in chronic disease progression and the fact that
a selective inhibitor for this pathway is available
opens new promising perspectives for therapeu-
tic intervention.

Colon Cancer as an Example
of Inflammatory Induced Cancer

In earlier studies, we demonstrated the impor-
tance of the IL-6 trans-signaling pathway for
the maintenance of chronic inflammatory bowl
disease (Crohn disease) (Atreya et al. 2000).
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Interestingly, our studies showed that in Crohn
disease patients the T cells from gastric tissue are
extremely resistant to apoptosis. Biochemical ex-
aminations showed that these T cells produced
large amounts of IL-6 and that the intracellu-
lar JAK-STAT signal transduction pathway was
activated. Surprisingly, treatment of these cells
with a neutralizing monoclonal antibody to IL-
6R induced apoptosis, although the cells lacked
a membrane form of the IL-6R. As the treatment
of the cells with sgp130 also induced apoptosis,
this effect must have been mediated via the IL-
6 trans-signaling pathway (Fig. 2). This finding
showed that IL-6 trans-signaling is responsible
for the surveillance of activated T cells within
gastric tissue from Crohn disease patients by in-
hibiting apoptotic processes. The sIL-6R needed
for IL-6 trans-signaling is most likely provided
by shedding of the membrane IL-6R from lamina
propria macrophages or infiltrating neutrophils
(Atreya et al. 2000; Jostock et al. 2001). Interest-
ingly, it was recently found that in addition to
the levels of IL-6, the levels of sIL-6R and sgp130
are also elevated in chronic inflammatory bowel
diseases, and that the IL-6 found in the circula-
tion was preferentially complexed to sIL-6R and
sgp130 (Mitsuyama et al. 2005).
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Fig.2 Apoptosis of lamina propria mononuclear cells
(LPMC) of Crohn disease patients upon treatment with
sgp130. LPMCs were isolated and cultured for 48 h in the
presence or absence of 10 pug/ml of a neutralizing mAB-
specific for human IL-6R or 10 ug/ml sgp130Fc. Cells
were stained for annexin V and propidiumiodide and ana-
lyzed by FACS. The increase in apoptotic (annexin V-posi-
tive and propidiumiodide-negative) cells is shown. The
data presented are means of triplicate measurements with
standard errors shown as vertical bars
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Moreover, the production of sIL-6R as well as
IL-6 trans-signaling processes play a dominant
role in tumor cell growth. Interestingly, cross-
talk between the TGFp and IL-6 pathway was
demonstrated (Fig. 3). Inhibition of TGFp pro-
duction resulted in an increased IL-6 production
in mice. Surprisingly, the IL-6 overproduction is
accompanied by a loss of membrane bound IL-
6R from the cell surface of epithelial cells within
tumor lesions. This loss of membrane bound
IL-6R was most likely due to an increase of the
cell surface expression of the protease ADAM17,
which is responsible for cleavage of the IL-6R
(Matthews et al. 2003). As the epithelial tumor
growth could be inhibited either by a neutral-
izing antibody directed against the IL-6R or by
sgp130Fc, we concluded that the growth of the
tumor was promoted by IL-6 trans-signaling but
not by the classic signaling via the membrane-
bound IL-6R (Becker et al. 2004, 2005). The
same observations of downregulation of the IL-
6R on the surface of tumor epithelial cells and
the upregulation of ADAM17 were made in hu-
man colon cancer patients, implying that a simi-
lar mechanism operates in human and mouse
colon cancer development (Becker et al. 2005).
These findings show that interrupting IL-6 trans-
signaling with sgp130Fc in colon cancer patients
will be a promising new therapeutical strategy.

Conclusions

The alternative signaling pathway of IL-6 via the
SIL-6R/IL-6 complex seem to be an important
mechanism for the development of chronic in-
flammatory diseases and inflammation-associ-
ated tumor growth. The ability of selective inhi-
bition of sIL-6R-dependent IL-6 responses with
sgp130 can be used in vivo to distinguish between
classical IL-6 signaling and IL-6 trans-signaling
(Fig. 4). There is now clear evidence that chronic
inflammatory states often lead to neoplastic le-
sions. Sgp130 can be used to effectively block
immunological processes that promote inflam-
matory disease progression. One clear advantage
of selectively blocking IL-6 trans-signaling is the
fact that classic IL-6 responses remain unaffected.
These include the hepatic acute-phase response,
which plays an important role in the defense of
the body against infections and trauma. These
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Fig.3a-c Schematic model of TGF-pB-regulated IL-6 trans-signaling in experimental colon cancer. a A reduction of
TGF signaling results in increased IL-6 secretion. b The observed upregulation of the ADAM17 metalloproteinase on
epithelial cells results in shedding of the IL-6R. Upon stimulation with the IL-6/sIL-6R complex, T cells become resistant
to apoptosis and therefore the number of T cells increases. ¢ Growth of epithelial cells in tumor lesions is observed upon
stimulation with the IL-6/sIL-6R complex. Tumor growth can be inhibited by blocking the IL-6R using a monoclonal
antibody or by inhibiting IL-6 trans-signaling with the sgp130Fc protein. Dark grey symbols, gp130; black symbols,
membraned bound IL-6R and soluble IL-6R; light grey symbols, epithelial cells
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Therapeutic Strategies for IL-6 Neutralization

IL-6 neutralizing Soluble gp130Fc

Antibody (MRA) Protein

Global IL-6 Neutralization Selective blockade of IL-6 trans-
signaling

Applications (positive clinical trial data) Blocks effector T-cell functions

Rheumatoid arthritis Regulates leukocyte recruitment

Juvenile rheumatoid arthritis Governs leukocyte apoptosis

Castleman's disease Modulates inflammatory
chemokines
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Some evidence of dual regulation
of T-cell responses by IL-6 and IL-6
trans-signaling

Fig.4 Therapeutic strategies for targeting IL-6 signaling. Current therapeutic regimes designed to clinically suppress
IL-6 activities involve the application of the blocking monoclonal antibody MRA (atlizumab, tocilizumab) effective
against a range of conditions. This did not distinguish between classical IL-6 signaling and IL-6 trans-signaling. The fu-
sion protein sgp130Fc selectively targets IL-6 trans-signaling, and leaves classical IL-6 signaling intact
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considerations have provided a therapeutic ra-
tionale for the administration of sgp130 in a se-
ries of chronic inflammatory conditions, which
are prone to progress to cancer.
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Abstract

Since the incidence of hepatocellular carcinoma
in chronic viral hepatitis patients with cirrhosis
is very high, it is valuable to develop effective
methods for its prevention. In the present study,
the effect of a carotenoid mixture on hepatocel-
lular carcinoma development was examined.
Patients were randomly divided into two groups
and treated with a carotenoid mixture in addi-
tion to conventional antisymptomatic treatment,
or antisymptomatic treatment alone. Cumula-
tive incidence of hepatocellular carcinoma de-
velopment was periodically analyzed using the
Kaplan-Meier method. Significantly lower in-
cidence was observed in the carotenoid-treated
group compared with the control group in the
analysis at year 4.

Introduction

Infection with hepatitis virus is well recognized
as one of the important risk factors for liver can-
cer. In Japan, hepatocellular carcinoma associated
with hepatitis C virus infection is continuously
increasing, and its prevention is now an urgent
social problem. Average incidence of hepatocel-
lular carcinoma in a year has been reported to
be about 7% in chronic hepatitis C patients with
cirrhosis. In the case of hepatitis B infection,
Southeast Asia and Africa are known as severely
invaded areas, and in fact, the incidence of liver
cancer is very high in these countries. Therefore,

we have tried to develop effective methods for
prevention against hepatitis virus infection-re-
lated liver cancer.

Our previous clinical investigation showed
that the serum level of hydrocarbon carotenoids
such as beta-carotene, alpha-carotene, and lyco-
pene is lower in liver cancer patients with viral
hepatitis than in healthy individuals.

In addition to this clinical observation, we
have also found that -carotene and a-carotene
suppressed liver carcinogenesis in animal experi-
ments (Murakoshi et al. 1992). It is particularly
interesting that treatment with a mixture of these
carotenoids resulted in more effective inhibition
than each carotenoid alone. For example, palm
fruit carotene mixture, which consisted of -caro-
tene, a-carotene, and a small portion of other
carotenoids such as lycopene showed the highest
suppressive effect on liver carcinogenesis in mice
compared with B-carotene alone or a-carotene
alone at the same dose. Therefore, it may be pos-
sible that combined use of various carotenoids
improves the efficacy of cancer prevention. It is
also possible that a small portion of other carot-
enoids has potent activity in suppressing liver
carcinogenesis. In fact, lycopene was proven to
have very high potency in preventing liver can-
cer in animal experiments (Nishino 1997).

These clinical and experimental observations
prompted us to evaluate the effect of a carotenoid
mixture on hepatocellular carcinoma develop-
ment in viral hepatitis patients.
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Protocol and Results of the Clinical Trial

The study protocol was approved by the review
board for research on human subjects at National
Shikoku Cancer Center, Japan. Written informed
consent was obtained from each patient.

Patients of viral hepatitis with cirrhosis (more
than 90% of these individuals were hepatitis C
virus-infected patients) were randomly divided
into two groups (Table 1). Patients in group 1 (46
patients) were administered the carotenoid mix-
ture in addition to conventional antisymptom-
atic treatment. The daily dose of carotenoids was
20 mg in total. The carotenoid mixture contained
lycopene 10 mg, B-carotene 6 mg, a-carotene
3 mg, and other small portions of carotenoids
such as phytoene and phytofluene, 1 mg. These
carotenoids were packed into capsules with a-to-
copherol (daily dose, 50 mg). Patients in group
2 (46 patients as the control group) were treated
with antisymptomatic treatment alone. Placebo
was not used in this study.

These groups were followed up for 2-5 years
(3.4 years on average), and hepatocellular carci-
noma development was clinically analyzed and
recorded. Cumulative incidence of hepatocellu-
lar carcinoma development was plotted using the
Kaplan-Meier method and compared between
the two groups. In this plotting, one patient in
group 2 was omitted, since this patient devel-
oped liver cancer within 6 months after the entry
in the clinical trial.

In the 4th annual analysis, a significant reduc-
tion of hepatocellular carcinoma development
was observed in group 1 (carotenoid group), as
shown in Fig. 1. A greater than 50% reduction of
hepatocellular carcinoma incidence was found at
4 years in the group receiving carotenoids, i.e.,
cumulative incidence of hepatocellular carci-
noma in group 1 was 12.3%, while that in group
2 was 34.6% (p<0.02).

Table 1 Subjects for clinical trial

Group N Age AST (GOT)
1U/1

1 46 61.4+9.7 75+44

2 46 59.9+8.9 70+37

Total 92 60.6+9.3 73+41

Mean + SD
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Since the effect of the carotenoid mixture
treatment was proven to be significant in the
annual analysis at year 4, the clinical trial was fi-
nalized at this time point, although the duration
of the carotenoid administration in the original
protocol was scheduled to last an additional
3 years.

Improvement of Cancer Preventive Efficacy
by Additional Use of Other Food Factors

Besides hydrocarbon carotenoids, some xantho-
phylls such as B-cryptoxanthin are also found
to be lower in the blood of liver cancer patients
with viral hepatitis than in healthy individuals
(Jinno et al. 1997). Therefore, additional use of p-
cryptoxanthin may improve the efficacy for liver
cancer prevention.

We have also found experimentally that myo-
inositol may be useful for the prevention of liver
carcinogenesis. Since myo-inositol has been
known to prevent fatty liver as well as cancer in
several organs, such as colon, we evaluated the
effect of oral administration of myo-inositol us-
ing the experimental model of spontaneous liver
carcinogenesis in C3H/He male mice (Nishino et
al. 1999). The mean number of liver tumors was
significantly decreased by myo-inositol treat-
ment as compared with that in the control group;
the control group developed 7.82 tumors/mouse,
whereas the 1% myo-inositol-treated group had
0.77 tumors/mouse (p<0.01, Student’s t-test).

Based on these clinical and experimental
data, we have planned a new clinical trial. Since
B-cryptoxanthin is rich in Japanese tangerine
oranges, we decided to use them as a form of
juice for a clinical trial. The experimental sample
contained 3 mg of B-cryptoxanthin and 1g of
myo-inositol in 190 ml canned juice. Hepatitis
C virus-infected patients with cirrhosis were ad-

ALT (GPT) Platelet(x10*/pul) Observation
1U/1 period (years)
79+51 10.1+4.1 34+15
67£46 10.4+£4.9 33+1.4

73 £41 10.3+4.5 3.4+1.5
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ministered this preparation (one can per day), in
addition to capsules of a carotenoid/ a-tocoph-
erol mixture. In the annual analysis at year 1,
none from treated group (n=30) had developed
hepatocellular carcinoma. This clinical trial is
now on-going.

Analysis of the Mechanism of Action
Carotenoids are well known as natural antioxi-

dants and have potent activity to scavenge free
radicals. Since inflammation is accompanied

Table 2 Effect of lycopene on promoter activity of anti-
oncogenes

Anti-oncogene Concentration Induction
of lycopene (fold increased)
RB 2 uM 1.42
5uM 3.32
10 uM 4.04
20 uM 4.81
Wafl 10 uM 3.49

Lycopene was treated for 24 h.

with excess production of free radicals, the
scavenging activity of carotenoids against free
radicals seems to play an important role in pre-
vention of hepatitis virus infection-related liver
carcinogenesis. In addition to the free radical
scavenging activity, carotenoid-induced modula-
tion of the expression of various genes also seems
to be important. For example, lycopene has been
found to increase the promoter activity of anti-
oncogenes, such as the RB gene and the Wafl
gene (Table 2).

Discussion

Interferon is well known as an effective treat-
ment for hepatitis patients and has been proven
to prevent hepatocellular carcinoma. However,
large numbers of patients are nonresponders for
interferon treatment. Although repeating admin-
istration of interferon is recommended for these
cases, it is not always possible to continue. These
patients are a high-risk group for future devel-
opment of hepatocellular carcinoma, and alter-
native treatments should be tried. In such cases,
administration of a carotenoid mixture seems to
be valuable.
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At present we have selected lycopene, B-caro-
tene, a-carotene, and P-cryptoxanthin as the
major components for the carotenoid mixture.
In addition to these elements, other natural ca-
rotenoids such as zeaxanthin, astaxanthin, and
fucoxanthin may also be valuable for clinical use,
since these carotenoids showed potent activity
in reducing liver carcinogenesis in experimental
studies, as shown in Table 3.

In the present study, mixture of carotenoids
was packed into capsules with a-tocopherol. a-
Tocopherol, a natural antioxidant, was used as
a stabilizer for the carotenoid mixture, which
is highly sensitive to oxidative stress. In addi-
tion, a-tocopherol itself has been proven to have
some preventive activity for liver carcinogenesis
(Tsuda et al. 1997). Recently, it was also found
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that tocotrienols, the family of natural vitamin
E distributed in various foods with tocopherols,
showed potent preventive activity against liver
carcinogenesis (Wada et al. 2005). Therefore,
combinational use of tocotrienols may be useful
for the improvement of efficacy.

Herbal medicine, Sho-saiko-to (TJ-9), has
also been reported to prevent hepatocellular
carcinoma (Oka et al. 1995). It is of interest that
glycyrrhizin, an active component in Sho-saiko-
to, was proven experimentally to have preventive
activity against liver carcinogenesis (Table 4).

For the mechanism of action analysis, genom-
ics and proteomics seem to be valuable. In fact,
comprehensive analysis using DNA array and
protein-antibody array has shown the network-
like modulation of cellular regulatory systems.

Table 3 Effect of carotenoid on spontaneous liver carcinogenesis in C3H/He male mice

Exp. 1
Control 14 35.7
+Zeaxanthin 12 8.3
Exp. 2
Control 15 53.3
+Astaxanthin 15 26.7
Exp. 3
Control 15 100
+Fucoxanthin 15 86.7

1.75
0.08 (95.4)
0.87
0.27 (69.0)
5.93
3.07 (48.2)

Exp. 1: Zeaxanthin (0.005% in drinking water) was given during the entire experimental period (40 weeks).

Exp. 2: Astaxanthin (0.2 mg suspended in 0.2 ml of corn oil, intragastric gavage, three times per week) was given

during the entire experimental period (40 weeks).

Exp. 3: Fucoxanthin (0.001% in drinking water) was given during the entire experimental period (40 weeks).

Table 4 Effect of glycyrrhizin on spontaneous liver carcinogenesis in C3H/He male mice

Control 15 80.0

+Glycyrrhizin 15 73.3

3.07

1.40 (54.4)

Glycyrrhizin (0.005% in drinking water) was given during the entire experimental period (40 weeks).
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For example, DNA array analysis for p-crypto-
xanthin showed the significant induction of ex-
pression in various important genes, such as p16
and p73, and proteome analysis for tocotrienol
revealed the increase in pRB2 protein induction
(data, not shown). It is of interest that the pat-
tern of modulation for DNA and protein expres-
sion has been proven to be unique and specific
for each carotenoid. These results support the
combined administration of these carotenoids
against cancer as a reasonable strategy.

Conclusion

In conclusion, a mixture of various carotenoids
seems to be promising for the prevention of liver
cancer in hepatitis virus-infected patients with
cirrhosis, although a further extended clinical
trial is needed to confirm and improve the effi-
cacy of this method.
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Abstract

Inhibitors of prostaglandin synthesis show great
promise as cancer chemopreventive agents, with
efficacy demonstrated in randomized clinical tri-
als. Unfortunately, these agents also cause toxicity
in susceptible individuals. The recent reports of
cardiovascular adverse events in patients treated
with selective Cox-2 inhibitors for colorectal ad-
enoma prevention remind us that all therapies
carry risks as well as benefits. This article will
discuss the biologic rationale for using selective
Cox-2 inhibitors in cancer chemoprevention,
and outline new avenues of research necessary to
allow their successful use in patients at risk for
colorectal cancer.

Introduction

Inducible cyclooxygenase (Cox-2) is a promising
target for chemoprevention, with potential for
efficacy against a wide range of epithelial tumors.
Recent clinical trials of drugs that selectively in-
hibited Cox-2 showed increased rates of serious
cardiovascular disease in patients using these
drugs for colorectal cancer chemoprevention for
3 years of continuous drug use. This result led to
an examination of the safety and efficacy of all
nonsteroidal anti-inflammatory drugs (NSAIDs)
and a reassessment of the risks and benefits of
selective Cox-2 inhibitors for cancer prevention.
This paper will discuss the rationale for directing
anti-tumor therapy against Cox-2.

NSAIDs and Colorectal Cancer
Chemoprevention

In the early 1980s, a surgeon named William
Waddell administered the nonselective NSAID,
sulindac, to a patient with familial adenomatous
polyposis (FAP). His intention was to treat this
patient’s desmoid tumor, an FAP-associated neo-
plasm composed of cells exhibiting the histologic
characteristics of a fibrotic or inflammatory pro-
cess. Sulindac did not alter the natural history
of the desmoid tumor, but this drug did induce
significant regression of the patient’s numerous
rectal polyps (Waddell and Loughry 1983). This
was the first clinical observation of the chemo-
preventive potential of NSAIDs.

The primary therapeutic activity of NSAIDs
involves inhibition of the cyclooxygenase en-
zyme, thereby preventing production of active
arachidonic acid metabolites from cell mem-
brane phospholipids. Tissue-specific products
of cyclooxygenase activity, particularly prosta-
glandin E, (PGE,), are powerful mediators of
inflammation and inhibitors of cellular immune
response. At the time of Dr. Waddell’s clinical
report, the link between epithelial tumors and
chronic inflammation was well recognized. In
discussing his observation, Dr. Waddell postu-
lated that adenomas were caused by PGE,-medi-
ated promotion of DNA synthesis and cell pro-
liferation. He theorized that NSAID-associated
tumor regression occurred via arrest of tumor
cells in the G; phase of the cell cycle, an activity
observed following prostaglandin inhibition in
tumor cell culture studies (Waddell and Loughry
1983). Work over the past 2 decades showed that
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PGE, mediates a number of additional activities
related to tumor formation. PGE, binds to spe-
cific G-protein-coupled receptors on the epithe-
lial cell surface, initiating signaling cascades that
promote cell growth and motility (Coleman et al.
1994). In cell lines, PGE, suppresses apoptosis by
increasing expression of Bcl-2 and also increases
expression of activated MAP kinase, promotes
cell migration/invasiveness, and activates epider-
mal growth factor receptor (EGFR) (Hixon et al.
1994; Pai et al. 2002, 2003; Sheng et al. 1998; Tsu-
jii and DuBois 1995). In addition, PGE, induces
angiogenesis, thereby providing a mechanism for
growth of both primary and metastatic disease
(Form and Auerbach 1983; Gately and Kerbel
2003). In animal tumor models, administration
of NSAIDs in doses that inhibit tumor formation
is associated with reversal of these PGE,-medi-
ated effects (Buchanan et al. 2003; Jacoby et al.
2000; Leahy et al. 2002).

Colon Cancer Prevention Studies
with Nonselective NSAIDs

Throughout the 1990s, data from cancer epide-
miology strongly supported a role for NSAIDs
in colorectal cancer prevention. Large studies
found that frequent NSAID use was associated
with an approximately 50% reduction in prema-
lignant adenomas, carcinomas, and even death
due to colorectal cancer (Hawk et al. 2004). Ani-
mal colon cancer models, both genetic and car-
cinogen-induced, also showed this relationship.
Dr. Waddell’s initial observation was confirmed
in prospective randomized trials of sulindac for
management of patients with FAP (Giardiello
et al. 1993; Labayle et al. 1991). These studies
documented treatment-associated regression
of pre-existing adenomas in FAP patients using
sulindac, with this response achieved in approxi-
mately 30% of patients over 6 months of treat-
ment. The next goal was to apply this finding to
prevention of sporadic disease. Unfortunately,
sulindac was poorly tolerated during long-term
administration, with many patients experiencing
gastrointestinal upset and even episodes of gas-
tric ulceration and bleeding. Because of its better
overall tolerance, aspirin was chosen for preven-
tion trials in patients with sporadic colorectal
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adenomas. Three prospective randomized trials
of aspirin have been completed. Overall, these
show a roughly 20% reduction in incidence of
newly detected colorectal adenomas in patients
with a prior history of colorectal adenomas or
colorectal cancer (Baron et al. 2002; Benamouzig
et al. 2003; Sandler et al. 2003) One study, in-
volving approximately 1,100 patients with spo-
radic adenomas, showed a significant decrease
in recurrent adenomas in a low-dose aspirin
arm (81 mg per day; relative risk, 0.81, 95% con-
fidence interval, 0.69;0.96), but not a high-dose
aspirin arm (325 mg per day; relative risk, 0.96;
95% confidence interval, 0.81;1.13) (Baron et al.
2002). Nevertheless, the general agreement be-
tween these three studies combined with strong
epidemiological data led researchers to conclude
that aspirin effectively prevented a subset of spo-
radic colorectal adenomas.

Rationale for Selective Cox-2 Inhibition

In the early 1990s, researchers identified a sec-
ond cyclooxygenase isoform, termed cyclooxy-
genase-2 (Cox-2) (O’Banion et al. 1991). Un-
like Cox-1, which was constitutively expressed,
Cox-2 was induced in response to inflammatory
mediators, mitogens, and other cellular stressors.
Nonselective NSAIDs, because they inhibit both
cyclooxygenase forms, are associated with sev-
eral serious side effects related to Cox-1 homeo-
static activities. These include gastrointestinal
ulceration, bleeding susceptibility, and renal tox-
icity. Selective Cox-2 inhibitors were developed
to avoid these complications in patients who re-
quired frequent or long-term NSAID use, such
as those with severe arthritis or chronic inflam-
matory conditions. In 1998, these drugs were ap-
proved by regulatory agencies for use in patients
with severe arthritis.

Studies conducted in the 1980s showed that
epithelial tumors contain increased levels of
PGE, compared to normal tissues (Balch et al.
1982; Bennett et al. 1977). Cox-2 is produced in
response to cellular mitogens; therefore it was
not surprising that Cox-2 levels were low or ab-
sent in normal tissues, and strongly expressed in
neoplastic or inflammatory lesions. Preclinical
studies showed that Cox-2 mediates tissue-spe-
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cific prostaglandin and prostacyclin production,
and as a result promotes angiogenesis, suppresses
apoptosis, and may increase tumor invasiveness
by increasing matrix metalloproteinase produc-
tion. Cox-2 also exhibits peroxidase activity, and
as a result may potentiate formation of DNA-
damaging agents in susceptible tissues (Fosslein
2000; Seno et al. 2002; Taketo 1998).

Clinical trials of selective Cox-2 inhibitors for
prevention of sporadic colorectal adenomas were
initiated in 1999. Part of the rationale for these
studies was the reduced risk of gastrointestinal,
hemorrhagic, or renal toxicity expected for these
agents compared to nonselective NSAIDs. Ad-
ditional data from animal models indicated that
selective Cox-2 inhibitors would have greater
anti-tumor efficacy than nonselective NSAIDs.
In one particularly striking preclinical study,
mice with a germline Apc mutation (ApcA”')
were crossed with animals bearing targeted de-
letion of the murine Cox-2 gene (Pghs-2-/-).
These mice showed a strong gene-dose response
to Cox-2 loss(Oshima et al. 1996). The ApcA”*®
Pghs-2+/+ mice developed 652 intestinal tumors
on average, in contrast to 224 for ApcA”'® Pghs-
2+/- mice and 93 for ApcA”'® Pghs-2-/- mice.
Tumor reductions of a similar magnitude were
observed following treatment of ApcA”'® mice
with a selective Cox-2 inhibitor (Oshima et al.
1996).

Human Trials of Selective Cox-2 Inhibitors

In 1998, celecoxib and rofecoxib were approved
by regulatory agencies for treatment of patients
with severe arthritis. The first human study of a
selective Cox-2 inhibitor for cancer prevention
involved 83 patients with familial adenoma-
tous polyposis who had measurable adenomas
in the colorectum (Steinbach et al. 2000). This
study, reported in 2000, showed that celecoxib
use at 400 mg twice daily over a 6-month period
produced a 30.7% reduction in polyp burden,
where polyp burden was defined as the sum of
the diameters of all polyps identified. Three mul-
ticenter randomized trials of selective Cox-2
inhibitors for prevention of sporadic colorectal
adenomas were initiated in 1999-2000. These
studies examined the rates of adenoma detection

by colonoscopy over a 3-year observation period
of uninterrupted selective Cox-2 inhibitor use.
All patients enrolled in these trials had a prior
history of colorectal adenomas. The first trial ini-
tiated was a study of rofecoxib in 2,586 patients
in the United States. Unfortunately, even before
the final efficacy results from this study were
known, the investigators reported that long-term
rofecoxib use was associated with a significant
increase in serious cardiovascular side effects,
including myocardial infarction, stroke, and
death due to cardiovascular disease (Bresalier et
al. 2005). Shortly afterward, this observation was
seconded by data from a chemoprevention study
involving another selective Cox-2 inhibitor, cele-
coxib (Solomon et al. 2005). These reports had a
profound impact upon the medical and clinical
research communities. Selective Cox-2 inhibitors
had been widely marketed as safer alternatives to
nonselective NSAIDs, and at the time of these re-
ports these drugs were used in many thousands
of patients worldwide. These reports of toxicity
led clinicians to re-evaluate their use, particu-
larly for chronic treatment of patients with pre-
existing cardiovascular disease. At the time of
these reports, numerous cancer chemopreven-
tion studies using celecoxib were underway,
including trials involving patients with actinic
keratoses, superficial bladder tumors, Barrett
esophagus, and oral epithelial tumors. Concerns
over potential cardiovascular toxicity in these
studies led to their suspension in December,
2004. Merck, Inc., the maker of rofecoxib, with-
drew this drug from the market. It is interesting
to note that, even though nonselective NSAIDs
have been in clinical use for many decades, there
are no similar long-term cardiovascular risk data
for these drugs.

Optimizing Risks and Benefits
of Selective Cox-2 Inhibitors
for Colorectal Cancer Prevention

At the time of this writing, final data report-
ing the efficacy of selective Cox-2 inhibitors for
colorectal cancer prevention have not yet been
published. Fortunately, these studies were all
near completion at the time that drug-associated
increased cardiovascular risk was identified. As
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a result, these studies will produce valid efficacy
data for the primary prevention endpoint, which
involves colonoscopic detection of adenomas
after 3 years of planned study drug use. Based
upon their demonstrated efficacy in patients with
FAP, we can assume that selective Cox-2 inhibi-
tors will be at least as effective or more so than
nonselective NSAIDs for colorectal adenoma
prevention.

In the short term, the continued use of the
selective Cox-2 inhibitors for cancer chemopre-
vention will depend upon the balance of risks
and benefits revealed in these studies. Balancing
risks and benefits is a complicated process, and
one that must be approached with caution. It is
important to remember that the currently avail-
able studies were designed to assess prevention
of colorectal adenomas, not to determine the
cardiovascular effects of selective Cox-2 inhibi-
tors. In considering the anticipated data, it stands
to reason that individuals with the highest risk of
colorectal neoplasia and the lowest risk of cardio-
vascular disease will benefit most from selective
Cox-2 inhibitors. There are, however, multiple
factors involved in risk stratification, and at this
time we will be forced to draw conclusions based
upon incomplete data.

Some of the variables involved in determin-
ing risk and benefit are evident before drug treat-
ment begins. In colorectal tumorigenesis, we
know that small tubular adenomas rarely if ever
progress to invasive cancer. In addition, it is un-
common for a patient with a single small tubular
adenoma to develop recurrent colorectal adeno-
mas. Data from large colonoscopy trials show
that patients with multiple adenomas, single ad-
enomas 1 cm or more in diameter, or adenomas
with villous or tubulovillous histology are most
likely to develop recurrent disease. In evaluating
the efficacy of a chemopreventive agent, there-
fore, it is important to select a study cohort with
these characteristics and to evaluate the ability of
the drug to inhibit these more advanced lesions.
Within the large adenoma prevention trials, it
may also be possible to cautiously examine the
relationship between pre-existing cardiovascu-
lar risk factors, such as diabetes or a history of
myocardial infarction, and the risk of cardiovas-
cular complications while using selective Cox-2
inhibitors.

Monica M. Bertagnolli
Developing Safer Anti-Cox-2 Treatments

In addition to optimizing patient selection, fu-
ture work should address ways to reduce the tox-
icity of selective Cox-2 inhibitors, yet maintain
their anti-tumor efficacy. One promising avenue
involves altering drug regimens. Carcinogenesis
is a decades-long process, and during this time
neoplastic lesions progress from initiated but
histologically normal cells to increasingly aber-
rant adenomas to invasive cancer. The available
studies of sporadic disease addressed adenoma
prevention rather than regression of existing tu-
mors, and the regimens tested consisted of un-
interrupted drug use over a 3-year interval. Pa-
tients with FAP who were treated with celecoxib
demonstrate significant regression of pre-exist-
ing adenomas. Therefore, it may not be necessary
or even desirable for chemoprevention drugs to
be administered in an uninterrupted fashion.
For example, a dosing regimen of 6 months on
drug with 6 months off drug in patients at high
risk for colorectal cancer may permit regression
of initiated and/or adenomatous lesions during
the treatment phase that do not recur to a signifi-
cant extent during the rest phase. Intermittent
timing of drug use may also reduce toxicity. The
time course of development of cardiovascular
toxicity in patients treated with selective Cox-2
inhibitors is unknown. These effects, however,
were not identified in short-term safety analyses
conducted for celecoxib in arthritis patients, and
in the chemoprevention trials became evident
only after 12-18 months of continuous drug use.
Provision of a drug holiday in a chemopreven-
tive regimen may decrease toxicity by reducing
cumulative drug exposure, and may even allow
recovery of normal homeostatic mechanisms
that reduce cardiovascular risk.

It is clear that we must understand the mecha-
nism of activity of cardiovascular toxicity pro-
duced by selective Cox-2 inhibitors in order to
develop safer anti-Cox-2 regimens. For example,
another possibility for reducing cardiovascular
risk in Cox-2 chemoprevention may be found in
the observation that selective Cox-2 inhibitors
promote both hypertension and more advanced
cardiovascular disease. If these two conditions
are causally linked in users of selective Cox-2
inhibitors, it may be possible to use blood pres-
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sure monitoring to identify patients who should
discontinue or reduce drug use. The data neces-
sary to draw valid conclusions concerning the
cardiovascular risks of selective Cox-2 inhibitors
must come from well-designed prospective trials
to specifically address cardiovascular endpoints.

Selective Cox-2 inhibitors are not the only
compounds that may inhibit the deleterious ef-
fects of PGE,. For example, signaling events
downstream of PGE, provide additional oppor-
tunities for intervention. The targeted inhibitors
of related signaling molecules such as EGFR,
MAP kinase, and mTOR provide new agents for
investigation in chemoprevention trials. An im-
proved understanding of prostaglandin degrada-
tion pathways may also be useful. For example,
15-hydroxyprostaglandin dehydrogenase (15-
PGDH) is an endogenous Cox-2 antagonist that
is downregulated in intestinal tumors (Backlund
et al. 2005). 5-PGDH is an NAD+-dependent
rate-limiting enzyme mediating the degradation
of PGE, (Tai et al. 2002), and agents that upregu-
late 15-PGDH activity include inhibitors of epi-
dermal growth factor receptor activity (Backlund
et al. 2005) and the tumor suppressor, TGF-f
(Yan et al. 2004). Targeting 15-PGDH or related
enzymes may therefore be beneficial in preserv-
ing tissue-specific prostaglandin function yet
eliminating excess prostaglandin production that
is associated with tumorigenesis. Given the dele-
terious effects associated with chronic suppres-
sion of any cell signaling process, new therapies
should focus upon restoring the balance of fac-
tors found in healthy tissue, rather than chroni-
cally suppressing a particular component.

Conclusion

Data from animal models and human trials indi-
cate that Cox-2 is a very important target for can-
cer prevention. The finding of increased cardio-
vascular toxicity in patients treated with selective
Cox-2 inhibitors for colorectal cancer prevention
reminds us of important lessons already learned
in breast, lung, and prostate chemoprevention
trials, namely that no drug is entirely without
risk. In this particular instance, the long-term
nature of chemoprevention studies unexpect-
edly benefited society by identifying serious ad-

verse events associated with a commonly used
medication. This should not deter us from the
important work of cancer prevention. Despite a
newly observed association between long-term
selective Cox-2 inhibitor use and cardiovascular
disease, Cox-2 remains an important target for
cancer prevention.
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Abstract

Human papillomavirus (HPV) is a significant
source of morbidity and mortality throughout the
world and is the most common sexually trans-
mitted infection in the United States. HPV is the
primary etiologic agent of cervical cancer and
dysplasia. Thus, cervical cancer and other HPV-
associated malignancies might be prevented or
treated by HPV vaccines. Recent research on
the safety and efficacy of candidate prophylactic
vaccines against HPV have shown very promis-
ing results, with nearly 100% efficacy in prevent-
ing the development of persistent infections and
cervical dysplasia. Questions remain, however,
concerning the duration of protection, vaccine
acceptability, and feasibility of vaccine delivery
in the developing world. Screening recommen-
dations might also be modified based on the
longer-term follow-up data and cost-effective-
ness considerations, but some level of screening
is likely to be required for decades following the
implementation of vaccine programs.

Introduction

Cervical cancer is a leading cause of cancer mor-
tality among women in developing countries.
In the US, even though rates have declined over
the past 50 years, there are still more than 9,000
cases of cervical cancer and more than 3,000
deaths from the disease annually (Jemal et al.
2006; Bosch and de Sanjose 2003). Over 99% of
cervical cancers are linked to genital infection
with HPV, which is the most common viral in-
fection of the reproductive tract worldwide and

infects an estimated 660 million people annu-
ally. Developed countries have greatly reduced
deaths from cervical cancer through screening
programs that allow early detection and treat-
ment. However, the difficulties with establishing
high-quality cytology-based services in develop-
ing countries has hampered the efforts to prevent
cervical cancer worldwide. Vaccines against HPV
infections have the potential to be a practical and
cost-effective way to reduce the incidence of cer-
vical cancer. This article reviews the current sta-
tus of HPV vaccine development and highlights
outstanding research questions. We also review
available data on the epidemiology, pathogen-
esis, and immune responses to HPV infection.
Finally, the acceptability and cost-effectiveness
of HPV vaccines and the potential to integrate
HPV vaccination with the existing immuniza-
tion programs are discussed.

Human Papillomavirus

More than 40 different HPV types have been
identified that infect the anogenital epithelia
and other mucosal membranes. Some 13-18 of
these types are recognized as high-oncogenic
risk HPV types (Fig. 1). It is estimated that HPV-
16 accounts for approximately 60% of cervical
cancers, with HPV-18 adding another 10%-20%.
Other high-risk types include types 31, 33, 35,
39, 45, 51, 52, 56, 58, 59, 68, and 73 (Jansen and
Shaw 2004).

In general, HPV infects the basal cells of hu-
man epithelial surfaces. Infected basal cells di-
vide; some progeny remain as infected basal
cells, while others move away from the basement
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HPV types in Cervical Cancer
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Fig.1 HPV types in cervical cancer

membrane, differentiate, and become epithelial
cells. Virus replication and assembly is tightly
linked to the differentiation program of epithe-
lial cells. Infectious virions are produced only in
the terminally differentiated cell and are shed as
virus-laden squamous cells.

The HPV genome codes for eight proteins
(open reading frames). The late L1 and L2 genes
code for the viral capsid proteins, the early pro-
teins E1 and E2 are responsible for viral replica-
tion and transcription, and E4 seems to aid virus
release from infected cells (Spence et al. 2005).
The early genes of the high-risk HPV types (E6
and E7) encode the main transforming proteins.
These genes are capable of immortalization of
epithelial cells and are thought to play a role in
the initiation of the oncogenic process. The pro-
tein products of these early genes interfere with
the normal function of tumor suppressor genes.
HPV E6 is able to interact with p53, leading to
its dysfunction, thereby impairing its ability to
block the cell cycle when DNA errors occur. E6
also keeps the telomerase length above its critical
point, protecting the cell from apoptosis. HPV
E7 binds to retinoblastoma protein (pRb) and

activates genes that start the cell cycle, leading to
tissue proliferation. E5 has also been implicated
in cellular transformation.

It is now widely accepted that high-risk HPV
infections are a necessary, but not sufficient, cause
of virtually all cases of cervical cancer worldwide
(Fig. 2) and are a likely cause of a substantial pro-
portion of other anogenital neoplasms and oral
squamous cell carcinomas. An estimated 85% of
anal cancers; 50% of the cancers of the vulva, va-
gina, and penis; 20% of oropharyngeal cancers;
and 10% of laryngeal and esophageal cancers are
attributable to HPV (CDC 2004).

Infection with low oncogenic risk HPV types,
such as HPV 6 and 11, can cause benign lesions
of the anogenital areas known as condylomata
acuminata (genital warts), as well as a large pro-
portion of low-grade squamous intraepithelial
lesions of the cervix. Low-risk HPV clinical in-
fections are responsible for substantial morbidity
and invoke high costs associated with the treat-
ment of clinically relevant lesions.
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Fig.2 HPV and cervical cancer

Epidemiology and Pathogenesis

There are an estimated 6.2 million new cases of
oncogenic HPV infections occurring in the US
each year, and approximately 20 million Ameri-
cans are infected with HPV at any one time
(CDC 2004). High-risk or oncogenic HPV in-
fections can cause precancerous cervical lesions
that are detected by routine cytological screen-
ing with the Papanicolaou (Pap) test. If these le-
sions are left undiagnosed they may progress to
invasive cervical cancer within a few months to
several years (depending on the precancerous le-
sion grade). Invasive cervical cancer is the sec-
ond most common cancer in women worldwide.
In the US, there are still more than 9,000 cases of
cervical cancer and more than 3,000 deaths from
the disease annually (Jemal et al. 2006).

Risk determinants for HPV infection that
have been identified in various cross-sectional
and prospective cohort studies include the num-
ber of sexual partners (lifetime and recent), age
at first intercourse, smoking, oral contraceptive
(OCQC) use, other sexually transmitted infections
(STIs) (e.g., chlamydia and herpes simplex vi-

rus), chronic inflammation, immunosuppressive
conditions including HIV infection, and par-
ity (Trottier and Franco 2006). Nevertheless, in
addition to sexual activity correlates, the most
consistent determinant of HPV infection is age,
with most studies indicating a sharp decrease in
risk after the age of 30. The decrease in risk of
HPYV infection with increasing age seems to be
independent of changes in sexual behavior, sug-
gesting a role for immune response.

The peak in HPV prevalence among women
younger than 30 years of age is followed by a
decline in prevalence until age 45-50 and then
a second peak in the peri- or postmenopausal
years (Trottier and Franco 2006). Although the
reason for this second, menopausal peak is not
clear, it could be attributed to mechanisms, such
as reactivation of latent infections acquired ear-
lier in life due to a gradual loss of type-specific
immunity or to acquisition of new infections due
to sexual contacts with new partners later in life.

For each new case of invasive cancer found
by Pap cytology, estimates suggest that there are
approximately 50-100 squamous intraepithelial
lesions. Women with these precancerous lesions
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need close monitoring by cytology and, if results
persist, by colposcopy and biopsy.

Most infections seem to clear spontaneously;
cohort studies have consistently found that only
a small proportion of women positive for a given
HPV type are found to have the same type in
subsequent specimens (Richardson et al. 2003).
Whether infections clear completely or the virus
remains latent in basal cells at undetectable lev-
els is a matter of debate and cannot be verified
empirically. What is clear, however, is the fact
that risk of subsequent cervical intraepithelial
neoplasia (CIN) is proportional to the number
of specimens testing positive for HPV (Ho et al.
1995). This suggests that carcinogenic develop-
ment results from HPV infections that persist
productively (i.e., with sustained viral replication
within the squamous epithelium) for prolonged
periods of time.

Mao et al. (2006) studied the natural history
of high-risk HPVs in the control group of their
HPV-16 L1 VLP vaccine clinical trial. They dem-
onstrated that histologic changes become appar-
ent shortly after HPV16 infection. In 11 of the 12
cases, CIN was identified 6-12 months after de-
tection of HPV 16 DNA. Thus, years of persistent
infection were not required before significant
histologic changes such as CIN2/3 were seen.
The median time to clearance of persistent infec-
tions (20.7 months) was similar to other previ-
ously published reports (Ho et al. 1995).

Immune Responses to HPV

Several studies have demonstrated that virus-
neutralizing antibodies mediate protection of
animals from experimental papillomavirus in-
fection. For example, passive transfer of sera
from virus-like particle (VLP)-vaccinated rabbits
to naive rabbits is sufficient for protection (Bre-
itburd et al. 1995). Similarly, vaccination with L2
peptides protects rabbits from papillomas result-
ing from viral but not from viral DNA challenge,
consistent with the protection mediated by neu-
tralizing antibodies (Embers et al. 2002).

Most of those who develop benign HPV le-
sions eventually mount an effective cell-medi-
ated immune response that results in lesion
regression. Regression of anogenital warts is
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accompanied histologically by a CD4+ T cell-
dominated Th1 response, and data from animal
models suggest that the response is modulated
by CD4+ T cell-dependent mechanisms. Fail-
ure to develop effective cell-mediated immunity
to clear or control infection results in persis-
tent infection and, in the case of the high-risk
HPVs, an increased probability of progression
to high-grade squamous intraepithelial lesions
or invasive carcinoma. The increased prevalence
of HPV infections and high-grade lesions in im-
munosuppressed individuals as a consequence
of HIV infection demonstrates the importance
of CD4+ T cells in the control of HPV infection.
The prolonged duration of infection associated
with HPV seems to be associated with effective
evasion of innate immunity as reflected in the
absence of inflammation during virus replica-
tion, assembly, and release, and downregulation
of interferon secretion and response, thus delay-
ing the activation of adaptive immunity (Stanley
2006b).

The well-characterized foreign (viral) anti-
gens and the well-defined virological, genetic,
and pathological progression of HPV have pro-
vided a unique opportunity to develop vaccines
to prevent HPV infection and the associated pa-
thology.

Vaccine Efficacy

Traditionally, in etiological and cancer preven-
tion studies, the measurable endpoint to deter-
mine efficacy of an intervention has been the
incidence of cancer itself. But as some cancers
take a long time to develop and are not common
in a given population, trials with an endpoint of
invasive cancer can be prohibitively large and
lengthy. In the case of cervical cancer, a disease
that can be prevented through proper detection
and treatment, a study endpoint of cancer can be
ethically impracticable. The US Food and Drug
administration Vaccine Advisory Committee
has recommended using CIN2/3 as a surrogate
marker for cervical cancer in HPV vaccine tri-
als, as this lesion is the intermediate precursor
to cervical cancer (Pratt et al. 2001). Since per-
sistent infection with the same high-risk type is
considered a predictor for high-grade cervical
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dysplasia and cancer, it might be a useful surro-
gate in future vaccine efficacy studies. Indeed, if
vaccines prove to be effective against transient or
especially persistent HPV infections, it is likely
that they will protect women against cervical
cancers as well.

Given the mode of transmission of HPV, vac-
cination of males needs to be considered. Males
and females pass this virus back and forth, and
logically one would anticipate more effective
prevention of transmission if both genders were
vaccinated. Because there is little detectable pa-
thology associated with high-risk HPV in males,
recommendations for male vaccination may re-
quire data from studies of prevention of infec-
tion. A vaccine against the nononcogenic HPV
types 6 and 11 could be considered in the pro-
phylaxis of genital warts in males to prevent the
morbidity associated with this common infec-
tion (Shaw 2005).

Prophylactic Vaccine

In general, prophylactic vaccines induce the gen-
eration of neutralizing antibody to the pathogen
and thus prevent disease on subsequent expo-
sure. Studies exploiting natural papillomavirus
infections in the dog, rabbit, and cow, together
with HPV1 and HPV11 infections in humans
(all situations in which adequate amounts of vi-
rus could be obtained), showed clearly that there
were serum responses to viral capsid proteins
in individuals who were or had been infected
(Stanley 1997). In the animal models, seroposi-
tive individuals were resistant to subsequent vi-
ral challenge. Neutralizing antibody, directed to
determinants on the viral capsid L1 protein, was
generated in these individuals (Stanley 2006a).
These observations suggested that a vaccine
generating such responses must contain L1 pro-
tein in the correctly folded, tertiary or native
form. Technically, this was very difficult, but a
major experimental breakthrough showed that
the L1 protein, when expressed by vectors such
as recombinant baculovirus or yeast, self-assem-
bled into virus-like particles (VLPs) (Kimbauer
et al. 1992). The L1 VLP is a conformationally
correct, empty capsid (i.e., it contains no DNA)
that appears morphologically identical to, and

contains the major neutralizing epitopes of, the
native virion. L1 VLPs closely approximate the
antigenic characteristics of wild type virions and
have been used extensively in seroepidemiologi-
cal studies in humans.

Phase I/II clinical trials using HPV L1 VLP
delivered intramuscularly have demonstrated
the immunogenicity and safety of this vaccine.
Koutsky et al. (2002) reported data from a clini-
cal trial of HPV-16 L1 VLPs, indicating for the
first time that a vaccine strategy can be imple-
mented in humans to prevent HPV-16 infec-
tions and HPV-16-associated premalignant le-
sions. Young women (n=2,392) were assigned
to receive placebo or yeast-derived HPV-16 L1
VLPs (40-ug dose) formulated on aluminum ad-
juvant at month 0, month 2, and month 6 by in-
tramuscular injection. Samples from the genital
tract were obtained at enrollment, 1 month after
the booster immunization, and every 6 months
thereafter. In addition, the women underwent
gynecological examinations and were referred
for colposcopy according to the protocol. Biopsy
tissue was evaluated for intraepithelial neoplasia
and analyzed by PCR for the presence of HPV-16
DNA. The assay was validated to have 95% prob-
ability to detect 13 copies of HPV-16 DNA per
sample. The primary endpoint of the trial was
persistent HPV-16 infection, defined by (a) HPV-
16 DNA detection in samples obtained at two or
more visits at least 4 months apart; (b) a cervical
biopsy showing cervical intraepithelial neoplasia
or cancer and HPV-16 DNA in the biopsy and
in a genital sample collected at the antecedent or
subsequent visit; or (c) HPV-16 DNA detected in
a sample collected during the last visit before be-
ing lost to follow-up.

Women were followed for a median of
17.4 months after completion of the vaccina-
tion regimen, at which time 41 cases of persis-
tent HPV-16 infection were accrued. All 41 cases
occurred in the placebo group, none in the vac-
cine group. Of these 41 cases, 31 were persistent
HPV-16 infection, five were HPV-16-related
CIN1, four were HPV-16-related CIN2, and one
occurred in a woman who first tested positive for
HPV-16 on the last visit before she was lost to fol-
low-up. These results translate to 100% efficacy
(95% confidence interval, 90-100; p<0.001). In a
follow-up study, Mao et al. (2006) showed that
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none of the 755 vaccinated women developed
CIN2/3 caused by HPV-16 during 48 months
of follow-up. After immunization, HPV16 se-
rum antibody titers peaked at month 7, declined
through month 18, and remained relatively
stable between months 30 and 48. Overall, the
observed efficacy for preventing persistent HPV
infection was 94%, slightly lower than the 100%
reported rate in the interim analysis. Although
this study was not designed to evaluate the pos-
sible therapeutic effect on women who have evi-
dence of HPV-16 infection before vaccination,
the authors found that among the subcohort of
women who were HPV-16 DNA-positive at en-
rollment but anti-HPV-16-seronegative, those
who received vaccine were less likely to develop
subsequent HPV-16-related CIN2/3 than those
who received placebo injections. Despite small
numbers, this trend suggests that there may be
some benefit to vaccination for women who have
recent infections or are early in the natural his-
tory of the disease.

In a recent randomized, double-blind, con-
trolled trial, Harper et al. (2004) assessed the ef-
ficacy, safety, and immunogenicity of a bivalent
HPV-16/18 L1 VLP vaccine (GlaxoSmithKline
Biologicals, Rixensart, Belgium) for the preven-
tion of incident and persistent infection with
these two virus types, associated cervical cyto-
logical abnormalities, and precancerous lesions.
They randomized 1,113 women between 15 and
25 years of age to receive three doses of either
the vaccine formulated with AS04 adjuvant (alu-
minum salt and 3-deacylated monophosphoryl
lipid A) or placebo on a 0-month, 1-month, and
6-month schedule in North America and Brazil
(Table 1). Women were assessed for HPV infec-
tion by cervical cytology and self-obtained cer-
vicovaginal samples for up to 27 months, and
for vaccine safety and immunogenicity. In the
according-to-protocol analyses, vaccine efficacy
was 91.6% (95% CI, 64.5-98.0) against incident
infection and 100% against persistent infection
with HPV-16/18. In the intention-to-treat analy-
ses, vaccine efficacy was 95.1% against persistent
cervical infection with HPV-16/18 and 92.9%
against cytological abnormalities associated with
HPV-16/18 infection. The vaccine was generally
safe, well tolerated, and highly immunogenic.
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On further analysis of this study, Dubin et
al. (2005) observed cross-protection against ab-
normal cytology (ASCUS or worse) associated
with non-HPV-16/18 high-risk types during
12 months of follow-up. This finding challenges
the view that cross-protection between HPV
types with L1 antigens is unlikely. The identity
of the cross-protective epitopes is not yet known;
the use of an adjuvant such as AS04 to generate
a strong antibody and cellular immune response
may contribute to this effect.

Giannini et al. (2005) have recently compared
the ability of an HPV-16/18 L1 VLP vaccine for-
mulated with either the AS04 adjuvant system or
aluminum salt alone to induce an immune re-
sponse of high magnitude and persistence. HPV-
16/18 L1 VLPs formulated with AS04 adjuvant
induced a substantially higher and more persis-
tent response compared with the aluminum-salt-
only formulation. The higher antibody responses
associated with the AS04 formulation persisted
for up to at least 3.5-years after vaccination in
human subjects.

Dubin et al. (2005) compared immunogenic-
ity and safety of the HPV-16/18 L1 VLP vac-
cine formulated with AS04 adjuvant (Cervarix,
GlaxoSmithKline Biologicals) in 158 preteen/
adolescent (10-14 years) and 458 young women
(15-25 years). The vaccine was well tolerated and
adverse events were rare in both groups; however,
higher antibody titers were observed in preteens/
adolescents. They concluded that higher anti-
body titers in the younger group might result in
longer antibody persistence and be particularly
advantageous when an HPV vaccine is adminis-
tered at a young age well before sexual activity.

The results of a randomized, double-blind
placebo-controlled multicenter phase II trial of a
quadrivalent VLP vaccine were published recently
(Villa et al. 2005). The vaccine included four re-
combinant HPV type-specific VLPs consisting
of the L1 major capsid proteins of HPV®, 11, 16,
and 18 adsorbed onto amorphous aluminum hy-
droxyphosphate sulfate adjuvant (GARDASIL,
Merck Research Laboratories, Whitehouse Sta-
tion, NJ, USA). A group of 277 young women
(mean age, 20.2 years) were randomly assigned
to quadrivalent HPV (20 pg type 6, 40 pg type 11,
40 pg type 16, and 20 ug type 18) L1 virus-like-
particle (VLP) vaccine, and 275 young women
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(mean age, 20.0 years) were assigned to one of
two placebo preparations at day 1, month 2, and
month 6. In the according-to-protocol cohort,
the incidence of persistent HPV 6, 11, 16, or
18 infection or associated disease decreased by
90% (95% CI, 71-97) in women who received
the vaccine compared with placebo. The results
were similar in an intention-to-treat analysis. All
women who received vaccine developed HPV
antibody to the four HPV types after the series
was completed, and antibody titers were substan-
tially higher than in placebo recipients who had
had a previous HPV infection. Mean antibody
titers at month 36 remained at or above the titers
in women who had a natural HPV infection and
cleared the virus. Pain was the most common in-
jection-site adverse event and headache the most
common systemic adverse event. There were no
vaccine-related serious adverse events (Table 1).
A phase III trial of the quadrivalent vaccine,
involving 17,800 women aged 16-23 years, has
recently been completed. Data from this clinical
trial, the Females United to Universally Reduce
Endo-ectocervical disease (FUTURE II) study,
were presented recently (Skjeldestad et al. 2005).
In a subsample of 12,167 women who were ran-

domized to receive quadrivalent HPV 6/11/16/18
recombinant vaccine (GARDASIL, Merck) or
placebo and who followed the protocol closely,
the vaccine was 100% effective in preventing
incident HPV 16/18-related CIN 2/3, adenocar-
cinoma in situ, and cervical cancer over 2 years
of follow-up. The vaccine was well-tolerated and
there were no vaccine-related serious adverse
events. On June 8, 2006, the FDA announced the
approval of GARDASIL, the first vaccine devel-
oped to prevent cervical cancer, precancerous
genital lesions, and genital warts due to human
papillomavirus (HPV) types 6, 11, 16, and 18
(FDA 2006).

From a technical perspective, vaccination with
VLPs appears promising. Nevertheless, several
practical issues must be addressed before these
vaccines can be deployed in clinical practice and
public health programs (Table 2).

Studies by the Center for Disease Control and
Prevention suggest that some adolescents initi-
ate sexual intercourse very early, in some cases
before 13 years of age. Therefore, a vaccination
program beginning around 12 years of age might
be the ideal. At present, there are two newly li-
censed vaccines recommended for adolescents;

Table 1 Comparison of quadrivalent and bivalent L1 VLP prophylactic vaccines

Reference Villa LL et al. 2005 Harper et al. 2004

Design Randomized double-blind controlled trial Randomized double-blind controlled trial

Vaccine type Quadrivalent HPV-6/11/16/18 VLP, L1 Bivalent HPV-16/18 VLP, L1 capsid
capsid component component

Age (years) 16-23 15-25

Trial size 277 Vaccinees 275 placebo 560 Vaccinees 553 placebo

Site US, Brazil, Europe US, Canada, Brazil

Antigen 20 ug HPV 6, 40 ug HPV11, 20 ug HPV-16, 20 ug HPV-18
40 pg HPV-16, 20 ug HPV18

Adjuvant 225 ug Aluminum hydroxy phosphate 500 pg Aluminum hydroxide 50 pg 3-

Dose and administration
Schedule
Follow-up

Clinical outcome

Major adverse effects

sulfate

0.5 ml Intramuscular
0, 2, 6 months

Up to 35 months

90% Efficacy preventing HPV-6/11/16/18
infections; 100% efficacy preventing
cytological abnormalities

None

deacylated monophosphoryl lipid (ASO4)
0.5 ml Intramuscular

0, 1, 6 months

Up to 27 months

100% Efficacy preventing persistent
HPV-16/18 infection; 93% efficacy
preventing cytological abnormalities

None
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Table 2 Future HPV immunization programs implementation issues

Potential target populations
9-12 Years of age
Adolescents and young adults
Protection in men

Data on HPV vaccine efficiency in men not yet available

Only vaccinating women might be a good option in some communities

Societal acceptance of vaccines to prevent sexually transmitted infections

Awareness of HPV consequences and ubiquity

Anti-cancer vaccine

Boostrix from GSK for Pertussis, and Menactra
from Sanofi-Pasteur for Neisseria meningitidis.
An HPV vaccine could be added to a program
that administers these to create the foundation
of an adolescent check-up. Going forward, a
system that routinely provides such a regimen
of adolescent vaccinations would help protect a
population from cervical cancer and a variety of
other diseases. The early years of HPV vaccine
availability would necessitate a substantial catch-
up effort to vaccinate older individuals who are
sexually active (Shaw 2005).

How will HPV vaccines impact recommen-
dations for cervical screening? In the short to
medium term, there should be little impact on
frequency of screening. Robust field effectiveness
for these vaccines has yet to be demonstrated in
clinical trials. Since the vaccines may initially
cover only types 16 and 18, one must continue to
screen for the other 30% of HPV disease caused
by the types not in the first versions of these vac-
cines. It is possible that screening programs may
evolve from a cytopathologic basis to a DNA test-
ing base over time. In the longer term, screening
recommendations might be modified based on
the field data and cost-effectiveness consider-
ations, but some level of screening is likely to be
required for decades (Shaw 2005).

Concerns have been raised about the impact
of HPV vaccination on both sexual risk behav-
iors and screening behaviors. Some have ex-
pressed concern that adolescents who receive
an HPV vaccine may feel less vulnerable to STI
and thus practice riskier sexual behaviors; how-
ever, there are no published data to support this

concern. Vaccinated women should understand
that HPV vaccines will not prevent infection
with other sexually transmitted diseases, nor will
their introduction eliminate the need for cervi-
cal-cancer screening. Screening will continue to
be essential to detect cancers and precancerous
changes caused by other HPV types, as well as
any cancer in women who have not been vac-
cinated or are already infected with HPV (Kahn
2005).

Vaccination of early adolescents against an
STI may pose unique challenges. Adolescents
often do not visit their health care provider rou-
tinely, and HPV vaccination will require three
visits over a 6-month period. Adolescents who
may be particularly vulnerable to STI acquisition
are less likely to receive preventive health ser-
vices in general and thus may be more difficult
to reach with existing vaccination programs. Pa-
rental and adolescent acceptance of vaccination
against an STT and provider willingness to rec-
ommend such vaccines will also be key determi-
nants of successful vaccine delivery (Zimet et al.
2000). Recent studies demonstrate that although
parents generally find STI vaccines acceptable,
some do not believe their children are at risk for
STIs or express concern that adolescents who are
vaccinated may practice riskier sexual behaviors
(Zimet et al. 2005).

Finally, questions remain concerning the feasi-
bility of prophylactic HPV vaccines for large-
scale immunization programs in less developed
countries, where most cervical cancer deaths
occur. The vaccines under development require
multiple doses and refrigeration, which make ad-
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ministration difficult in developing countries. In
addition, it is unclear how to accomplish large-
scale vaccination of early adolescents, given that
current global vaccination programs are de-
signed to implement vaccination of infants and
young children (Lowr and Frazer 2003).

Conclusion and Future Directions

HPV causes the most common viral infection
of the reproductive tract worldwide. However,
the infection is often transient and self-limited.
Several studies have suggested that HPV infec-
tion and cervical dysplasia can be prevented by
HPV L1 VLP vaccines. The licensure of a vaccine
against HPV represents a major public health
advance against cervical cancer and other less
common cancers including those of the anus,
vagina, and vulva. Much still needs to be inves-
tigated regarding the local immune responses to
the vaccine in the lower genital tract, longevity
of immune responses, and alternative delivery
routes such as intravaginal, intranasal, and oral
administration.

The epidemiology of cervical cancer high-
lights the need to provide HPV vaccines to per-
sons who may never or rarely be screened, as
well as to improve cervical cancer prevention
programs so that they will reach the women with
the highest risk of disease. However, it will be far
easier to recommend routine vaccination than to
provide the resources for its routine use, in the
United States and throughout the world (Stein-
brook 2006).
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Abstract

Epithelial ovarian cancer is neither a common
nor a rare disease. In the United States, the
prevalence of ovarian cancer in postmeno-
pausal women (1 in 2,500) significantly affects
strategies for prevention and detection. If chemo-
prevention for ovarian cancer were provided
to all women over the age of 50, side effects
would have to be minimal in order to achieve
an acceptable ratio of benefit to risk. This ratio
might be improved by identifying subsets of
individuals at increased risk or by bundling
prevention of ovarian cancer with treatment for
other more prevalent conditions. Approximately
10% of ovarian cancers are familial and relate to
mutations of BRCA1, BRCA2, and mismatch
repair genes. More subtle genetic factors are be-
ing sought in women with apparently sporadic
disease. Use of oral contraceptive agents for as
longas 5 years decreases the risk of ovarian cancer
in later life by 50%. In one study, fenretinide (4-
HPR) delayed development of ovarian cancer in
women at increased risk of developing breast and
ovarian cancer. Accrual to confirmatory studies
has been prohibitively slow and prophylactic
oophorectomy is recommended for women
at increased genetic risk. Vaccines may have a
role for prevention of several different cancers.
Breast and ovarian cancers express mucins that
could serve as targets for vaccines to prevent
both cancers. Early detection of ovarian cancer
requires a strategy with high sensitivity (>75% for
stage I disease) and very high specificity (>99.6%)

to achieve a positive predictive value of 10%.
Transvaginal sonography (TVS) has achieved
these values in some studies, but is limited by
the cost of annual screening in a general popu-
lation. Two-stage strategies that incorporate both
serum markers and TVS promise to be more
cost-effective. An algorithm has been developed
that calculates risk of ovarian cancer based on
serial CA125 values and refers patients at highest
risks for TVS. Use of the algorithm is currently
being evaluated in a trial with 200,000 women
in the United Kingdom that will critically test
the ability of a two-stage screening strategy to
improve survival in ovarian cancer. Whatever
the outcome, additional serum markers will be
required to detect all patients in an initial phase
of screening. More than 30 serum markers
have been evaluated alone and in combination
with CA125. Recent candidates include: HE4,
mesothelin, M-CSE, osteopontin, kallikrein(s)
and soluble EGF receptor. Proteomic approaches
have been used to define a distinctive pattern
of peaks on mass spectroscopy or to identify a
limited number of critical markers that can be
assayed by more conventional methods. Several
groups are placing known markers on multi-
plex platforms to permit simultaneous assay
of multiple markers with very small volumes
of serum. Mathematical techniques are being
developed to analyze combinations of marker
levels to improve sensitivity and specificity. In
the future, serum markers should improve the
sensitivity of detecting recurrent disease as well
as facilitate earlier detection of ovarian cancer.
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Introduction

Although difficult, the development of effective
strategies for prevention and particularly for early
detection should, in the long run, be achievable
goals. The challenge for developing both strate-
gies relates to the fact that ovarian cancer is nei-
ther a common nor a rare disease. The lifetime
risk of developing ovarian cancer for a woman
in the United States is 1 in 70, compared to 1 in
8-9 for breast cancer. Even in postmenopausal
women over 50 years of age in whom most epi-
thelial ovarian cancers are diagnosed, the preva-
lence of the disease is approximately 1 in 2,500.
Given the relatively low prevalence of ovarian
cancer, any intervention to prevent the disease in
the entire population must not only be effective,
but must also have very little toxicity. Similarly,
an effective screening strategy to detect early-
stage disease must not only have high sensitivity,
but must also have extremely high specificity to
avoid alarming a large number of healthy women
and triggering a large volume of inconvenient,
morbid, and expensive diagnostic procedures,
including exploratory surgery, for women who
do not have ovarian cancer.

Despite its relatively low prevalence, ovarian
cancer is associated with significant mortality.
In 2006, some 20,180 women will develop ovar-
ian cancer in the United States and an estimated
15,310 deaths will occur (Jemel et al. 2006). Five-
year survival rates have improved significantly
(p<0.05) from 37% in the 1970s to 45% in the
1990s, related in large part to improvements in
cytoreductive surgery and combination chemo-
therapy (Jemel et al. 2006). However, overall sur-
vival for women with advanced disease has not
improved dramatically over the last three decades
and the majority of patients still succumb to the
disease. Given the slow pace of progress in the
treatment of advanced ovarian cancer, the search
for effective strategies for prevention and early
detection has become all the more important.

Pathogenesis, Clinical Presentation,
and Management

Most ovarian cancers are thought to arise from a
single layer of epithelial cells that cover the ovary
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or line inclusion cysts immediately beneath the
ovarian surface. Despite their origin from non-
descript epithelial cells, ovarian cancers can dif-
ferentiate into serous, endometrioid, mucinous,
and clear cell histotypes, resembling fallopian
tube, endometrium, colonic mucosa, and vaginal
rests at the level of morphology and gene expres-
sion (Marquez et al. 2005). Ovarian cancer can
metastasize through lymphatics and by vascu-
lar invasion, but also characteristically spreads
over the surface of the peritoneal cavity forming
nodules that stud serosal surfaces. Blockade of
diaphragmatic lymphatics and leakage of pro-
teinaceous fluid from tumor vessels produce as-
cites. Recent evidence points to the importance
of vascular endothelial growth factor/vascular
permeability factor (VEGF/VPF) in stimulating
angiogenesis and ascites production (Yoneda et
al. 1998).

Some 90% of ovarian cancers are clonal neo-
plasms that arise from the progeny of single
epithelial cells that have undergone multiple
genetic and epigenetic alterations (Jacobs et al.
1992). Malignant transformation has been as-
sociated with activation of the PI3 kinase (Mills
et al. 2001), Ras/MAP/Src (Patton et al. 1998),
and STAT3 signaling pathways (Nishimoto et
al. 2005), loss of function for p53 (Berchuck et
al. 1994) and imprinted tumor suppressor genes
(ARHI [Yu et al. 1999], LOT-1 [Abdollahi et al.
1997], PEG3 [Dowdy et al. 2005]), expression of
angiogenic factors (VEGF [Yoneda et al. 1998],
IL-8 [Yoneda et al. 1998] and bFGF [Yoneda et
al. 1998]), and upregulation of mucins (MUCI
[Taylor-Papadimitriou et al. 1999), CA 125 [Bast
et al. 1981]). Underlying genetic alterations are
thought to result from spontaneous mutations
that occur during repair of ovulatory defects or
following stimulation with gonadotrophins or
androgens.

Although ovarian cancer has been considered
a silent killer, the disease is generally sympto-
matic, even at early stages (Goff et al. 2000).
Symptoms, however, are not specific and are
generally attributed to benign gastrointestinal,
genitourinary, musculoskeletal, or gynecologic
conditions. Symptoms such as bloating, gas
pains, pelvic discomfort, and urinary frequency
have been reported in 89% of patients with dis-
ease still limited to the ovaries (stage I) or pelvis
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(stage IT) and in 97% of patients with disease that
has spread to the abdomen (stage III) or outside
the abdomen (stage IV). Often, ovarian cancer
presents at an advanced stage with abdominal
distension, ascites, and an adnexal mass that can
be palpated on physical examination and imaged
by transvaginal ultrasound (TVS) or pelvic com-
puterized tomography. Definitive diagnosis of
ovarian cancer generally requires laparoscopy or
laparotomy where bilateral salpingo-oophorec-
tomy, total abdominal hysterectomy, omentec-
tomy, and cytoreductive surgery are performed
to remove as much of the tumor as possible.
Standard postoperative therapy in the United
States involves six cycles of intravenous carbo-
platin and paclitaxel (Berek and Bast 2006) with
the possible addition of intraperitoneal chemo-
therapy (Armstrong et al. 2006).

Epidemiologic Risk Factors

In addition to age over 50 and Caucasian race,
an increased number of ovulatory cycles appears
to increase risk for ovarian cancer, reflected in
an association with early menarche, late meno-
pause, and nulliparity (Berek and Bast 2006).
Conversely, factors that decrease the number of
ovulatory cycles, including repeated pregnancies,
prolonged breast feeding and use of oral contra-
ceptives, decrease the risk of ovarian cancer. A
protective effect from tubal ligation suggests that
exogenous carcinogens might gain access to the
ovary from the uterus through the fallopian tube.
However, evidence for viral or strong chemical
carcinogens has not been obtained, with the pos-
sible exceptions of the use of talc products in all
histotypes and of cigarette smoking in mucinous
cancers, but not in the more common serous
histotype (Berek and Bast 2006). Approximately
10% of ovarian cancers are familial and are asso-
ciated with mutations in BRCA1, BRCA?2 or, less
frequently, with the mismatch repair enzymes in
the human nonpolyposis colon cancer (HNPCC)
syndrome (Berek and Bast 2006).

Prevention of Ovarian Cancer
Familial Ovarian Cancer

In carriers of BRCA1 or BRCA2 mutations, pro-
phylactic bilateral salpingo-oophorectomy will
reduce the risk of ovarian cancer by approxi-
mately 95%, although primary peritoneal can-
cers that resemble ovarian cancers histologically
can still occur in up to 5% of women even after
prophylactic surgery. In specimens obtained at
prophylactic oophorectomy, occult cancers have
been found in 6% of ovaries from BRCA1 carriers
and in 2% of ovaries from BRCA2 carriers (Finch
et al. 2006). Small occult cancers have generally
been localized to solitary cysts, but have been
associated with p53 mutations and reduction
of BRCA to homozygosity (Pothuri et al. 2004).
As mutation of p53 has been associated with
advanced stage disease (Berchuck et al. 1994),
these observations suggest that hereditary ovar-
ian cancers may be capable of metastasis while
still quite small in volume. A significant number
of hereditary cancers may arise in the mucosa
of the fallopian tube. Consequently bilateral sal-
pingo-oophorectomy (BSO) is recommended in
all BRCA1 and BRCA2 mutation carriers when
they have completed child-bearing.

Estimating Risk in Somatic Disease

A strategy for preventing the 90% of ovarian
cancers that are sporadic is less clear. Given
the incidence and prevalence of ovarian can-
cer, subpopulations must be identified who are
at sufficiently high risk to justify intervention,
but not at sufficient risk to warrant prophylac-
tic oophorectomy. More subtle genetic markers
such as single nucleotide polymorphisms (SNPs)
are being sought to identify women at risk for
ovarian cancer (Berchuck et al. 2004). In addi-
tion to determining genetic predisposition with
greater precision, tests could be developed to
detect somatic alterations of the ovarian surface
epithelium. Dr. David Fishman has proposed
sampling the ovarian surface epithelium at out-
patient laparoscopy, providing an ovarian “PAP
smear”. Cells from the ovarian surface could be
examined for alterations in PI3K, RAS/MAP, and
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STATS3 signaling, mutation of p53, loss of ARHI
expression, upregulation of angiogenic factors,
and aberrant expression of CA125 or MUCI.
This strategy depends, however, on the assump-
tion that alterations in ovarian surface epithelial
cells will reflect the same somatic changes found
in cells lining subsurface inclusion cysts where
cancers arise more frequently. More than 90% of
occult cancers found at prophylactic BSO were
found in cysts rather than at the ovarian surface
(Pothuri et al. 2004). In addition, Dr. Jeff Boyd
and colleagues have found substantial differences
in expression array analysis of genes expressed
in microdissected surface epithelial cells and in
inclusion cysts (Leitao et al. 2003). Another ap-
proach that might circumvent this difficulty is
optical fluorescence (Brewer et al. 2002) or re-
flectance spectroscopy of the ovarian surface
(Utzinger et al. 2001), which could also be per-
formed at laparoscopy. Analysis of reflected la-
ser light can detect changes in redox potential,
vascularity, and cell order, not only at the ovarian
surface, but also in subsurface cysts.

Oral Contraceptives

Suppression of ovulation with oral contraceptives
for as long as 5 years decreases the incidence of
ovarian cancer by 50% (Negri et al. 1991). This
may relate in part to suppression of ovulation
with a consequent decrease in proliferation of
ovarian epithelial cells required to repair ovula-
tory defects and a reduction in the number of
inclusion cysts. Progestins in oral contraceptives
also induce apoptosis in ovarian surface epithe-
lial cells (Rodriguez et al. 1998).

Fenretinide and Celecoxib

In one trial of women at increased risk for breast
and ovarian cancer conducted in Milan, treat-
ment with fenretinide (4-HPR) delayed develop-
ment of ovarian cancer for as long as the drug
was administered (De Palo et al. 1995, 2002). In
cell culture, 4-HPR inhibited growth and induced
apoptosis in normal ovarian epithelial (NOE)
cells, partially immortalized NOE, and ovarian
cancer cells (Brewer, et al. 2005). The strongest
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reaction of the p53 pathway in NOE cells was
produced by 4-HPR, whereas the drug caused
the greatest mitochondrial damage in ovarian
cancer cells, suggesting a different mechanism
for growth inhibition and/or apoptosis in the
normal and malignant cells (Brewer et al. 2005).

A study was initiated some years ago at the
Fox Chase Cancer Center in women at high ge-
netic risk for developing ovarian cancer that ran-
domized participants to immediate prophylactic
BSO or to treatment with 4-HPR for 6 months
prior to surgery to determine whether treat-
ment with 4-HPR would normalize abnormal
morphology and biomarkers (Ozols et al. 2003).
To date, four patients have been accrued. In an
attempt to increase accrual, a similar trial was
adopted by the national Gynecologic Oncology
Group. Over 30 months, some 20 patients have
been registered. Investigators at M.D. Anderson
initiated a multicenter randomized double-blind
trial comparing effects on ovarian biomarkers of
treatment with 4-HPR, oral contraceptives, both
agents, or placebos. Women were to be treated
for 6 weeks prior to prophylactic BSO. This trial
has been closed due to lack of accrual, despite
screening several hundred candidates. A group
of investigators at the University of Alabama
has had greater success in accruing patients to a
trial of celecoxib prior to elective TAH and BSO
(Barnes et al. 2005). Concern regarding potential
cardiovascular toxicity has reduced enthusiasm
for long-term trials of uninterrupted COX-2
inhibitors for chemoprevention of cancer (Solo-
mon et al. 2005).

Vaccines

Given the prevalence of epithelial ovarian cancer,
a strategy might be considered that links preven-
tion of ovarian cancer to prevention of a more
common malignancy, such as breast cancer.
Vaccines that stimulate immunity to the MUC-
1 mucin core protein that is expressed in most
breast cancers have been proposed as preventive
agents (Finn 2004). As most ovarian cancers also
express the deglycosylated MUC-1 core protein,
both forms of cancer might be prevented with a
MUC-1 vaccine. A recent epidemiologic study
points to an inverse correlation between the
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number of events that induce anti-MUCI anti-
bodies and the risk of developing ovarian cancer
(Cramer et al. 2005).

Early Detection of Ovarian Cancer
Rationale

When ovarian cancer has not spread beyond the
ovaries (stage I), up to 90% of patients can be
cured with currently available surgery and che-
motherapy. By contrast, disease that has spread
from the pelvis (stages III-IV) can be cured in
only 30% or less. At present, only 25% of ovarian
cancers are diagnosed in stage I. Detection of a
larger fraction of patients in stage I might impact
favorably on survival.

Given the prevalence of ovarian cancer, there
are stringent requirements for an effective screen-
ing strategy. As diagnosis of ovarian cancer is
generally made at surgery, a positive predictive
value of 10% implies ten operations for each case
of ovarian cancer diagnosed. To achieve a posi-
tive predictive value of 10% with a prevalence of
1 in 2,500 requires a high sensitivity of 75% or
greater for early-stage disease and a very high
specificity of 99.6%.

Approaches to Screening for Epithelial
Ovarian Cancer

Three approaches have been utilized for early
detection of ovarian cancer: transvaginal so-
nography (TVS), serum tumor markers, and a
two-phase strategy where an abnormal blood
test triggers TVS. Over 70,000 women have been
evaluated with TVS alone in three large screen-
ing trials in the Japan, the United States, and the
United Kingdom (Bourne et al. 1993; Van Nagell
etal. 2000; Sato etal. 2001). In prevalence screens,
sensitivity for stage I ovarian cancer did not ex-
ceed 90% (Bast et al. 2002). Specificity was at
the margin of that required to achieve a positive
predictive value of 10%, with the most promising
results observed in the United States trial (Van
Nagell et al. 2000). In the United States, however,
the cost of annual screening for all women over
the age of 50 would be prohibitive. Annual blood

tests are potentially less expensive, provided
that they were sufficiently sensitive and spe-
cific. Among the circulating tumor markers for
ovarian cancer, CA125 has been evaluated most
extensively. CA125 levels have been elevated
10-60 months prior to conventional diagnosis
(Bast et al. 2002). In sera from patients with
stage I disease found at conventional diagnosis,
CA125 is elevated in 50%-60% (Bast et al. 2002).
Specificity of a single CA125 determination in
apparently healthy women is 99%, but this falls
short of the 99.6% specificity required to achieve
a positive predictive value of 10%. Specificity of
CA125 can, however, be improved by combin-
ing CA125 with ultrasound (Jacobs et al. 1999)
or by sequential monitoring over time (Skates et
al. 1995).

Combination of CA125 and ultrasound

In the United Kingdom, a randomized trial (Ja-
cobs et al. 1995) compared screening with con-
ventional physical examination (10,985 women)
to screening with CA125 followed by transab-
dominal ultrasound (TAU) if CA125 levels were
elevated (10,977). When TAU was abnormal,
surgery was undertaken. Twenty-nine operations
were performed to detect six cancers, yielding a
positive predictive value of 21%, or five operations
for each case of ovarian cancer detected. Median
survival in the screened group (72.9 months)
was significantly greater (p=0.0112) than in the
control group (41.8 months).

Analysis of Changes in CA 125 Over Time

The trend of CA125 has proven useful in distin-
guishing malignant from benign disease (Skates
et al. 1995). Rising CA125 values are associated
with ovarian cancer, presumably related to pro-
gressive growth of the source of the antigen. Sta-
ble CA125 values, even when elevated, are asso-
ciated with benign conditions. Steven Skates has
developed a computer algorithm that estimates
risk of ovarian cancer based on change point
analysis. Using changes in CA125 over time to
trigger TVS in screening 6,532 women over the
age of 50 produced a specificity of 99.8% and a
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positive predictive value of 19% (Menon et al.
2005). Based on the results of this preliminary
study, a large randomized trial (UKCTOCS) was
undertaken. A total of 200,000 postmenopausal
women have been randomized to three groups:
100,000 controls are followed with conventional
pelvic examination annually; 50,000 undergo an-
nual TVS; and 50,000 are monitored with annual
CA125 with TVS performed if the risk of ovarian
cancer is sufficiently high as judged by the Skates
algorithm. Women will be followed for 7 years to
determine whether screening improves survival.

Increasing the Sensitivity of Two-Stage
Screening Strategies for Ovarian Cancer

Regardless of the outcome of the UKCTOCS
trial, CA125 is not likely to provide an optimal
initial step in a two-stage screening strategy. At
the time of conventional diagnosis, CA125 lev-
els exceed 35 U/ml in 50%-60% of patients with
stage I ovarian cancer (Bast et al. 2002). Using
change point analysis, the sensitivity of CA125
might be improved by detecting an increase in
antigen levels within the normal range. At best,
however, the sensitivity of CA125 for early-
stage disease is not likely to exceed 80%, as 20%
of ovarian cancers express little or no CA125.
Greater sensitivity might be achieved with mul-
tiple markers, provided that specificity is not
compromised. More than 30 markers have been
evaluated in combination with CA 125. In these
studies, markers have generally been evaluated
only two or three at a time, and increased sensi-
tivity has been associated with decreased speci-
ficity (Bast et al. 2002).

Novel Markers for Epithelial Ovarian Cancer

Over the last 5 years, several different approaches
have been utilized to discover potential markers
for ovarian cancer. Mesothelin was recognized by
the development of murine monoclonal antibod-
ies against tumor associated antigens (McIntosh
et al. 2004). Analysis of growth stimulatory lipids
in ovarian cancer ascites detected lysophospha-
tidic acid (Xu et al. 1998). Biochemical analysis
has documented decreased expression of soluble
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epidermal growth factor receptor (Baron et al.
2005). Gene expression arrays have detected up-
regulation of HE4 (Schummer et al. 1999), kal-
likrein 6 and 10 (Diamandis et al. 2000; Luo et al.
2001), prostasin (Mok et al. 2001), osteopontin
(Kim et al. 2002), vascular endothelial growth
factor (Lu et al. 2004), and interleukin-8 (Lu et al.
2004). Proteomic analysis has detected peptides
that are differentially expressed in serum from
ovarian cancer patients and healthy individuals.
Investigators have attempted to identify a dis-
tinctive pattern of peptide expression in serum
or, alternatively, to identify specific peptides and
to develop individual assays that can be analyzed
in combination with other known markers.

Petricoin et al. generated proteomic spectra
using SELDI (surface-enhanced laser desorption
and ionization) mass spectroscopy (Petricoin et
al. 2002). Sera from 50 healthy women and 50
patients with ovarian cancer were compared us-
ing an iterative searching algorithm. A pattern
that distinguished ovarian cancer sera was then
used to classify serum samples from 66 healthy
women and 50 women with ovarian cancer, in-
cluding 18 with stage I disease. All cancers were
correctly classified (93%-100%), as were 95% of
66 healthy individuals (87%-99%). While this is
an encouraging preliminary study, few patients
with early-stage disease were included. Others
investigators have reported difficulty in repro-
ducing the analysis from the primary data (Bag-
gerly et al. 2005).

A second approach has utilized proteomic
techniques to identify specific peptides and to
develop individual assays that can be analyzed in
combination with conventional markers. Zhang
et al. utilized sera from five different academic
centers to identify upregulation or downregula-
tion of peptides that could be found in all five
data sets (Zhang et al. 2004). Three biomarkers
were identified: apolipoprotein Al, a truncated
form of transthyretin, and a fragment of inter-
alpha-1-trypsin inhibitor heavy chain 4 (IATI-
H4). Changes in expression of the three markers
added 9% sensitivity to CA 125II at a constant
specificity of 97%. Interestingly, the IATI-H4
fragment is flanked by potential tissue kallikrein
cleavage sites and increased expression of kalli-
kreins has been documented in ovarian cancers
(Diamandis et al. 2000; Luo et al. 2001). Thus,
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the fragment might be generated by proteolytic
cleavage by tumor derived kallikreins as normal
plasma components percolate through the ovar-
ian cancer stroma, which would provide a strong
biologic basis for this marker.

Identification of an optimal combination of
biomarkers for early detection of ovarian cancer
will require analysis of multiple assays on a
common panel of sera from healthy individuals
and from ovarian cancer patients at the time
of conventional diagnosis. Data of even greater
importance must be obtained from prediagnos-
tic samples collected during screening trials from
patients destined to develop ovarian cancer. Such
serum specimens have generally been preserved
in relatively small amounts. Consequently,
the simultaneous assay of multiple markers
in small volumes of sera will be important for
the identification of optimal panels. Luminex
technology permits simultaneous multiplexing
of several assays in small volumes of serum
(Vignali 2000). Sets of beads are marked with
different concentrations of a red fluor. Double
determinant assays are constructed with primary
antibodies reactive with different markers
on different sets of beads. Second antibodies
reactive with each marker are labeled with a
single green fluor. Flow cytometric analysis
can permit simultaneous analysis of multiple
markers in as little as 50 pL of serum. Promising
preliminary data have been obtained by Anna
Lokshin at the University of Pittsburgh (Gorelik
et al. 2005). Resent unpublished observations
from this group indicate that the multimarker
approach can achieve a sensitivity of 90%-92% at
a specificity of 98%.

To increase sensitivity without losing specific-
ity using multiple markers, sophisticated statisti-
cal techniques are required. In two recent stud-
ies (Skates et al. 2002, Zhang et al., in revision),
CA1251I, CA72-4, CA15-3, and M-CSF were
measured in a validation set of 60 early-stage
ovarian cancer and 98 control sera. At a speci-
ficity of 98% that would require TVS in only 2%
of patients in a two-stage screening strategy,
CA1251I exhibited a sensitivity of 48%. At the
same level of specificity, artificial neural network
analysis with the four markers produced a sen-
sitivity of 72% (Zhang et al., in revision) and a
mixture of multivariate normal distributions

produced a sensitivity of 75% (Skates et al. 2004).
Consequently sensitivity could be increased by
24%-27% without a loss of specificity at the level
required for a two-stage screening strategy.

Conclusions

Development of an effective strategy for early de-
tection of ovarian cancer is a work in progress.
Two-stage strategies that combine serum mark-
ers and TVS promise to be cost-effective. Levels
of multiple markers can be combined mathemat-
ically to increase sensitivity without sacrificing
specificity for an optimal initial stage. Whether
the pattern of proteomic expression or the meas-
urement of individual markers will prove most
useful remains to be determined. In either case,
confirmatory studies will be required before as-
says become widely available and at present there
is no proven screening strategy for ovarian can-
cer. Given the progress outlined above, however,
development of an effective strategy for early de-
tection seems likely within the next decade.

Prophylactic salpingo-oophorectomy remains
the most effective strategy for preventing ovarian
cancer in carriers of BRCA1, BRCA2, and mis-
match repair mutations and is more effective in
premenopausal women but renders them meno-
pausal. Genetic and somatic markers for risk are
needed to permit effective prevention in subsets
of healthy women. Oral contraceptives have de-
creased risk by 50% in retrospective studies but
may increase the risk of breast cancer in BRCA1
women (Narod et al. 2002). Strategies to combine
prevention of ovarian cancer with prevention of
more prevalent malignancies, such as breast can-
cer, are particularly attractive, particularly given
that the risks profiles are similar.
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Abstract

Established risk factors for prostatic adenocar-
cinoma include increasing age, ethnical origin
(race), and familial/hereditary factors. Moreover,
the epidemiology of the disease gives some indi-
cations that its etiology is probably not only ge-
netic but also environmental. Pathological stud-
ies support the fact that geographic differences
in incidence and prevalence do not stem from
genetic variations as men with the same genetic
background raised in different environments
present the risk of prostate cancer associated with
their country of residency. Prostate cancer is basi-
cally an ideal candidate for exogenous preventive
measures, such as dietary and pharmacological
prevention, due to some specific features: high
prevalence, long latency, endocrine dependency,
availability of serum markers (prostate-spe-
cific antigen) and histological precursor lesions
(prostatic intraepithelial neoplasia). Dietary/nu-
tritional factors that may influence disease devel-
opment include total energy intake (as reflected
by body mass index), dietary fat, cooked meat,
micronutrients and vitamins (carotenoids, reti-
noids, vitamins C, D, and E), fruit and vegetable
intake, minerals (calcium, selenium), and phy-
toestrogens (isoflavonoids, flavonoids, lignans).
Pharmacological prevention may use drugs that
act on intraprostatic testosterone metabolism (fi-
nasteride, dutasteride) or induce apoptosis and
inhibit tumor growth and metastasis (statins).
Since most studies reported to date are case-con-
trol analyses, there remain more questions than
evidence-based data. However, several large
randomized trials are ongoing to clarify the po-
tential for successful prostate cancer prevention.

Until we have the results, lifestyle changes could
be recommended to men at risk for developing
clinical prostate cancer and 5-alpha-reductase
inhibitors need to be discussed with men who
are concerned about prostate cancer.

Introduction

There are three well-known and indisputable risk
factors for prostate cancer, namely increasing
age, ethnic origin, and hereditary/familial factors
(Aus et al. 2005). International variations in inci-
dence rates for the disease are considerable and
it has been suggested that environmental factors
may also play a major role. Indeed, data from
migration studies clearly demonstrate that the
incidence for Asian men increases significantly
when moving from their country of origin to the
United States (Fig. 1).

Prostatic adenocarcinoma is an ideal candi-
date for prevention because of several important
features including high prevalence of the disease.
Endocrine and hormonal dependency makes it
susceptible to pharmacological manipulations.
Progression is very slow with a long latency pe-
riod (Schmid et al. 1993). Histological precursor
lesions such as prostatic intraepithelial neoplasia
(PIN) take about 10 years to develop into early
invasive tumor, with clinically significant cancer
occurring some 3-4 years later. Prostate-specific
antigen (PSA) is a good serum marker for clini-
cal monitoring of disease.

There are, on the other hand, multiple factors
potentially influencing the results of trials and
making analysis of data more difficult. Among
them are validity of studies (case-control, co-
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Fig.1 Incidence rates of prostate cancer in different ethnical populations and the influence of migration

hort, interventional) (Table 1), the follow-up
interval in the interventional and most cohort
studies, validity of questionnaires, hereditary
factors, data from different ethnic backgrounds,
correlation between nutrition and lifestyle, and
interaction between several nutritional com-
pounds (Schmitz-Driger et al. 2001).

Dietary/Nutritional Factors
Dietary Fat

High calorie intake has often been associated
with an increased risk of prostate cancer. How-
ever, the interaction between various com-
pounds (total fat, animal fat, saturated or un-
saturated fatty acids, cholesterol, triglycerides,
omega-3 fatty acids) is very complex (Wuermli

et al. 2005). Theoretically, high energy intake
may stimulate the sympathetic nervous system
and basal metabolism and may increase IGF-1
release, thus leading to increased mitosis and cell
proliferation (Meyer et al. 1999). The majority of
case—control and cohort studies report a positive
association between fat consumption and pros-
tate cancer with a relative risk around 2.

Micronutrients

Carotenoids are a group of complex unsaturated
hydrocarbons occurring as pigments in plants
such as carrots (alpha-, beta-, gamma-carotene)
or tomatoes (lycopene). Some carotenoids, but
not lycopene, are precursors of vitamin A and
they have been shown to act as antioxidants and
inhibitors of IGF-1. Giovannucci (1999) reviewed
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Table 1 Data on dietary and nutritional factors according
to evidence levels

Level Ia No data

Level Ib (Selenium)

Level ITa Lycopene

Level IIb Dietary fat, vitamin E, rye, soya, and
phytoestrogens

Level I1I Saturated fat, vitamin E, beta-carotene

Cochrane Collaboration

72 studies concerning intake of tomatoes and
tomato-based products and blood lycopene lev-
els in relation to the risk of various cancers. An
inverse association was identified in 57 reports
and 35 of them were statistically significant. The
evidence for a benefit was strongest for tumors of
the prostate, lung, and stomach. Conversely, no
study indicated that intake of tomatoes or a high
serum lycopene level led to an increased risk of
cancer of any site.

Vitamins

Numerous studies could demonstrate an inverse
correlation between intake of vitamins and inci-
dence of various types of malignant tumors. Of
special interest with regard to prostate cancer
were vitamins A, C, D, and E.

Vitamin A (retinol) and its precursor (beta-
carotene) are found in foods of animal origin
(liver, fish oil) or in carrots and green vegetables
(spinach, broccoli), respectively. They act as anti-
oxidants by suppressing the carcinogenic poten-
tial of free radicals, enhance the immune system,
and induce cellular differentiation. Dose-related
side effects include hepatotoxicity, central ner-
vous system changes, and mucocutaneous dry-
ness and, therefore, hamper their use in clinical
trials (Heinonen et al. 1998).

Vitamin C is a water-soluble antioxidant in
fruit and vegetables. The majority of case—control
and cohort studies failed to demonstrate any cor-
relation between vitamin C intake or plasma con-
centrations and occurrence of prostate cancer.

Calcitriol (1,25 dihydroxyvitamin D3) is the
active form of vitamin D and responsible for cal-
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cium metabolism in kidneys, bone, and gut. A
favorable impact of ultraviolet radiation (sun ex-
posure), which is the main source of vitamin D,
on the incidence of prostate cancer has been pos-
tulated (Hanchette and Schwartz 1992). In pri-
mary cultures of prostatic tissues derived from
prostate cancer patients, vitamin D3 carried out
antiproliferative effects (Peehl et al. 1994). How-
ever, the role of vitamin D in prostate cancer pro-
motion and prevention is still controversial.

Vitamin E (alpha-tocopherol) is a fat-soluble
potent intracellular antioxidant occurring in let-
tuce, watercress, and cotton- and hemp-seed oil.
In the Finnish alpha-tocopherol beta-carotene
(ATBC) trial, 29,133 male smokers aged 50-
69 years were randomly assigned to receive al-
pha-tocopherol (50 mg), beta-carotene (20 mg),
both agents, or placebo daily for 5-8 years (Hei-
nonen et al. 1998). However, in this study pros-
tate cancer was only looked at as a secondary
end point. A 32% decrease in the incidence and
a 41% decrease in mortality from prostate cancer
was observed among the subjects receiving al-
pha-tocopherol compared with those not receiv-
ing it. Notably, among men receiving beta-caro-
tene, prostate cancer incidence was 23% higher
and mortality was 15% higher compared with
those not receiving it. Despite these data, results
from other epidemiologic studies do not support
a general protective effect of vitamin E.

Minerals

Conversion of vitamin D to the active form 1,25
dihydroxyvitamin D3 is suppressed by high con-
sumption of dietary calcium (milk, cheese) (see
also Sect. 2.3). Furthermore, low serum calcium
levels stimulate the secretion of parathyroid hor-
mone which promotes the conversion of vitamin
D to calcitriol. From a clinical point of view, cal-
cium has been found in excess levels to be asso-
ciated with an increased rate of prostate cancer
progression.

Selenium, a trace element occurring predom-
inantly as selenomethionine in dietary supple-
ments (bread, cereals, fish, chicken, meat), is a
key component of a number of functional sele-
noproteins required for normal health. In a dou-
ble-blind cancer prevention trial, 974 men with a
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history of basal cell or squamous cell carcinoma
were randomized to either receive 200 pg se-
lenium daily or placebo for a mean of 4.5 years
(Clark et al. 1998). Selenium treatment was as-
sociated with a 63% reduction in the secondary
endpoint of prostate cancer incidence, but the
number of cases was rather low. Long-term sele-
nium intake can be determined in toenails. In a
nested case—control study within the Health Pro-
fessionals Follow-Up Study, high levels of sele-
nium in toenails were correlated with a reduced
risk for advanced prostate cancer (Yoshizawa et
al. 1998). A more recent prospective case-control
study did not find a statistically significant differ-
ence in toenail selenium levels of patients with
newly diagnosed prostate cancer and matched
controls (Lipsky et al. 2004). The National Can-
cer Institute launched a large randomized trial
(SELECT study) with four arms to compare sele-
nium (200 pg) plus vitamin E (400 IU) to either
agent alone or to placebo. Results will be avail-
able presumably after the year 2012 (Table 1).

Phytoestrogens

The major categories of phytoestrogens include
isoflavonoids (genistein, daidzein), flavonoids
(quercetin), and lignans (enterolactone). The
first two groups are found in vegetables such as
beans, peas, and especially soy and in fruits; lig-
nans also occur in grains, cereals, and linseeds.
The putative biological effects of phytoestrogens
are listed in Table 2. In geographic areas with low
prostate cancer incidence (Asia, southern Eu-
rope) diets are rich in phytoestrogens, which has
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been confirmed by higher serum levels or uri-
nary concentrations of phytoestrogens compared
to Western countries (Adlercreutz et al. 1993).
The favorable antitumoral effects of various soy-
derived products have been demonstrated in
experimental studies; however, clinical data are
sparse and assessment of dietary phytoestrogen
intake is complex. In an analysis of data from 59
countries, prostate cancer mortality was related
to food consumption, tobacco use, socioeco-
nomic factors, reproductive factors, and health
indicators (Hebert et al. 1998). Mortality rates
were inversely associated with estimated intake
of cereals, nuts, oilseed and fish, and soy prod-
ucts were found to be significantly protective.

Pharmacological Prevention
5-Alpha-Reductase Inhibitors

Primary chemoprevention of prostatic carci-
noma is an appealing concept with drugs acting
on intraprostatic testosterone metabolism. Fin-
asteride and dutasteride are inhibitors of steroid
5-alpha-reductase, the enzyme that converts tes-
tosterone to the much more potent androgen di-
hydrotestosterone.

In the Prostate Cancer Prevention Trial
(PCPT), a total of 18,882 men 55 years of age or
older were randomly assigned to either receive
finasteride (5 mg daily) or placebo for 7 years
(Thompson et al. 2003). Digital rectal examina-
tion (DRE) was normal in all men and PSA was
3.0 ng/ml or lower. During follow-up, prostatic
biopsy was recommended if DRE turned abnor-

Table 2 Potential mechanisms of phytoestrogens on prostatic epithelial cells

Increase of SHBG serum concentration and subsequent decrease of free testosterone through binding to liver

estrogen receptors

Decrease of DNA synthesis through inhibition of tyrosine kinase and topoisomerase

Decrease of the effects of free radicals through antioxidant properties

Inhibition of cytochrome P450 activation

Neoangiogenesis inhibition

Inhibition of intraprostatic testosterone metabolism through inhibition of 5-alpha-reductase and aromatase

SHBG Sex hormone binding globulin
Adapted from Schmitz-Dréger et al. 2001
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mal or if the annual PSA level, adjusted for the
effect of finasteride, increased above 4.0 ng/ml
(so-called for cause biopsy). An end-of-study
biopsy was planned for all participants. Primary
end point was prevalence of prostate cancer dur-
ing the 7 years of study. Secondary end points
included incidence of lower urinary tract symp-
toms (LUTS) and side effects of finasteride.
Detection rate of prostate cancer was 18.4%
in the finasteride group compared to 24.4% in
the placebo arm, which translates into a 24.8%
reduction in prevalence (p<0.001) (Fig. 2). The
relative risk reduction was consistent in all sub-
groups, irrespective of age, ethnical origin, and
familial risk. Tumors of Gleason scores 7-10
were more common in the finasteride arm, a fact
that sparked much discussion and controversy.
In the meantime, this issue could be solved and
explained by several arguments. As anticipated,
LUTS were more common in the men receiving
placebo, whereas sexual side effects were more
common in the finasteride group. In conclusion,
a careful risk-benefit analysis with the individual
patient must be undertaken before finasteride
chemoprevention can be recommended.
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Statins

3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase inhibitors have been shown to induce apop-
tosis and inhibit tumor growth and metastasis
in human cancer cell lines and animal models.
In a case—control study, 100 patients with newly
diagnosed prostate cancer and 202 controls were
checked for any use of statins over a 7-year pe-
riod through an electronic pharmacy database in
the Veterans Administration system (Shannon et
al. 2005). Statin use was associated with a signifi-
cant reduction in prostate cancer risk (odds ratio,
0.38) and the effect was especially pronounced in
Gleason scores 7-10. Further studies are needed
to determine the role of statins in prostate cancer
prevention.

Aspirin

Aspirin and other nonsteroidal anti-inflamma-
tory drugs (NSAID) have been associated with a
reduced risk of cancer implicating inflammatory
processes in cancer development. Information

1200
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Fig.2 Prostate Cancer Prevention Trial (PCPT). Patients with prostate cancer (PCa) in the finasteride and placebo

group, respectively (absolute numbers)
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on NSAID use was obtained from a question-
naire sent to 70,144 men in the American Cancer
Society’s Cancer Prevention Study II nutrition
cohort (Jacobs et al. 2005). Neither current aspi-
rin use nor current use of a NSAID was associ-
ated with prostate cancer risk, even at the highest
usage level. However, long-duration - 5 or more
years — regular use of these agents was associated
with reduced risk of prostate cancer (RR, 0.85 for
aspirin; RR, 0.82 for NSAID). These results sug-
gest a modest beneficial effect on the incidence
of prostate cancer but should be confirmed in
further studies.

Physical Activity/Sports

The influence of physical activity on prostate
cancer incidence has been looked at in two Scan-
dinavian cohort studies. In a population-based
cohort study of 53,242 men aged 19-50 years
in Norway, information on physical activity was
based on questionnaire responses and a brief
clinical examination (Thune and Lund 1994).
When occupational and recreational physical
activity were combined, a reduced adjusted risk
of prostate cancer was observed among men
who walked during occupational hours and per-
formed either moderate (RR, 0.61) or regular
recreational training (RR, 0.45) relative to seden-
tary men.

From a Swedish nationwide census, two co-
horts of men were identified whose occupational
title allowed classification of physical activity lev-
els at work in 1960 and in 1970 (Norman et al.
2002). A third cohort included only men whose
jobs required a similar level of activity in both
1960 and 1970. The incidence of prostate cancer
was ascertained through record linkage to the
Swedish Cancer Register. In all three cohorts, the
relative risk for prostate cancer increased with
decreasing level of occupational physical activ-
ity. Among men with the same physical activity
levels in 1960 and 1970, the ratio was 1.11 for
men with sedentary jobs as compared with those
whose jobs had very high or high activity levels.
There was, however, no association between oc-
cupational activity and prostate cancer mortal-

ity.

Hans-Peter Schmid et al.
Conclusions

There are currently no conclusive study outcomes
with respect to prevention of prostate cancer that
meet the criteria of evidence-based medicine.
Until we have the results of ongoing prospective
trials, lifestyle changes could be recommended
to men at risk for developing clinical prostate
cancer (Aus et al. 2005). These measures may
include balanced food intake (Mediterranean
style) and physical activity. Chemoprevention at
present is not (yet) standard but finasteride must
be discussed with the patient.
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Abstract

Breast cancer is a fatal disease whose incidence
is gradually increasing in most industrialized
countries and in all ethnic groups. Primary pre-
vention is the ultimate goal for the control of this
disease. The knowledge that breast cancer risk is
reduced by early full-term pregnancy and that
additional pregnancies increase the rate of pro-
tection has provided novel tools for designing
cancer prevention strategies. The protective ef-
fect of pregnancy has been experimentally repro-
duced in virgin rats by treatment with the pla-
cental hormone human chorionic gonadotropin
(hCG). HCG prevents the initiation and inhibits
the progression of chemically induced mam-
mary carcinomas by inducing differentiation of
the mammary gland, inhibiting cell prolifera-
tion, and increasing apoptosis. It also induces the
synthesis of inhibin, a tumor suppressor factor,
downregulates the level of expression of the es-
trogen receptor alpha (ER-a) by methylation of
CpG islands, imprinting a permanent genomic
signature that characterizes the refractory condi-
tion of the mammary gland to undergo malignant
transformation. The genomic signature induced
by hCG is identical to that induced by pregnancy
and is specific for this hormone. Comparison of
the mammary gland’s genomic profile of virgin
Sprague-Dawley rats treated daily with hCG for
21 days with that of rats receiving 17p-estradiol
(E») and progesterone (Pg) (E.+ Pg) revealed
that in hCG-treated rats 194 genes were signifi-
cantly up-modulated (>2.5 log2-folds) (p<0.01)
and commonly expressed, whereas these genes
were not expressed in the E,+ Pg group. The

genomic signature induced by hCG and preg-
nancy included activators or repressors of tran-
scription genes, apoptosis, growth factors, cell
division control, DNA repair, tumor suppressor,
and cell-surface antigen genes. Our data indicate
that hCG, like pregnancy, induces permanent
genomic changes that are not reproduced by ste-
roid hormones and in addition regulates gene
expression through epigenetic mechanisms that
are differentiation-dependent processes, leading
us to conclude that hormonally induced differen-
tiation offers enormous promise for the primary
prevention of breast cancer.

Introduction

Breast cancer, the fatal disease most frequently
diagnosed in American women, is increasing in
incidence at a rate of approximately 6% per year
in women from all ethnic groups (Greenlee et al.
2001; Jemal et al. 2002). Similar trends are ob-
served worldwide, even in countries character-
ized by their low breast cancer incidence (De
Waard and Thijssen 2005; Forbes 1997; Howe
et al. 2001). Improved detection methods, the
identification of women at higher risk by fam-
ily history or detection of germline mutations
in the BRCA1 and BRCA2 genes (Warmuth et
al. 1997), and diagnosis at an early stage have
resulted in a decline in breast cancer mortality
in the United States (Greenlee et al. 2001; Jemal
et al. 2002; Forbes 1997). Although genetic pre-
disposition accounts for fewer than one in ten
cases of breast cancer, women that are carriers
of BRCA1/BRCA2 germline mutations are at an
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85% lifetime risk of developing breast cancer,
with a significantly earlier age of onset of the dis-
ease (Chang and Elledge 2001). Current strate-
gies to prevent breast cancer in women at high
risk are prophylactic mastectomy, oophorectomy,
or antiestrogen therapy (Armstron et al. 2005),
whereas for the general population, trials of diet-
ary changes with reduced fat intake designed
to mimic the diets of countries with low breast
cancer incidence are advocated. Opponents of
this approach argue that only a lifetime dietary
change can decrease the risk of breast cancer,
and therefore major dietary changes undertaken
now may not alter breast cancer incidence for
another generation (Tymchuk et al. 2000). An-
other strategy capitalizes in a unique feature of
breast cancer, its estrogen dependence, which
can be manipulated to control growth or prevent
tumor development utilizing either selective es-
trogen receptor modulators (SERMs), such as
tamoxifen (King et al. 2001; Narod et al. 2000;
Baum 2002; Mouridsen et al. 2001; Robertson
et al. 2001), or aromatase inhibitors (Als), such
as Arimidex, Letrozole, and Exemestane (Janov
et al. 2001; Tymchuk et al. 2000). However, the
inability to predict precisely who will develop
breast cancer has required the implementation
of broad, population-based strategies utilizing
preventative measures that have significant side
effects and require a protracted treatment. These
drawbacks have made these strategies not widely
acceptable to a majority of treated women who
would not have developed breast cancer even if
untreated (Gail et al. 1989).

In light of the fact that more than 50% of
breast cancer cases remain unexplained by per-
sonal characteristics and other traditionally
accepted risk factors, that once the disease be-
comes metastatic it becomes incurable (Mirza et
al. 2002), and the observed worldwide increased
incidence of the disease, effective interventions
for its primary prevention are urgently required
(De Waard and Thijssen 2005; Dunn et al. 2000;
Hoffmann et al. 2001; Matsumoto and Yamane
2000; Mirza et al. 2002).

Up to now the possibilities of successfully pre-
venting breast cancer have been hindered by the
lack of identification of a definitive causal agent
or a mechanism responsible of its initiation. Cur-
rently, only inheritance of cancer-predisposing
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genes (Mirza et al. 2002; King et al. 2001; Lynch
and Casey 2001; Narod et al. 2000; Khurana et
al. 2000; Narod 2001; Riggs 2001; Stoutjesdijk
and Barentsz 2001; Hartmann et al. 2001), and
radiation exposure at a young age ( McGregor et
al. 1977; Boice et al. 1991; Clemons et al. 2000;
Cutuli et al. 2001; Janov et al. 2001) have been
identified as a mechanism or causal agent asso-
ciated with cancer initiation. Multidisciplinary
studies based on epidemiological, endocrino-
logical, experimental, and statistical findings have
found a direct association of breast cancer risk
with nulliparity, confirming conclusions reached
by the Italian physician Bernardino Ramazzini,
who, almost 300 years ago, considered breast
cancer an occupational disease because of its as-
sociation with celibacy and nulliparity in nuns
(Ramazzini 1961). A large body of evidence has
confirmed that nulliparity increases breast cancer
risk by 30% when compared with parous women
(Blair et al. 1999; Ewertz et al. 1990; Fraumeni et
al. 1969). A reduction in lifetime breast cancer
risk has been found to be conferred by an early
first full-term pregnancy (Trapido 1983; Mac-
Mahon et al. 1970; Chie et al. 2000; Holmberg et
al.2001; Vessey et al. 1985; Kelsey and Horn-Ross
1993; Lambe et al. 1996). In addition, a greater
number of full-term pregnancies increases the
protection. Each additional birth after the first
reduces the breast cancer risk by 7% in the ab-
sence of breastfeeding (Collaborative Group
on Hormonal Factors in Breast Cancer 2002).
Breastfeeding confers an additional protection
of 4.3% reduction in risk for each year a woman
breastfeeds (Collaborative Group on Hormonal
Factors in Breast Cancer 2002), even if they are
carriers of BRCA1 germline mutations (Jern-
strom et al. 2004).

Physiological Basis of Breast Cancer
Prevention

The above-described epidemiological observa-
tions indicating that pregnancy significantly re-
duces the lifetime risk of developing breast can-
cer provide a window of opportunity for learning
how and why this physiological condition exerts
such a protective effect. Due to the complex-
ity of the carcinogenic process, this event does
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not explain all the aspects of this complex dis-
ease; nevertheless, data obtained in experimental
models have served as a blue print for developing
anew paradigm in breast cancer prevention (I.H.
Russo and J. Russo 1993, 1994, 1996; I.H. Russo
etal. 1990a, b; J. Russo et al. 1977; Srivastava et al.
1998; Mgbonyebi et al. 1996; Tahin et al. 1996; J.
Russo and I.H. Russo 2000; Alvarado et al. 1993,
1994). Our studies have unraveled the biological
principle underlying the protection conferred by
an early first full-term pregnancy, demonstrating
experimentally that it induces in the breast the
expression of a specific signature in response to
the differentiation of this organ driven by the re-
productive process. This signature serves, in turn,
as a biomarker associated with lifetime decreased
breast cancer risk. More importantly, we have
harnessed this biological principle by demon-
strating in an experimental model that a short
treatment with human chorionic gonadotropin
(hCG), a placental hormone secreted during
pregnancy, induces the same genomic signature
as pregnancy, inhibiting not only the initiation
but also the progression of mammary carcino-
mas, stopping the development of early lesions,
such as intraductal proliferations, and carcino-
mas in situ (CIS) ( Srivastava et al. 1998). These
observations indicate that hCG administered for
a very short period of time has significant poten-
tial as a chemopreventive agent, exerting a long-
lasting inhibition of the transforming potential
of the normal cell without altering the organ’s
physiology. This new biological concept implies
that when the genomic signature of protection or
refractoriness to carcinogenesis is acquired, the
hormonal treatment with hCG is no longer re-
quired, contrasting with the need of continuous
administration of currently used chemopreven-
tive agents for suppressing a metabolic pathway
or abrogating the function of an organ (King et
al. 2001; Narod et al. 2000).

Epidemiological and Clinical Basis
for the New Paradigm

Epidemiological and clinical evidence indicates
that endocrinological and reproductive influ-
ences play major roles in breast cancer. It has long
been known that the incidence of breast cancer

is greater in nulliparous than in parous women
(Nix 1964; Kelsey and Horn-Ross 1993; Lambe
et al. 1996; J. Russo et al. 1982). Changes in life-
style, that in turn influence the endocrinology of
women, have been observed during the last de-
cades in American women, namely a progressive
decrease in the age of menarche (Tanner 1973;
Kelsey and Horn-Ross 1993) and a progressive
increase in the age at which a woman bears her
first child (Lambe et al. 1996). The significance of
these changes is highlighted by the reduction in
breast cancer risk associated with late menarche
and the completion of a full-term pregnancy be-
fore age 24, with further reduction in the lifetime
breast cancer risk as the number of pregnancies
increases (Kelsey and Horn-Ross 1993; Lambe
et al. 1996; J. Russo et al. 1982). Women who
undergo their first full-term pregnancy after age
30, on the other hand, appear to be at higher risk
of breast cancer development than nulliparous
women, suggesting that parity-induced protec-
tion against breast cancer is related to the tim-
ing of a first full-term pregnancy. Pregnancy is
also associated with a transient increase relative
to nulliparous women, lasting 10-15 years, fol-
lowed thereafter by a decreased risk; the pro-
tection conferred lasts a lifetime (Lambe et al.
1996). Of interest is the fact that women from
different countries and ethnic groups exhibit a
similar degree of parity-induced protection from
breast cancer, regardless of the endogenous inci-
dence of this malignancy (Rao et al. 1994; Coe
1998). This observation suggests that the reduc-
tion in breast cancer risk associated with early
first full-term pregnancy does not result from
factors specific to a particular environmental, ge-
netic, or socioeconomic setting, but rather from
an intrinsic effect of parity on the biology of the
breast (Apter 1996; Coe 1998; Gaudette et al.
1996; Kelsey and Horn-Ross 1993; Lambe et al.
1996; Rao et al. 1994; J. Russo et al. 1982; Shiv-
vers and Miller 1997). Environmental, genetic,
and socioeconomic factors, among others, affect
the endocrine milieu, indirectly influencing the
breast’s susceptibility to developing cancer. These
observations indicate that an early first full-term
pregnancy modifies, through mechanisms still
poorly understood, specific biological charac-
teristics of the breast that result in a lifetime de-
creased risk of cancer development
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Experimental Animal Studies:

Role of Pregnancy and Chorionic
Gonadotropin in Mammary Gland
Differentiation and Cancer Initiation

Experimental studies have contributed to clarify-
ing the mechanisms of this protection by dem-
onstrating the role played by pregnancy-induced
terminal differentiation of the mammary gland
on the susceptibility of the mammary epithelium
to carcinogenesis (Nandi et al. 1995; Rao et al.
1994; J. Russo et al. 1979, 1982, 1992; J. Russo
and L.H. Russo 1980a, b; 1993, 1994). These ob-
servations indicate that the terminally differenti-
ated state of lactation should be reached for at-
taining protection, although other mechanisms
have been proposed for the protective effect of
early first full-term pregnancy, including the oc-
currence of sustained changes in the level or regu-
lation of hormones that affect the breast (I.H.
Russo et al. 1991; Sinha et al. 1983). Regardless
the intervening mechanism, the end result of the
first pregnancy is a dramatic modification of the
architecture of the breast (Nandi et al. 1995; I.H.
Russo et al. 1991; I.H. Russo and J. Russo 1998; J.
Russo et al. 1979, 1982, 1992; Sinha et al. 1983).
The induction of mammary cancer in ro-
dents with a polycyclic aromatic hydrocarbon
(PAH) such as 7,12-dimethylbenz(a)anthracene
(DMBA) requires that the carcinogen be admin-
istered to young nulliparous females (]J. Russo et
al. 1977). In Sprague-Dawley rats, if the females
have completed a full-term pregnancy with or
without lactation, prior to carcinogen exposure,
carcinoma incidence is dramatically decreased
(J. Russo et al. 1979, 1982; J. Russo and IL.H.
Russo 1980a, b, 1994). The inhibitory effect of
pregnancy on mammary cancer initiation can
be mimicked in virgin rats by treatment with
the glycoprotein placental hormone chorionic
gonadotropin (hCG). Administration of hCG
as a daily intraperitoneal injection for 21 days,
followed by a 21-day resting period prior to
carcinogen administration results in a dose-re-
lated reduction in tumor incidence and number
of tumors per animal (L.LH. Russo and J. Russo
1993, 1994; I.H. Russo et al. 1990a, b; J. Russo
et al. 1977). This phenomenon is in great part
mediated by the induction of mammary gland
differentiation, the inhibition of cell prolifera-
tion, an increase in the DNA repair capabilities
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of the mammary epithelium, decreased binding
of the carcinogen to the DNA, and activation of
genes controlling programmed cell death (PCD)
and of tumor suppressor genes (Alvarado et al.
1993, 1994; Mgbonyebi et al. 1996; I.H. Russo
and J. Russo 1994, 1996; J. Russo et al. 1982; J.
Russo and I.H. Russo 2000; Srivastava et al. 1998;
Tahin et al. 1996). Our results indicate that hCG
activates physiological and phylogenetically con-
served forms of active cell death, such as PCD
or apoptosis, which are associated with specific
phases of development that control cell prolifera-
tion and differentiation (J. Russo and I.H. Russo
2000). Among the tumor suppressor genes acti-
vated by hCG is inhibin, a gene product primarily
found in testes and ovary (Alvarado et al. 1993).
Inhibin-deficient mice homozygous for the null
allele identifies a-inhibin as an important nega-
tive regulator of cell proliferation. Our results
indicate that inhibin mediates the differentiating
action of both pregnancy and hCG on the mam-
mary gland, in which it might act as an autocrine
and/or paracrine growth regulator (I.LH. Russo
and J. Russo 1994).

Role of hCG in Breast Cancer Progression

Our studies of the protective effect of hCG-in-
duced differentiation on experimental mam-
mary carcinogenesis led us to postulate the pos-
sibility that hCG might be useful in preventing
the development of breast cancer in women. The
fact that the time of initiation of breast cancer
in the female population is not known repre-
sented a major drawback for accomplishing the
goal of instituting a truly preventative hormonal
treatment. Thus, it had to be assumed that all
women are at risk of being the carriers of initi-
ated lesions. This assumption requires that be-
fore the hormonal treatment is initiated it has to
be proven that it either inhibits the progression
of putatively initiated cells, or at least does not
cause tumor progression. Based upon our previ-
ous observations that the chemical carcinogen
DMBA induces neoplastic transformation in the
mammary gland by acting on the highly prolif-
erating TEBs of the virgin animal (I.H. Russo
and J. Russo 1996; J. Russo et al. 1979, 1982),
and that once initiated these structures prog-
ress to intraductal proliferations (IDPs) within
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3 weeks of exposure to the carcinogen (Srivas-
tava et al. 1998; J. Russo et al. 1982), we tested
the effect of hCG on tumor progression by ad-
ministering 8 mg DMBA/100 g body weight to
45-day-old virgin Sprague-Dawley rats. Twenty
days later, when IDPs were already evident, the
animals were treated with 100 IU/hCG per day
for 40 days (DMBA+hCG group). Age-matched
untreated, hCG-, and DMBA+ saline-treated
rats were used as controls. Tissues were collected
at the time of DMBA administration and at 5, 10,
20, and 40 days of hCG injection, and 20 days
after cessation of treatment (I.LH. Russo and J.
Russo 1996; J. Russo and I.H. Russo 2000).

Mammary Gland Development
Under the Influence of hCG

The development of the mammary gland in the
rat requires the evaluation of changes in the pa-
renchyma of the gland, since, unlike women, no
significant external changes occur in this organ
after puberty (I.H. Russo and J. Russo 1996). The

six pairs of the mammary gland of the young
virgin rat is composed of ducts ending in club-
shaped terminal end buds (TEBs), which are
multilayered structures measuring 100-140 pm
in diameter. They are lined by a 3- to 10-layer
thick cuboidal epithelium that rests on a discon-
tinuous layer of myoepithelial cells (J. Russo et
al. 1977; L.H. Russo and J. Russo 1996; J. Russo
and LH. Russo 1980). After the beginning of
ovarian function, the mammary ducts undergo
further longitudinal lengthening and branch-
ing with sprouting of a few alveolar buds (ABs)
that progressively evolve to lobular structures
(Fig. 1). The lobules found in the rat mammary
gland can be classified according to their degree
of development as lobule type 1 (Lob 1), which
consists of clusters of approximately 10 + 4 duct-
ules per unit. Individual ductules are lined by a
single layer of cuboidal epithelial cells and few
myoepithelial cells. With further growth, Lob 1
evolve to lobules type 2 (Lob 2), which are larger
and composed of approximately 40 +7 ductules;
these progress to lobules type 3 (Lob 3), that con-
tain approximately 60 + 12 ductules or alveoli

Fig.1 a Whole mount of a virgin rat mammary gland, 55 days of age (toluidine blue, x2). b Terminal end buds (TEBs)
(toluidine blue, x10). ¢ TEB is a multilayer structure measuring 100-140 um in diameter. The TEB is lined by a three- to
ten-layer-thick cuboidal epithelium that rests on a discontinuous layers of myoepithelial cells. d Whole mount of a preg-
nant rat mammary gland, 75 days of age (toluidine blue, x2). e Lobule type 3 (toluidine blue, x10). f Histological section
of the ductules of a lobule type 3 containing secretory material (H&E, x40)
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Fig.1 (continued) g-i The lobules found in the rat mammary gland can be classified according to their degree of devel-
opment as Lob 1, which consists of clusters of approximately 10+4 ductules per unit (g). Individual ductules are lined by
a single layers of cuboidal epithelial cells (ECs) and few myo-ECs. With further growth, Lob 1 evolves to Lob 2, which
is larger, and composed of approximately 40+7 ductules (h). Lob 3 contains approximately 60+12 ductules or alveoli per
lobule (i); j-1 Under the effect of hCG, the mammary gland forms lobules type 4 (j) that are formed by more than 80
ductules per lobular unit containing material in their lumen (k). Electron microscopy section in 1, shows the protein-
aceous and lipid composition of the milk secretion. (Uranyl acetate and lead citrate, x4,000)

per lobule (L.H. Russo et al. 1990a). The admin-
istration of 100 IU/hCG per day for 40 days to
young virgin rats deeply affects the development
of the mammary gland, profoundly modifying
the relative proportions of Lob 1, Lob 2, and Lob
3. While the concentration of Lob 1 in the mam-
mary gland of untreated or saline-injected con-
trol virgin rats decreases slightly as a consequence
of aging, in hCG-treated animals the number of
Lob 1 decreases slightly by the 10th day of hor-
monal treatment, and even further between the
20th and 40th days. After cessation of treatment,
their number increases sharply, reaching the
same values found in control animals. Lob 2 are
practically nonexistent in the 45-day-old ani-
mals; they first became evident when the animals

reach the age of 75 days, and their percentage
increases even further in the next 10 days, reach-
ing its peak in the 85-day-old animals, remain-
ing unchanged thereafter. With hCG treatment,
the lobules type 2 develop in a biphasic pattern.
Their concentration increases progressively from
70 to 85 days of age, decrease significantly by
the time the animals reach the age of 105 days,
and increase again after cessation of treatment.
Lob 3 formation, on the other hand, starts at the
10th day of treatment, it increases progressively
between the 20th and 40th days, decreasing only
after cessation of the hormonal treatment due to
their regression to Lob 2. The resulting recovery
of this type of lobule is absent in control ani-
mals.
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Effect of hCG on Terminal End Buds,
Intraductal Proliferations, and Ductal
Carcinomas in Situ

The mammary gland of 45-day-old virgin rats
contains the highest number of terminal end buds
(TEBs). In animals of the saline control group, the
number of TEBs decreased slightly as a function
of age, as has been previously described, whereas
in the DMBA group their number remained con-
stant. In both hCG-treated groups, a reduction
in the relative percentage of TEBs was observed
as early as 5 days after the initiation of treatment,
and more sharply between the 10th and the
20th days, to reach a plateau thereafter. The per-
centage of TEBs in these two groups of animals
was significantly lower than the values found in
the saline control and DMBA groups (p<0.01). A
more noticeable effect of the hormonal treatment
occurred at the level of intraductal proliferations
(IDPs) and ductal carcinoma in situ (DCIS). In
DMBA-treated animals, there were 5.80 IDPs
per gland when they reached the age of 105 days,
that is, 25-fold higher than the values observed
in the hCG-treated animals, in which there were
0.23 IDP/gland. These differences were still sig-
nificant in the 125-day-old animals. The number
of DCISs was also higher in the DMBA-treated
group, and their number was decreased by 13-
fold by hCG treatment. The number of DCISs
increased slightly when the animals reached the
age of 125 days, averaging 1.76 DCISs/gland;
however, it was still significantly lower than that
observed in the DMBA group of animals that
contained 23 DCISs/gland. Occasional lactat-
ing adenomas were observed in both hCG- and
DMBA+hCG-treated animals (J. Russo and I.H.
Russo 2000).

Effect of hCG Treatment on DMBA-Induced
Tumor Progression

While mammary tumors were palpated as early
as 25 and 30 days after carcinogen administra-
tion in the DMBA+hCG and DMBA groups,
respectively, none of the animals in the saline
control or the hCG-treated groups developed
tumors. In the group of animals treated with
DMBA, the number of palpable tumors contin-

ued increasing until the end of the experiment.
In the DMBA+hCG group, the number of pal-
pable tumors reached a plateau when the animals
were 105 days old, and no additional tumors
were detected in the 125-day-old animals. The
highest total number of tumors and number of
tumors per animal were observed in the DMBA
group, while the DMBA+hCG group showed a
reduction in the total number of palpable tumors
and number of tumors per animal at all the time
points studied. The histopathological analysis of
both palpable tumors and microscopic lesions
revealed that most of them were adenocarcino-
mas with papillary, cribriform, or comedo fea-
tures. Only three fibroadenomas developed in
the DMBA group and two in the DMBA+hCG
group. The hormonal treatment reduced the in-
cidence of adenocarcinomas more noticeably,
from 8.3 in the DMBA to 1.8 adenocarcinomas
per animal in the DMBA+hCG group (Table 1)
(J. Russo and I.H. Russo 2000).

In summary, hCG treatment inhibited the
progression of mammary carcinomas by stop-
ping the development of early lesions, i.e., IDPs
and carcinomas in situ (CISs). These findings in-
dicated that hCG has a significant potential as a
chemopreventive agent not only before the cell is
initiated, but also after the carcinogenic process
has been initiated and is vigorously progress-
ing. Ours was the first report to indicate that a
hormone preventive agent such as hCG is able to
stop the initiated cells by inhibiting the formation
of the intermediate step represented by the CIS,
what ultimately results in a lower incidence of in-
vasive tumors (J. Russo and I.H. Russo 2000).

Direct Effects of hCG on Mammary
Epithelial Cells

Inhibitory Effect of DMBA-Induced Mammary
Carcinogenesis in Ovariectomized Animals

In order to determine if hCG has a direct effect
in the mammary gland, the experimental pro-
tocol depicted in Table 2 was utilized. Ovariec-
tomy was performed after DMBA administration
(group 3) and compared with intact animals in
group 1. As expected, the tumor incidence and
the number of tumors per animals were signifi-
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Table 1 Effect of hCG treatment on the progression of DMBA-induced mammary tumors

DMBA + saline 70/5 0/11 0.00 0.00/0 0.00/0
DMBA + saline 75/10 4/11 36.36 0.36/4 0.36/4
DMBA + saline 85/20 7/11 63.63 1.45/16 1.45/16
DMBA + saline 105/40 11/11 100.0 7.45/82 7.45/82
DMBA + saline 125/20° 11/11 100.0 8.54/94¢ 8.27/91
DMBA + hCG 70/5 1/16 6.25 0.06/1 0.06/1
DMBA + hCC 75/10 3/16 18.75 0.18/3 0.18/3
DMBA + hCG 85/20 8/16 50.00 0.87/14 0.87/14
DMBA + hCG 105/40 13/16 81.25 2.00/32f 1.93/31
DMBA + hCG 125/20° 13/16 81.25 1.57/308 1.81/29

2Age of the animals (in days) at the time of sacrifice/days of treatment with 100 IU hCG/day

bTwenty days post-termination of the 40 day-hCG treatment

‘Number of animals with tumors/total number of animals per group/treatment and age group

dNumber of tumors per animal/total number of tumors from each specific group/treatment and animal age group
<Three out of 94 tumors were fibroadenomas

fOne out of 32 tumors was a fibroadenoma

2One out of 30 tumors was a fibroadenoma

"Number of invasive adenocarcinomas (Ad-Ca) per animal/total number of adenocarcinomas per group/treatment and
animal age group

DMBA 7,12-dimethylbenz(a)anthracene, hCG human chorionic gonadotropin

Table 2 Effect of ovariectomy and hCG treatment in DMBA-induced mammary carcinogenesis

1. DMBA + saline 18 18/18 100 60 3.30
2. DMBA + hCG 20 9/20 45 20 1.00
3. OV+ DMBA 18 1/18 6 4 0.22
4.0V + DMBA + hCG 20 0/20 0 0 0.00
5.0V + DMBA + EP 18 6/18 33 8 0.44
6. OV+ DMBA + EP+ hCG 20 2/20 10 2 0.10

DMBA 7,12-dimethylbenz(a)anthracene, hCG human chorionic gonadotropin, OV ovariectomy, EP estrogen + pro-
gesterone
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cantly reduced by ovarian ablation as well as by
hCG (groups 2 and 4). Estrogen supplementa-
tion in the ovariectomized animals reestablished
the tumor incidence and number of tumors per
animal (group 5); however, hCG significantly re-
duced, in those supplemented animals, the num-
ber of tumors per animal as well as the incidence
(group 6). These data clearly indicate that hCG
has a direct effect on the mammary gland inde-
pendently of ovarian function. This also suggests
that hCG could be a tumoristatic agent in post-
menopausal women, even in presence of hor-
mone replacement therapy.

Effect on Human Breast Epithelial Cells in Vitro

Treatment of human breast epithelial cells with
hCG inhibits the proliferative activity of the
cells and induces activation of apoptotic genes.
Inhibition of cell growth was observed only in
HBEC, whereas the urothelial cells T24 were
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not affected by this treatment (Fig. 2). MCF-10F
cells exhibited activation of the apoptotic genes
TRPM2, ICE, TGF-f, p53, bax, and p21WAFI/
CIP! (Fig. 3). BPI-E cells, derived from BP-trans-
formed MCF-10F cells were also growth-in-
hibited; however, the pattern of gene activation
differed from that exhibited by the parent cells
(Fig. 4). BP1-E cells exhibited activation of only
ICE, bax, and p21WAFI/CIP! and significantly
downregulated bcl2, but did not modify TGF-
B,p53, or c-myc expression. The urothelial cells
did not show activation of any of the apoptotic
genes. The lack of activation of the genes that
control programmed cell death in these latter
cells coincides with the selectivity of hCG in the
inhibition of in vitro cell proliferation, which was
observed only in HBEC, but not in T24 cells (Ta-
hin et al. 1996). This specificity of action might
be attributed to a receptor-mediated effect of
hCG on human breast epithelial cells, whose
presence has recently been reported in rat mam-
mary epithelial cells.

80

O Cont.

I 120h

B HCG

60

40

20

Number of viable cells ( X1000 )

= & g 0w
0 = n =
<A <N
o @ 3] @
= =

Fig.2 Effect of hCG treatment on cell growth. MCF-10F, BPI-E, and T24 cells were treated daily with 100 IU/ml hCG
and harvested at 24 and 120 h for cell growth determination by WST-colorimetric assay. Control cells were treated with
vehicle only. Values represent the mean number of viable cells (x1000) £SD of three wells from two experiments. (Re-

printed with permission from: Srivastava et al. 1998)
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Fig.3 Histogram showing the expression of TRPM2, ICE, bcl-2, TGFp, c-myc, p53, p21, and bax mRNA relative to
their respective controls in MCF-10F cells treated with hCG for 24 h. Relative MRNA content was determined by scan-
ning laser densitometry of autoradiographs, and equalized by detection of p-actin. (Reprinted with permission from
Srivastava et al. 1998)
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Fig.4 Histogram showing the expression of TRPM2, ICE, bcl-2, TGFp, c-myc, p53, p21, and bax MRNA relative to
their respective controls in BPI-E cells treated with hCG for 24 h. Relative MRNA content was determined by scanning
laser densitometry of autoradiographs, and equalized by detection of -actin. (Reprinted with permission from Srivas-
tava et al. 1998)
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Increased expression of TRPM2 and TGF-B
genes have been shown during chemotherapeu-
tic regression of a mouse bladder tumor (Buttyan
etal. 1989), regressing human breast cancer cells,
and in prostatic tumors after hormone with-
drawal (Armstrong et al. 1992; Kyprianou et al.
1991). In our experimental model, activation of
these genes occurred only in MCF-10F but not
in the chemically transformed and T24 cell lines.
This observation supports the concept that ac-
tivation of these two genes might be dependent
on specific cell characteristics. The association
between the induction of cell growth inhibition
and TRPM2 activation has also been reported to
be stimulated in MCF-7 cells by 1,25dihydroxyvi-
tamin D3 (Simboli-Campbell et al. 1996). ICE
gene expression was increased by hCG treatment
in MCF-10F and BPI-E cells by the hormonal
treatment. This gene, which belongs to a protease
family has been shown to be relevant in the in-

hCG

/ l (receptor)

cAMP

|

TGFB

duction of apoptosis (Fig. 5) (Tewari et al. 1995;
Fernandes-Ainemri et al. 1995a, b; Harvey et al.
1998). Increases in the levels of ICE (caspase-1)
mRNA have been associated with apoptosis in
mammary epithelial cells by loss of attachment
to extracellular matrix proteins and treatment
of some tumor cell lines with chemotherapeu-
tic drugs (Boudrau et al. 1995). Several lines of
evidence indicate that the induction of apoptosis
can be mediated by both p53 and c-myc, which
are the major players in the context of growth ar-
rest and apoptosis (Evan and Littlewood 1993).
We have found that hCG treatment significantly
induced the expression of p53 and p21WAF1/
CIP1 in MCF-10F cells, an observation that sug-
gested that the cell growth arrest was mediated
by the tumor suppressor p53 through its down-
stream target gene p21WAF1/CIP1 (Evan and
Littlewood 1993; El-Deiry et al. 1993). Neverthe-
less, BPI-E cells exhibited an inhibition in their

Fos/jun
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Fig.5 Postulated model of hCG-induced cell cycle arrest and apoptosis in human breast epithelial cells. In the pres-
ence of hCG for 24 h breast epithelial cells bind the hormone to a putative membrane receptor. This triggers a cascade
of programmed cell death gene activation through the CAMP-PKA pathway, as well as through activation of TGF-p.
HCG treatment activates (upregulates) TRPM2, ICE, TGF-p, p53, and p21 in MCF-10F cells; in BP1-E cells it activates
TRPM2, ICE, p21, and bax, but does not activate TGF-f, c-myc, or p53, leading us to postulate that p21 and bax activa-
tion in these cells proceeds through an alternative pathway, i.e., TF/DF (bent arrow). (Reprinted with permission from

Srivastava et al. 1998)
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in vitro growth and induced p21WAFI/CIPI
mRNA, but the expression of c-myc and p53
genes was not modified by the hormonal treat-
ment. These observations might indicate that cell
growth and activation of the apoptotic genes have
been independently modulated by other genes
and/or other external factors. Recent evidence
has shown both p53-dependent and p53-inde-
pendent apoptosis pathways (Sakamuro et al.
1995; Ronen et al. 1996). Thus, our observation
that p53 was significantly activated by hCG treat-
ment in MCF-10F but not in BP1-E cells led us
to postulate that the activation of apoptotic genes
might have occurred through those two different
pathways for the inhibition of in vitro cell prolif-
eration (Fig. 5). Our observations suggested that
in MCF-10F cells hCG arrested the progression
of the cell cycle by inducing (probably through
its receptor) the CAMP-PKA and p53, as well as
the TGF-p pathways to act on their target gene
p21WAF1/CIP1, proceeding then toward cell
cycle arrest and apoptosis (Fig. 6). In the case of
the chemically transformed cell line, TGF-f, p53,
and c-myc did not express any changes in their
level of expression, although there was a pro-
found induction of p21WAF1/CIP1 mRNA, thus
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suggesting that this gene was induced by hCG
independently of p53, probably via transcription
factor (TF), differentiation factor (DF) (Fig. 5),
as has been shown in other systems (Johnson et
al. 1994).

ICE class proteases (caspases) have been
shown to play an important role in p53-mediated
apoptosis (Harris 1996), though the molecular
details are not fully understood. This mechanism
is supported by our findings that hCG treatment
induces an increase in the expression of both
p53 and ICE in MCF-10F cells. Another possible
involvement of p53 in apoptosis is the regula-
tion by members of the bcl2 multiprotein family
(Stroebel et al. 1996; Merlo et al. 1997). Some of
the members of the bcl2 family such as bcl2 and
bcl-XL, are blockers of cell death, while others,
e.g., Bax and bcl-XS, are promoters of apoptosis
(Stroebel et al. 1996; Merlo et al. 1997). Recent
studies have indicated that bax can be activated
by both p53-dependent and -independent path-
ways in different systems (Stroebel et al. 1996).
In the present study, hCG treatment induced bax
expression in both MCF-10F and BP1-E cells, but
it markedly reduced bcl2 expression in BP1-E
cells only. The fact that p53, bax, and bcl2 expres-
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Fig. 6 Effect of hCG treatment on the growth of tumors formed by MCF-7 cells inoculated in nude mice. E,, animals
treated with 17-B-estradiol; hCG, animals treated with hCG alone; E,+hCG, animals implanted with one pellet of 17-
B-estradiol and treated with 10, 100, or 1,000 IU of hCG/day for 50 days. (Reprinted with permission from J. Russo and

L.H. Russo 2004)
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sion are differently modulated by the hormonal
treatment is a strong indication that alternative
pathways might be operational in the activation
of apoptotic genes by hCG. In these studies, we
observed that control cells exhibited an eleva-
tion in the level of expression of apoptotic genes.
After 120 h in culture, the level of expression of
TRPM2, ICE, TGF-B, bax, and p21WAF1/CIP1
genes was increased in MCF-10F In BP1-E cells,
TRPM2, ICE, and p21WAF1/CIP1 were higher
at 120 h in culture than at 24 h. The similarities
in the activation of gene expression between lev-
els in 24-h-treated and 120-h controls indicate
that hCG accelerates the process of gene activa-
tion, a phenomenon that has been reported to be
associated with confluence (Merlo et al. 1997).

In conclusion, our results demonstrate that
the 24-h hCG treatment of immortalized and
chemically transformed human breast epithelial
cells activates apoptotic genes even before the ar-
rest of cell growth becomes evident. Of relevance
is the fact that hCG, which is an inhibitor of in
vitro cell proliferation and in vivo acts as a pre-
ventive and tumoristatic agent (L.H. Russo et al.
1990b; Alvarado et al. 1994), may utilize different
pathways for activating apoptotic genes, depend-
ing upon the degree of expression of neoplastic
phenotypes (J. Russo et al. 2001; Calaf and Russo
1993; Mgbonyebi et al. 1997; Albini et al. 1997).
Taken together, the results of the present study
demonstrate that the growth inhibitory effect of
hCG is associated with its ability to activate the
expression of apoptotic genes. The importance of
our present findings lies in the potential use of
hCG as a chemopreventive and chemotherapeu-
tic agent in breast cancer.

Tumoristatic Effect of hCG on Malignant
Human Breast Epithelial Cells
Transplanted into a Heterologous Host

The observation that hCG had an inhibitory ef-
fect on chemically induced rat mammary carci-
nomas led us to test whether this hormone had
an effect on the in vivo growth of malignant
human breast epithelial cells. For this purpose,
MCEF-7 cells, a cell line derived from a metastatic
breast carcinoma, were injected to Balb/c nude
mice (nu/nu). The animals were divided into five
groups: the animals of four groups had implanted
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a silastic tube containing 5 mg 17-B-estradiol in
the interscapular region 5 days after castration,
and one group was castrated but did not receive
the estrogen supplementation. The cells were in-
jected in the mammary fat pad of mice in all the
groups at a concentration of 1x10° cells. HCG
was administered to the group of animals that did
not receive the estrogen at a dose of 1,000 IU/day;,
and to the three estrogen-supplemented groups
at the doses of 10, 100, or 1,000 IU/day. The ani-
mals that received estradiol pellets alone had an
incidence of 85% tumor formation. The group of
animals injected with hCG alone did not develop
tumors. Animals that received estradiol pellets
and also hCG exhibited a reduction in both tu-
mor incidence and tumor size that were dose-
dependent. These studies led us to conclude that
the treatment with hCG abrogates the effect of
the estrogen growth dependency of MCF-7 cells
in a heterologous hosts (Fig. 6).

Genomic Signature Induced by hCG
and Pregnancy

RNA was obtained from mammary glands of
rats in their 15th and 21st day of pregnancy or
hCG treatment, and 21 and 42 days postpar-
tum or post-treatment, respectively. RNAs were
analyzed utilizing two membranes for each ani-
mal and compared with mRNA of age-matched
virgin control rats. RNAs were hybridized to
cDNA array membranes that contained 5,800
rat genes (Research Genetics, Huntsville, AL).
Cluster analysis was performed using the Jaidexp
(Java Analysis information & Data Exploration)
specific program, version 1:0 and statistically
analyzed. Four clusters of genes were identified
(Fig. 7): cluster A shows genes that were over-
expressed (threefold) at 15 and 21 days of preg-
nancy/hCG treatment, but decreased to control
values after 21 and 42 days postpartum or post-
treatment, respectively. These genes, which in-
cluded beta casein and alpha lactalbumin, are
related to the secretory properties of the mam-
mary epithelium (Mailo et al. 2002). Similar
genes were identified using the DD technique,
as explained above. Cluster B was composed of
genes that were increased threefold at 21 days
of pregnancy/treatment and continued rising,
reaching the highest peak at 21 days, decreas-



124 Irma H. Russo, Jose Russo
15
10 PN
P
c d N o
o rd X
2 5 -
QL - o ogprbos i = - \'
>Q<' P ] P
a { g ~
£ 0 heY
[V \\
N\
rereeeeererere  ClUSTEr A \(;_
51| wee wtp wee ClusterB Sa e
v o= =~ (Cluster C ""\____o‘_,,,a-"'
==Omee Cluster D
-10 . v . Fig.7 Cluster analysis of rat mammary
0 day 15 days 21 days 21 days 42days  gland gene expression during and after
. pregnancy and hCG. (Reprinted with
.4\ Pregnacy ]hﬁ\ Post-Pregnacy ’h permission from J. Russo and I.H. Russo

or hCG Treatmant

ing by 42 days postpartum/post-hCG treatment.
Among these genes were the fatty acid binding
protein, the EST Rn.37635 with high homology
to BCL7B gene, cathecol-O-methyltransferase,
and the EST genes Rn. 5953, Rn.22912, and
Rn.4339 (Mailo et al. 2002). The upregulation
of cathecol-O-methyltransferase is significant
because it can be involved in the conjugation of
estradiol and cathecol estrogens, reducing the
carcinogenic effect of these hormones. Genes
related to the apoptotic pathways, such as testos-
terone repressed prostate message 2 (TRPM2),
interleukin 1p-converting enzyme (ICE), bcl2,
bcl-XL, bcl-XS, p53, p21, and c-myc were also
upregulated from three to fivefold (Mailo et al.
2002) (Fig. 7). We have shown that the activa-
tion of programmed cell death genes occurred
through a p53-dependent process, modulated by
c-myc and with partial dependence on the bcl2-
family related genes (Srivastava et al. 1998, 1999;
J. Russo and L.H. Russo 2000). In this cluster
were also included inhibins A and B, heterodi-
meric nonsteroidal secreted glycoproteins with
tumor suppressor activity (Sun 1984; Vermeulen
et al. 1976). We have found that inhibins are not
present in the normal resting mammary gland,
but are induced by pregnancy or hCG treatment
(Alvarado et al. 1993, 1994). We have also shown
that hCG has an autocrine or paracrine effect
on mammary epithelial cells (J. Russo and I.H.

or Post-hCG treatment

2004)

Russo 2000). HCG also activates the cluster B
of genes in DMBA-induced mammary tumors,
indicating that this hormone acts through the
same pathways for exerting its preventative and
therapeutic effects (Fig. 7). Cluster C (Fig. 7) rep-
resents genes whose level of expression progres-
sively increased with time of pregnancy or hCG
treatment, reaching their highest levels between
21 and 42 days postpartum or after the end of
treatment. Among these were known genes such
as those coding for a fragment of glycogen phos-
phorylase, AMP-activated kinase, bone morpho-
genetic protein 4, and vesicle-associated protein
1 (149). G/T mismatch-specific thymine DNA
glycosylase gene, which was observed to be up-
regulated in the Lob 3 of the human breast, was
also increased by fivefold in this model. These
data indicate that the activation of genes involved
in the DNA repair process is part of the signature
induced in the mammary gland by either preg-
nancy or hCG treatment of virgin animals. These
observations confirm our previous findings that
in vivo the ability of the cells to repair carcino-
gen-induced damage by unscheduled DNA syn-
thesis and adduct removal is more efficient in
the parous and in the hCG-treated virgin than in
the untreated virgin animal mammary gland (J.
Russo et al. 1982; Tay and Russo et al. 1981a, b,
1983). Therefore, a principal mechanism mediat-
ing the protection from mammary carcinogen-
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Fig. 8 Postulated mechanism of action of hCG. The hormone binds to a specific membrane receptor, activating genes
identified to be specific for pregnancy or hCG-induced differentiation and that have been found to be correlated with
the lobular development of the mammary tissue. Thus, a pathway of activation of p53 and ICE may lead to apoptosis
or through p21 to cell growth arrest. Activation of inhibin A and B may lead to differentiation through autocrine or
paracrine mechanisms. The activation of genes (clusters ¢ and d) are responsible for the refractoriness of the gland to
carcinogenesis. (Reprinted with permission from J. Russo and I.H. Russo 2004)

esis conferred by either full-term pregnancy or
hCG treatment is the enhancement of the ability
of the cells to repair DNA damage, which is in
turn the determinant of the lower susceptibility
to carcinogenesis. Cluster D consists of genes
coding for pro-alpha collagen III, pro collagen II
alpha 1, BTGI, and thymosin beta 4, which were
upregulated more than threefold at the 15th day
of pregnancy or hCG treatment, downregulated
at the 21st day in both pregnant and hCG-treated
animals, and remained downregulated up to 42
days (Mailo et al. 2002) (Fig. 7). Cluster D, in
combination with Cluster C, is a component of
the signature induced by hCG in the mammary
gland (Fig. 8).

These data demonstrate that the genomic sig-
nature of the mammary gland induced in virgin
animals by exogenous administration of hCG is
similar to that induced by pregnancy, and that
specific genomic profiles are still manifested
by 42 days after termination of treatment. The
importance of these specific signatures is high-
lighted by the fact that administration of car-

cinogen to hCG-treated or control virgin rats
whose mammary glands appear morphologically
similar will induce a markedly different tumori-
genic response, supporting the concept that the
differentiation induced by hCG is expressed at
genomic level, and results in a shift of the sus-
ceptible cells to refractory cells. The permanence
of these changes, in turn, makes them ideal sur-
rogate markers for the evaluation of hCG effect
as a breast cancer preventive agent.

Unifying Concepts

Based in our knowledge of the pathogenesis of
mammary cancer we have tested the effect of
hCG hormone on the early phases of tumor pro-
gression, namely from TEBs damaged by DMBA
to IDPs, in situ carcinomas, and invasive carcino-
mas, and demonstrate that this hormone inhibits
the progression of 7,12-dimethylbenz(a)anthrac
ene (DMBA)-induced mammary tumors. Treat-
ment of young virgin rats with hCG induced a
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profuse lobular development of the mammary
gland, practically eliminating the highly prolif-
erating TEBs, with overall reduction in the pro-
liferative activity of the mammary epithelium
and induction of the synthesis of inhibin, a se-
creted protein with tumor-suppressor activity.
The hormonal treatment induced differentiation
of the mammary gland, which was manifested at
morphological, cell kinetic, and functional lev-
els. The morphological changes consisted of pro-
gressive branching of the mammary parenchyma
and lobule formation. They were accompanied
by reduction in the rate of cell proliferation. The
functional changes comprised increased synthe-
sis of inhibin, P-casein, and other milk-related
bioactive peptides. In addition, hCG increased
the expression of the programmed cell death
TRPM2, ICE, p53, c-myc, and bcl-XS, also in-
ducing apoptosis and downregulation of cyclins.
Programmed cell death genes were activated
through a p53-dependent process, modulated
by c-myc, with partial dependence on the bcl-2
family-related genes. Of relevance was the obser-
vation that lobular development, which reached
its maximal expression after the 15th day of hCG
treatment, regressing after hormone withdrawal,
was preceded by activation of genes associated
with the expression of programmed cell death,
and furthermore, that the expression of these
genes was still elevated 20 days after cessation
of treatment. Data generated with the new tools
provided by the cDNA microarray techniques
have demonstrated that while lobular develop-
ment regressed after the cessation of hormone
administration, programmed cell death genes
remained activated, but more importantly a new
set of genes (cluster C) reached maximum ex-
pression, whereas others (cluster D) are down-
regulated. The genes in clusters C and D are
those providing the genomic signature that is
specific for hCG and pregnancy. The genomic
signature is specific for pregnancy and hCG and
significantly different from that induced by other
hormones such as estrogen and progesterone.
Altogether these mechanisms play a role in
the protection exerted by hCG from chemically
induced carcinogenesis, and might even be in-
volved in the life-time reduction in breast cancer
risk induced in women by full term and multiple
pregnancies. The implications of these observa-
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tions are twofold: on one hand, they indicate that
hCG, like pregnancy, may induce early genomic
changes that control the progression of the dif-
ferentiation pathway; and on the other hand that
these changes are permanently imprinted in the
genome, regulating the long-lasting refractori-
ness to carcinogenesis). The permanence of these
changes, in turn, makes them ideal surrogate
markers of the hCG effect in the evaluation of this
hormone as a breast cancer preventive agent.
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Abstract

Early pregnancy imprints in the breast perma-
nent genomic changes or a signature that reduces
the susceptibility of this organ to cancer. The
breast attains its maximum development during
pregnancy and lactation. After menopause, the
breast regresses in both nulliparous and parous
women containing lobular structures designated
Lob.1. The Lob 1 found in the breast of nullipa-
rous women and of parous women with breast
cancer never went through the process of differ-
entiation, retaining a high concentration of epi-
thelial cells that are targets for carcinogens and
therefore susceptible to undergoing neoplastic
transformation, these cell are called Stem cells
1, whereas Lob 1 structures found in the breast
of early parous postmenopausal women free of
mammary pathology, on the other hand, are
composed of an epithelial cell population that is
refractory to transformation called Stem cells 2.
The degree of differentiation acquired through
early pregnancy has changed the genomic sig-
nature that differentiates the Lob 1 from the
early parous women from that of the nulliparous
women by shifting the Stem cell 1 to a Stem cell
2, making this the postulated mechanism of pro-
tection conferred by early full-term pregnancy.
The identification of a putative breast stem cell
(Stem cell 1) has reached in the last decade a
significant impulse and several markers also re-
ported for other tissues have been found in the
mammary epithelial cells of both rodents and
humans. The data obtained thus far is supporting
the concept that the lifetime protective effect of
an early pregnancy against breast cancer is due

to the complete differentiation of the mammary
gland, which results in the replacement of the
Stem cell I that is a component of the nulliparous
breast epithelium with a new stem cell, called
Stem cell 2, which is characterized by a specific
genomic signature. The pattern of gene expres-
sion of the stem cell 2 could potentially be used
as useful intermediate end points for evaluating
the degree of mammary gland differentiation
and for evaluating preventive agents such as hu-
man chorionic gonadotropin.

The Structure of the Human Breast

The breast tissue of normally cycling nonpreg-
nant adult women contains three identifiable
types of lobules, the lobules type 1 (Lob 1) and
the more developed lobules type 2 (Lob 2) and
type 3 (Lob 3) (Fig. 1) (J. Russo et al. 1988, 1992,
1994;J. Russo and I.H. Russo 1987a, b, 2004). The
lobular composition of the breast of sexually ma-
ture women is determined by numerous endog-
enous and exogenous factors. Principal among
them are age, and hence, number and regular-
ity of menstrual cycles, endocrine imbalances,
use of exogenous hormones, environmental ex-
posures that could act as endocrine disruptors,
and the physiological status of pregnancy. The
breast attains its maximum development during
pregnancy; it occurs in two distinctly dominant
phases: an early stage, characterized by ductal
lengthening and profuse branching, sustained
by active cell proliferation at the distal end of
the ductal tree; the rapid increase in number of
newly formed ductules results in the progression
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of Lob 2 to Lob 3 (I.H. Russo et al. 1989; I.H.
Russo and J. Russo 1994; J. Russo and I.H. Russo
1987a, b, 2004). The beginning of secretory activ-
ity is indicative of the progression from ductules
to secretory acini, which are characteristics of
the fully differentiated Lob 4 (Fig. 1) (I.H. Russo
et al. 1989; I.H. Russo and J. Russo 1994; J. Russo
and L.H. Russo 1987, 2004; Vorherr 1974).

In nulliparous women, the breast contains a
great number of undifferentiated structures such
as terminal ducts and Lob 1 that remains almost
constant throughout their lifespan. The Lob 2 are
present in moderate numbers during the early
reproductive years and Lob 3 are almost totally
absent, suggesting that a certain percentage of
Lob 1 might have progressed to Lob 2, but very
few Lob 2 have progressed to Lob 3 (J. Russo et
al. 1992; J. Russo and I.H. Russo 2004). In parous
women, on the other hand, a history of one or
more full-term pregnancies between the ages of
14 and 20 years correlates with a significant in-
crease in the number of Lob 3. This type of lob-

Fig.1 a Histological sections of lobule type 1, b lobule
type 2, ¢ lobule type 3, and d lobule type 4. All the histo-
logical sections have been stained with H & E and photo-
graphed at x2.5 magnification
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ules remains present as the predominant struc-
ture until a woman reaches the age of 40. Their
percentage decreases after the fourth decade of
life, due to their involution to Lob 1 (I.H. Russo
et al. 1989; I.H. Russo and J. Russo 1994; J. Russo
and I.H. Russo 1987, 2004; Vorherr 1974).

Genetic influences are responsible of at least
5% of the breast cancer cases; they also seem to
influence the pattern of breast development and
differentiation, as evidenced by the study of pro-
phylactic mastectomy specimens obtained from
women with familial breast and breast/ovarian
cancer, or proven to be carriers of the BRCAI
gene, as determined by linkage analysis (J. Russo
et al. 2001a; J. Russo and I.H. Russo 2004). Mor-
phological and architectural analysis of pro-
phylactic mastectomy specimens revealed that
these characteristics were similar in breasts ob-
tained from either nulliparous or parous women.
In both groups of women, the breast tissues were
predominately composed of Lob 1 and only a few
specimens contained Lob 2 and Lob 3, in frank
contrast with the predominance of Lob 3 found
in parous women without familial history of
breast cancer (J. Russo et al. 2001a, b; J. Russo
and L.H. Russo 2004). The developmental pattern
of the breast of parous women of the familial
breast cancer group was similar to that of nulli-
parous women and less developed than the breast
of parous women without a history of familial
breast cancer. The breast of women belonging to
the familial breast cancer group also presented
differences in the branching pattern of the ductal
tree, observations that suggested that the genes
that control lobular development might have
been affected in women carrying breast cancer
predisposing genes (J. Russo et al. 1994, 2001a, b;
J. Russo and I.H. Russo 2004).

The Role of Breast Architecture
and the Pathogenesis of Breast Cancer

An important concept that emerged from the
study of breast development is that the termi-
nal ductal lobular unit (TDLU), which had been
identified as the site of origin of the most com-
mon breast malignancy, the ductal carcinoma (J.
Russo et al. 1990; J. Russo and I.H. Russo 2004;
Wellings et al. 1975), corresponds to a specific
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stage of development of the mammary paren-
chyma, the Lob 1. This observation is supported
by comparative studies of normal and cancer-
bearing breasts obtained at autopsy. It was found
that the nontumoral parenchyma in cancer-as-
sociated breasts contained a significantly higher
number of hyperplastic terminal ducts, atypical
Lob 1 and ductal carcinomas in situ originated in
Lob 1 than those breasts of women free of breast
cancer. These observations indicate that the Lob
1 is affected by preneoplastic as well as by neo-
plastic processes (J. Russo and I.H. Russo 1998;
J. Russo et al. 1994, 2000; J. Russo and I.H. Russo
1994, 2004; Vorherr 1974). The finding that the
Lob 1, which are undifferentiated structures,
cause the most aggressive neoplasm, acquires
relevance in light of the fact that these structures
are more numerous in the breast of nulliparous
women, who are in turn at a higher risk of de-

Differentiated cell

Pregnancy

I :
Carcinogen .

Cancer Cell

Stem
Cell 2

veloping breast cancer. The Lob 1 found in the
breast of nulliparous women never went through
the process of differentiation; these contain what
we have called Stem cell 1 (Figure 2), whereas
the same structures, when found in the breast
of postmenopausal parous women contained
Stem cell 2 (Fig. 2) (J. Russo and I.H. Russo 1997,
2004). More differentiated lobular structures have
been found to be affected by neoplastic lesions as
well, although they trigger tumors whose malig-
nancy is inversely related to the degree of differ-
entiation of the parent structure, i.e., Lob 2 bring
about lobular carcinomas in situ, whereas Lob 3
give rise to more benign breast lesions, such as
hyperplastic lobules, cysts, fibroadenomas, and
adenomas, and Lob 4 to lactating adenomas (]J.
Russo et al. 1990). Each specific compartment of
the breast gives rise to a specific type of lesion
and also provides the basis for a new biological
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-
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Fig.2 Breast cancer originates in undifferentiated terminal structures of the mammary gland, the Lob 1, which contain
the Stem cell 1 that is the target of the neoplastic event. Early parity induces differentiation of the mammary gland,
thus creating the stem cell 2. Even though differentiation significantly reduces cell proliferation in the mammary gland,
the mammary epithelium remains capable of responding with proliferation to given stimuli, such as a new pregnancy.
Under these circumstances, however, the cells that are stimulated to proliferate are from structures that have already
been primed by the first cycle of differentiation, that are able to metabolize the carcinogen and repair the induced DNA
damage more efficiently than the cells of the nulliparous gland, and are less susceptible to carcinogenesis. However, if the
shifting of Stem cell 1 to Stem cell 2 has not been completed, a carcinogenic stimulus powerful enough may overburden
the system, thereby successfully initiating a neoplastic process (Reprinted with permission from J. Russo et al. 2005)
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concept that the differentiation of the breast de-
termines the susceptibility to neoplastic transfor-
mation (J. Russo et al. 1975).

The finding that the most undifferentiated
structures bring about the most aggressive neo-
plasms support our hypothesis that the presence
of Lob 1 explains the higher breast cancer risk
of nulliparous women, since they represent the
population with the highest concentration of un-
differentiated structures in the breast (J. Russo
et al. 1994; J. Russo and I.LH. Russo 1987, 1998,
1999). Nontumoral breast tissues from cancer-
bearing lumpectomy or mastectomy specimens
removed from nulliparous women have an ar-
chitecture dominated by Lob 1; their overall
architecture is similar to that of nulliparous fe-
males free of mammary pathology (J. Russo et
al. 1994). Although the breast tissues of parous
women from the general population contain pre-
dominantly Lob 3 and a very low percentage of
Lob 1, in those parous women that have devel-
oped breast cancer their breast tissues have also
the Lob 1 as the predominant structure, appear-
ing in this sense similar to those of nulliparous
women (J. Russo et al. 1992, 1994; J. Russo and
I.H. Russo 2004). It is of interest to note that all
the parous breast cancer patients we have stud-
ied had a history of late first full-term pregnancy
or familial history of breast cancer. The analysis
of these samples allowed us to conclude that the
architecture of the breast of parous women with
breast cancer differs from that of parous women
without cancer. The similarities found between
the architecture of the breast of nulliparous
women and that of parous women with cancer
support the hypothesis that the degree of breast
development is of importance in the suscepti-
bility to carcinogenesis, and, furthermore, that
parous women who develop breast cancer might
exhibit a defective response to the differentiating
influence of the hormones of pregnancy (J. Russo
et al. 1992, 1994) and therefore they are hosting
numerous Stem cells 1 that are susceptible to car-
cinogenesis (Fig. 2). Since ductal breast cancer
originates in Lob 1 or TDLU (J. Russo et al. 1990;
Wellings et al. 1975), and the epidemiological
observation that nulliparous women exhibit a
higher incidence of breast cancer than parous
women (Henderson et al. 1974, 1993; Kelsey
et al.1993; Lambe et al. 1996; MacMahon et al.
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1970; Trapido 1983; Vessey et al. 1985) indicates
that Lob 1 in these two groups of women might
be biologically different or exhibit different sus-
ceptibility to carcinogenesis (J. Russo et al. 1989,
1992, 1993, 1994, 2000). Even though the Lob
1 is the hallmark of the postmenopausal breast,
we postulate that the degree of differentiation
acquired through early pregnancy has caused a
genomic signature that differentiates the Lob 1
from the early parous women from that of the
nulliparous women by shifting the Stem cell 1 to
a Stem cell 2 that is refractory to carcinogenesis
(Fig. 2). This is supported by recent data obtained
in the rat model (J. Russo and I.H. Russo 1997)
in which a cluster of genes remain activated in
the involuted gland after pregnancy, conferring
a special genomic signature to the gland that is
responsible for its refractoriness to chemical car-
cinogenesis. Thus the refractoriness is produced
by the shifting of the compartments of Stem cells
1 to other stem cells called Stem cells 2 (Fig. 2) (J
Russo et al. 2001; J. Russo and I.H. Russo 1997).
The advances of the human genome project and
the availability of new tools for genomic analy-
sis, such as cDNA array, tissue array, laser cap-
ture micro dissection (LCM), and bioinformatics
techniques have permitted the identification of
clusters of genes that are differentially expressed
in populations that differ in their breast cancer
risk (Balogh et al. 2006). Furthermore, those
clusters of genes whose expression may be af-
fected by early pregnancy and that can be proven
functionally relevant in protecting the breast
from cancer development could serve as markers
for evaluating cancer risk in large populations.

Genomic Changes Induced by Pregnancy
in Breast Epithelial Cells

The collections of normal breast tissue that ad-
here to well-established parameters of normality
are extremely difficult to obtain (J. Russo et al.
1988), mainly because the normal human breast
tissue must be obtained from women with dif-
ferent reproductive histories. One group must
represent the low-risk group composed of post-
menopausal women without breast cancer who
completed their first full-term pregnancy (FFTP)
before age 24. The second group for comparison
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is postmenopausal women without breast can-
cer who are nulliparous. The selection of post-
menopausal women must be those who are at
least 1 year after their last menses if menopause
occurred naturally or basal serum follicle stimu-
lating hormone (FSH) greater than 40 ng/ml if
menopause was surgical and the participant is
less than 60 years old. The age at menarche, day
of last menstruation, number of miscarriages,
year of first full-term pregnancy, number of preg-
nancies, and no replacement therapy or previous
surgical procedures for benign or malignant dis-
eases of the breast are important conditions for
the selection of the samples to be analyzed and
as a consequence limit the number of samples
available for a large study.

The breast epithelial cells and the stroma of
the lobules type 1 found in the breast tissue of
postmenopausal parous women has a genomic
signature different from similar structures de-
rived from postmenopausal nulliparous women
(J. Russo and I.H. Russo 1997). Those genes that
are significantly different are grouped in major
categories based on their putative functional
significance. Among them are those gene tran-
scripts related to a) immune-surveillance, b)
DNA repair and programmed cell death, and c)
transcription, chromatin structure/activators/co
activator (Balogh et al. 2006) (Table 1).

Role of Immune Surveillance-Related Genes
in the Parous Breast

In breast epithelial cells of parous women, four
gene transcripts were significantly upregulated
(Table 1). The cytoplasmic Toll/interleukin-1
receptor (TIR) (Sanghavi et al. 2004) signaling
domain is known to be instrumental in induc-
ing a signaling cascade upon recognition of spe-
cific ligand, triggering innate immune responses
(Yamamoto and Akira 2004). The T cell receptor
VB 1 (TCRP) in breast tumors recognize specific
cytotoxic T lymphocytes in a major histocompati-
bility complex (MHC) unrestricted fashion (Ito
et al. 1997; Kirii et al. 1998). The breast epithelial
cells of the parous breast also have upregulated
the MHC class I HLA-A24. HLA-A24-binding
peptides have the capacity to elicit anti-tumor
cytotoxic T lymphocytes (CTL) in vitro (Nukaya
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et al. 1999). It has been shown that HLA class I
antigen downregulation is associated with worse
clinical course of ovarian carcinoma, which
may reflect the escape of tumor cells from im-
mune recognition and destruction (Vitale et al.
2005). The epithelial cells of the parous breast
also upregulated the expression of interleukin
22 receptor (Table 1). Interleukin-22 (IL-22) is a
member of interferon/IL-10 family, which plays
an important role in immune response through
activation of the STAT 3 signal transduction
pathway (Wei et al. 2003; Donnelly et al. 2004;
Wolk et al. 2004). The enhanced immune-sur-
veillance mechanism that has been imprinted
because of the differentiation cycle induced by
pregnancy could be one of the protective factors
induced by the cells against neoplastic initiation
or progression. Contrary to the postmenopausal
parous breast epithelial cells, those cells derived
from the lobules type 1 of the postmenopausal
nulliparous women presented an upregulation of
the gene transcript for the dendritic cell protein
(GA17). The potential role of this dendritic cell
protein in the epithelial cells of the nulliparous
breast could be explained by the recent publica-
tion of Thomachot et al. (2004), who have found
that primary breast carcinomas are frequently
infiltrated by dendritic cells. The breast carci-
noma cells produce soluble factors, which may
attract dendritic cells and their precursors in
vivo and promote the differentiation of the lat-
ter into Langerhans cells and immature dendritic
cells with altered functional capacities. The infil-
tration of breast cancer by these altered dendritic
cells may contribute to the impaired immune
response against the tumor (Thomachot et al.
2004). This mechanism was partly driven by a
TGFB-dependent mechanism since a pan-TGFf
polyclonal antibody completely blocks breast
cancer cell-induced Langerhans cell differentia-
tion and partly reduces immature dendritic cell
development (Thomachot et al. 2004). These data
indicate that if this mechanism takes place in the
nulliparous breast the dendritic cells normally
present in the breast tissue under the action of
initiated breast epithelia will be unable to initiate
the immune surveillance mechanism of protec-
tion. This is supported by the data that TGFp is
not overexpressed in the nulliparous mammary
gland (D’Cruz et al. 2002).
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Table 1 Genes differentially expressed in the postmenopausal breast of parous and nulliparous women

Gene name Parous Nulliparous P-value Function

Sterile alpha and TIR motif containing 1~ 1.96 + 0.09 1.00 + 0.36 0.011 Gene transcripts

T cell receptor V-beta 1 (TCRB) 1.69 + 0.09 0.98 +0.19 0.0044 L GG
surveillance

Interleukin 22 receptor, alpha 2 2.49 +0.41 0.79 + 0.31 0.0797 function

MHC class I HLA-A24 glycoprotein 1.59 + 0.04 0.41 +£0.03 0.0001

mRNA, 3’ end

Dendritic cell protein 0.92 +0.35 1.63 +0.29 0.055

Excision repair cross-complementing 1.62 +0.13 0.94 +0.32 0.027 Gene transcripts

rodent repair deficiency, with DNA repair

complementation group 2 (xeroderma and programmed

pigmentosum D) cell death functions

RAD51-like 1 (S. cerevisiae) 2.01 +0.06 0.79 + 0.38 0.1917

Excision repair cross-complementing 1.67 £ 0.41 0.6 +0.49 0.044

rodent repair deficiency,

complementation group 6

TP53-activated protein 1 0.87 £0.24 1.77 £0.1 0.0001

Homo sapiens, similar to NBR2, clone 1.60 + 0.43 0.83 +£0.18 0.046

MGC:5031, mRNA, complete cds

Ribosomal protein S3 1.74 £0.11 0.77 £ 0.31 0.1458

Likely ortholog of mouse 1.67 £ 0.15 0.98 +0.31 0.027

putative IKK regulator SIMPL

BCL2-associated X protein 1.91+0.15 0.95+0.13 0.0011

Transcription elongation 2.10 +0.34 0.98 + 0.38 0.019 Gene transcripts

regulator 1-like with, translation,

LIM domain-binding 2 1.82£0.11 0.92 +0.27 0.0059 transcription
function

Heart and neural crest derivatives 0.87 +0.36 1.52 +0.02 0.0003

expressed 2

Bromodomain adjacent to zinc finger 1.69 £ 0.38 0.90 £ 0.16 0.03

domain, 2A

Processing of precursor 5, ribonuclease ~ 1.50 + 0.08 0.88 +0.26 0.016

P/MRP subunit (S. cerevisiae)

Zinc finger CCCH type domain 1.56 + 0.08 0.83+0.16 0.0023

containing 5

Zinc finger protein and BTB domain 1.64 +0.22 0.66 + 0.22 0.0052

containing 11

HMT1 (hnRNP methyltransferase, 1.62 +0.11 0.65+0.18 0.0013

S. cerevisiae)-like 1

BarH-like homeobox 1 1.57 £ 0.26 0.62+0.3 0.015

SOX2 overlapping transcript 1.54 £ 0.07 0.60 £ 0.26 0.0036

(noncoding RNA)

SRY (sex determining region Y)-box 30 ~ 1.51 £ 0.23 0.54+0.16 0.0037

Eukaryotic translation initiation 1.59 + 0.34 0.5+ 0.02 0.0052

factor 3, subunit 5 epsilon, 47 kDa
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Table 1 (continued) Genes differentially expressed in the postmenopausal breast of parous and nulliparous women

Gene name Parous
BTB and CNC homology 1, basic 0.93 +0.19
leucine zipper transcription factor 2

Ring finger protein 146 1.67 £0.12
Integral membrane protein 2B 0.96 +0.33

(AT rich interactive domain 5B
(MRF1-like)

The Role of DNA Repair and Programmed Cell
Death Genes in the Parous Breast

DNA repair is central to the integrity of the hu-
man genome and reduced DNA repair capacity
has been linked to genetic susceptibility to can-
cer. A reduced DNA repair is associated with
risk of breast cancer in women. The epithelial
cells of the breast from parous women present
four DNA repair-related genes that are upregu-
lated significantly when compared with the same
gene expression in the epithelial cells of the nul-
liparous breast (Table 1). The Excision Repair
Cross-Complementing Rodent Repair Group
2 (ERCC2), a major DNA repair protein, is in-
volved in nucleotide excision repair and basal
transcription (Caggana et al. 2001; Sancar and
Tang 1993; Troelstra et al. 1992; Zhou et al. 2002).
ERCC6 corrects the repair defect of Cockayne’s
syndrome complementation group B (Troelstra
et al. 1992). The ERCC6 gene in humans directs
the excision nuclease to RNA polymerase stalled
at a lesion in the transcribed strand and thus en-
sures preferential repair of this strand compared
to the nontranscribed strand (Sancar and Tang
1993). The ribosomal protein S3 (RPS3) is also
upregulated in the breast of postmenopausal
parous women. Ribosomal protein S3 (RPS3)
is a multifunctional ribosomal protein that is a
structural and functional component of the ribo-
some, and also a DNA repair enzyme involved
in the DNA base excision repair pathway (Lim
et al. 2002; Lyamouri et al. 2002). RPS3 func-
tions not only as a DNA repair endonuclease and
ribosomal protein S3, but has also been related
to apoptosis. Deletion analysis reveals that the
two functions of rpS3, DNA repair and apopto-
sis, use independent functional domains (Jang
et al. 2004). The RAD51-like 1 that is involved

Nulliparous P-value Function

1.83 +£0.28 0.01 Gene transcripts
with, translation,

0734009  0.1309 transcription
function

2.09 + 0.47 0.027

in the homologous recombination repair is an
essential process for the maintenance and vari-
ability of the genome. In eukaryotes, the Rad
epistasis group proteins serve the main role for
meiotic recombination and/or homologous re-
combination repair (Osakabe et al. 2002). In hu-
mans, interaction of RAD51 with proteins such
as BRCA1 and BRCA2 has provided insight into
the mechanism of how these molecules function
as tumor suppressors (Ashley and Plug 1998; Es-
sers et al. 1997; Ghabrial et al. 1998; Leasure et
al. 2001; Tsuzuki et al. 1996). These data indicate
that the activation of genes involved in the DNA
repair process is part of the signature induced in
the mammary gland by pregnancy. These obser-
vations confirm previous findings that in vivo the
ability of the cells to repair carcinogen-induced
damage by unscheduled DNA synthesis and ad-
duct removal is more efficient in the mammary
gland of parous rats (Tay and Russo 1981a, b).
For these reasons, they have been included as a
property of the Stem cells 2.

In the parous breast, two gene transcripts are
significantly upregulated with a functional role
in program cell death (Table 1). Tumor necrosis
factor alpha (TNF-alpha) is a cytokine that acts as
an important mediator of the apoptotic process,
also demonstrating selective cytotoxicity against
malignant breast tumor cells. Activation of this
cytokine requires the interaction with mouse
pelle-like kinase (SIMPL) (Kwon et al. 2004). An
ortholog of the mouse putative IKK regulator
SIMPL is upregulated significantly in the breast
tissue of postmenopausal parous women. Over-
expression of SIMPL leads to the activation of
NF-kB-dependent promoters and inactivation
of SIMPL inhibits IRAK/mPLK as well as tumor
necrosis factor receptor type I-induced NF-«B
activity (Vig et al. 2001). The BCL2-associated X
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protein is also upregulated in the breast epithe-
lial cells of parous women. Bax is a pro-apoptotic
gene whose transcription is stimulated by ac-
tive p53, including the pro-apoptotic gene p21,
a cell cycle regulator (Falke et al. 2004; Qin et al.
2004). As indicated above, the ribosomal protein
S3 (RPS3), which is also upregulated in the par-
ous breast tissue, activates caspase-8/caspase-3
and sensitizes cytokine-induced apoptosis (Jang
et al. 2004). These two transcripts, BCL2-associ-
ated X protein and RPS3, are part of the genomic
signature of the Stem cell 2. Supporting evidence
for this finding comes from the rat experimen-
tal model in which postpregnancy involuted
mammary gland exhibits a genomic signature
characterized by an elevated expression of genes
involved in programmed cell death pathways,
such as testosterone-repressed prostate message
2 (TRPM2), interleukin 1B-converting enzyme
(ICE), bcl-XL, bcl-XS, p53, p21, and c-myc,
which can be from three- to fivefold upregulated
(J. Russo and I.H. Russo 2004; Srivastava et al.
1997, 1999).

Role of the Transcription, Translation Factor
Regulators, and Chromatin Structure-Related
Genes in the Parous Breast

The larger groups of gene transcripts, which are
significantly different in the breasts of the parous
compared with the nulliparous woman, belong
to the transcription and translation factor regu-
lators (Table 1). Among the transcription factors
are the LIM domain-binding 2 and SOX 2, which
are significantly upregulated in the epithelial
cells of the parous breast. LIM domain-contain-
ing proteins contribute to cell fate determination,
the regulation of cell proliferation, and differen-
tiation by activating transcription of cell-type-
specific genes, but this activation requires coop-
eration with other nuclear factors (Cassata et al.
2000; Dawid et al. 1995; Goyal et al. 1999; Harris
et al. 2002; Johnson et al. 1997). For example, it
has been found that the nuclear domain 10 pro-
tein (NDP52), which is also upregulated in the
parous breast epithelial cells, interact with the
Lim domain (Korioth et al. 1995). SOX1/2/3 in-
teract with various partner transcription factors
and participate in defining distinct cell states that
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depend on the partner factors; thus the regula-
tion of SOX2 and its partner factors, exemplified
by Pax6, determines the spatiotemporal order of
the occurrence of cell differentiation (Kondoh
et al. 2004). Therefore it is possible to postulate
that SOX2 could play an important role in the
differentiated breast epithelial cells of the par-
ous breast. Interestingly, SOX-2 is a transcrip-
tion factor that is expressed by self-renewing and
multipotent stem cells of the embryonic neuro-
epithelium (Komitova and Eriksson 2004; Mi-
yagi et al. 2004; Stevanovic 2003). SOCK 2 is also
considered a stem cell marker (Ginis et al. 2004).
Therefore, although we do not know its role in
the breast epithelial cell, it could well represent
the marker of the differentiated Stem cell 2 previ-
ously postulated (J. Russo and I.H. Russo 1997).
Furthermore, genes of the Sox family encode evo-
lutionarily conserved HMG box-containing tran-
scription factors, which play key roles in various
events of cell determination/differentiation dur-
ing development (Bullejos et al. 2000; Cremazy et
al. 2001; De Martino et al. 1999; Koopman et al.
2004). The SOX 30 or sex determination region
Y (SRY) is also significantly upregulated in the
parous breast epithelial cells. Sox 30 family pro-
teins are characterized by a unique DNA-bind-
ing domain, a HMG box, which shows at least
50% sequence similarity with mouse Sry, the
sex-determining factor. Osaki et al. have shown
specific expression of Sox30 in normal testes, but
not in maturing germ cell-deficient testes. This
suggests that the expression of this gene in the
breast could be a marker of differentiation and
part of the signature induced by pregnancy in the
breast epithelial cells. In this category can also be
included the BarH-like homeobox 1 gene, which
was significantly upregulated in the parous
breast epithelial cells (Table 1). The BarH1 and
BarH2 (Bar) Drosophila genes are homeobox-
containing genes, which are required for the fate
determination of external sensory organs in the
fly. They have also been identified in mouse and
human (Bulfone et al. 2000). Although the func-
tion of this gene in the mammary gland is not
clearly understood, it is known that it plays an
important role during mouse neurogenesis in the
migration and survival of cerebellar granule cells
and precerebellar neurons and that it function-
ally links Barhll to the NT-3 signaling pathway
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during cerebellar development (Bermingham et
al. 2001; Bulfone et al. 2000; Li et al. 2004). BarH1
could be considered another marker of the dif-
ferentiated Stem cell 2 in the breast epithelia of
the parous woman.

The transcription factors associated with
chromatin remodeling complexes such as the
zinc finger and BTB domain containing 11 and
the bromodomain adjacent to zinc finger do-
main 2A (BAZ2A) (Table 1), are significantly
upregulated in the parous breast epithelial cells.
The zinc finger and BTB domain containing 11
is highly conserved in a large family of eukary-
otic proteins and is crucial for the latter’s diverse
roles in mediating interactions among proteins
that are involved in transcription regulation and
chromatin structures (Chen et al. 2004; Hoatlin
et al. 1999). The bromodomain adjacent to zinc
finger domain 2A (BAZ2A) is a structural motif
characteristic of proteins involved in chromatin-
dependent regulation of transcription. Bromo-
domain proteins have been identified as integral
components of chromatin remodeling complexes
and frequently possess histone acetyltransferase
activity. The novel gene, termed BAZ2A, is local-
ized to chromosomes 12¢24.3-qter. Their encod-
ing genes have been identified at translocation
breakpoints, and at least one, CBP, is a tumor
suppressor gene (Jones et al. 2000). This special
function in chromatin structure makes them
candidates markers of the differentiated Stem
cell 2.

Another group of genes associated with their
function as co activator and in chromatin re-
modeling seems to play an important role in the
signature induced by pregnancy in the breast epi-
thelial cells (Table 1). One of them is the p300/
CBP-associated factor (PCAF), which is signifi-
cantly upregulated in the epithelial cells of the
parous breast tissue. p300/CBP-associated factor
(PCAF) is a co-activator of the tumor suppressor,
p53. PCAF participates in p53’s transactivation of
target genes through acetylation of both bound
p53 and histones within p53 target promoters
(Watts et al. 2004). Interestingly enough, various
kinds of cofactors, such as steroid receptor co-
activator-1 (SRC-1), transcription intermediary
factor 2 (TIF2), and amplified in breast cancer 1
(AIB1), have also been reported to interact with
nuclear receptors in a ligand-dependent man-
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ner and enhance transcriptional activation by
the receptor via histone acetylation/methylation
and recruitment of additional co-activator, such
as CREB-binding protein (CBP)/p300 (Iwase
2003). The role of p300/CBP-associated factor in
the differentiated breast epithelial cells of parous
women could be similar to the effect of transreti-
noic acid (ATRA) treatment of metastatic breast
cancer cells, which, by increasing the protein le-
vels of the histone acetyl transferases p300 and
CBP, suppresses the level of histone deacetylase
and increases the level of acetylated histone H4.
ATRA has also been shown to decrease Bcl-2,
increase Bax, and decrease VEGF (Hayashi et al.
2003). Bax is upregulated in the postmenopausal
parous breast epithelial cells.

The suppressor of hairy wing homolog 4 is
significantly upregulated in the epithelial cells
of the parous breast (Table 1). This gene tran-
script has been shown in Drosophila (Chen and
Corces 2001), can bind chromatin insulators,
and is thought to regulate gene expression by
establishing higher-order domains of chromatin
organization. Chromatin insulators, or bound-
ary elements, affect promoter-enhancer interac-
tions and buffer transgenes from position effects
(Byrd and Corces 2003; Chen and Corces 2001;
Pai et al. 2004; Parnell et al. 2003). Although we
do not know how the suppressor of hairy-wing
can regulate the chromatin organization of the
breast epithelial cell, it is possible that mecha-
nism of this nature works in silencing or re-
pressing certain genes that control proliferation
or at the same time may increase repair of dam-
age and specific response to hormones. A simi-
lar function in chromatin remodeling could be
played by the suppressor of Ty homolog 3, which
has been found to be significantly upregulated in
the parous breast epithelial cells (Table 1). Sup-
pressors of Ty (SPT) genes were originally iden-
tified through a genetic screen for mutations in
the yeast Saccharomyces cerevisiae that restore
gene expression disrupted by the insertion of the
transposon Ty. Classic members of the SPT gene
family, SPT11, SPT12, and SPT15, encode for the
histones H2A and H2B and for TATA-binding
protein (TBP), respectively. In addition, accumu-
lating evidence suggests that SPT gene products
play more diverse roles, including roles in DNA
replication as well as DNA recombination and de-
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velopmental regulation (Yamaguchi et al. 2001).
For example, it has been reported that the func-
tion of H2A and H2B in one repression assay was
found to be dependent on three SPT (suppressor
of Ty) genes whose products are important for
chromatin-mediated repression. These results
suggest that repressive chromatin structure may
be established through the interactions of the Spt
proteins with these histones (Recht et al. 1996).
Of interest is that SPT gene, which is upregulated
because of the differentiation cycle induced by
pregnancy, is a suppressor of mutations induced
by the retrotransposon Ty in Saccharomyces cere-
visiae. All SPT genes isolated to date suppress
Ty-induced mutations by altering transcription.
Suppressor of hairy-wing and the suppressor of
Ty homolog 3 are considered part of the unique
signature to the Stem cells 2 of the parous breast
and be functionally involved in the protection
conferred by an early pregnancy against cancer
in this organ.

Genomic Profile of the Nulliparous Breast

The genes defining the genomic signature of
the nulliparous breast or Stem cells 1 separate
this epithelia from the more differentiated Stem
cells 2, resulting from the pregnancy (Table 1).
An interesting gene that is downregulated in the
parous breast and significantly upregulated in
the nulliparous breast tissue is the cryptic gene
(Table 1). This gene was found using a differen-
tial display screening approach to identify meso-
derm-specific genes, relying upon the differentia-
tion of embryonic stem cells in vitro. The cryptic
gene encodes a secreted molecule containing a
variant epidermal growth factor-like (EGF) mo-
tif. The name “cryptic” was based on its predicted
protein sequence similarity with Crypto, which
encodes an EGF-related growth factor. Based
on their strong sequence similarities, it was pro-
posed that Cryptic, Crypto, and the Xenopus
FRL-1 gene define a new family of growth fac-
tor-like molecules, which was named the CFC
(Crypto, Frl-1, and Cryptic) family (Shen et al.
1997). In the mouse, Cryptic is not expressed in
adult tissues, whereas Cr-1 is expressed at a low
level in several different tissues, including the
mammary gland. In the mammary gland, expres-
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sion of Cr-1 in the ductal epithelial cells increases
during pregnancy and lactation and immunore-
active and biologically active Cr-1 protein can be
detected in human milk. Overexpression of Cr-1
in mouse mammary epithelial cells can facilitate
their in vitro transformation and in vivo these
Cr-1-transduced cells produce ductal hyperpla-
sias in the mammary gland. Recombinant mouse
or human Crypto can enhance cell motility and
branching morphogenesis in mammary epithe-
lial cells and in some human tumor cells. These
effects are accompanied by an epithelial-mesen-
chymal transition associated with a decrease in
beta-catenin function and an increase in vimen-
tin expression. Expression of Crypto is increased
several-fold in human colon, gastric, pancreatic,
and lung carcinomas and in a variety of differ-
ent types of mouse and human breast carcino-
mas. More importantly, this increase can first
be detected in premalignant lesions in some of
these tissues. In mammary epithelial cells, part
of these responses may depend on the ability of
CR-1 to transactivate erb B-4 and/or fibroblast
growth factor receptor 1 through an src-like ty-
rosine kinase (Salomon et al. 2000). Altogether,
the upregulation of this gene in the nulliparous
breast is very important because it confirms the
ability of these cells to proliferate and even to re-
spond readily to growth factors, which if acting
in a damaged cell will impulse it to cell transfor-
mation. We consider that this gene is part of the
signature of the Stem cells 1.

The Odz (odd Oz)/ten homolog 3 is up-
regulated significantly in the nulliparous breast
epithelial cells (Table 1). The product of the Dro-
sophila melanogaster odd Oz (odz)/Tenascin-
major (ten-m) pair-rule gene consists of eight
epidermal growth factor (EGF)-like repeats fol-
lowed by a novel 1,800 amino acid polypeptide
stretch unique to proteins of the Odz/Ten-m
family (Dgany and Wides 2002). Odz is a type
I transmembrane protein with the vast C-termi-
nal portion in the intracellular space and with
the EGF repeats deployed extracellularly (Dgany
and Wides 2002). Expression of the Odz2 gene is
restricted to the nervous system. The expression
patterns suggest that each of the genes has its
own distinct developmental role. Comparisons
of Drosophila and vertebrate Odz expression
patterns suggest evolutionarily conserved func-
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tions (Ben-Zur et al. 2000; Levine et al. 1994).
Its discovery in the breast epithelial cells of the
nulliparous breast is new and opens the door for
a growth regulatory function and is considered
part of the signature of the Stem cells 1.

In the nulliparous breast cells, we have
identified the bric-a-brac (BTB) and cap-n-
collar(CNC) homology 1(BACHI1), and the
HAND?2 gene (heart and neural crest deriva-
tives expression 2) (Table 1). The gene, termed
BACH]I, encodes a 736-amino-acid polypeptide
with 80.3% identity to the murine Bachl pro-
tein and contains a Capncollar (CNC)-type ba-
sic leucine zipper (bZip) domain and a protein
interaction motif, the BTB domain (Ohira et al.
1998). Its role in the breast epithelial cells may
be more related to regulation of transcription
(Aiyer et al. 2005; Dai and Cserjesi 2002; Dai
et al. 2004; Murakami et al. 2004; Russell et al.
1998). HAND? is required for vasculature devel-
opment (Morikawa and Cserjesi 2004), regulates
cell type-specific expression of norepinephrine
in concert with Phox2a homeodomain (Xu et al.
2003), and mediates dorsoventral (DV) pattern-
ing in the anterior pharyngeal arches (Miller et
al. 2003). Considering all this evidence, it is pos-
sible to speculate that HAND2 could play an im-
portant role in the development of the mammary
gland and be part of the genomic signature of
the Stem cells 1 (Table 1). Overexpression of this
gene could maintain a low branching pattern of
the gland that can be overcome by the hormonal
stimulation of pregnancy.

Genomic Differences in the Stroma
of the Breast of Nulliparous and Parous Women

The laser-captured microdissection of the
stroma of the lobules type 1 of the parous and
nulliparous breast present significantly up- and
downregulated genes. Among them is neuropi-
lin 2 (Table 2). Neuropilins and group A plexins
are components of receptor complexes for class
3 semaphorins, gradients of which help to guide
migration of neural progenitor cells and axonal
growth cones during development and guide re-
generating axons (Ara et al. 2005; Watanabe et
al. 2004). Npn2 facilitates VEGF-induced retinal
neovascularization (Fukahi et al. 2004; Shen et

al. 2004), small lymphatic vessels and capillaries
(Yuan et al. 2002). The upregulation of the neu-
ropilin 2 in the stroma of the parous lobules 1
could play a role in the orientation and branch-
ing organization of the ductal structures and
could act by inhibiting cell proliferation of the
adjacent epithelial cells, as has been shown that
the proliferative activity of the ductular struc-
tures of the parous breast is significantly lower
than the Lob.1 of the nulliparous breast (J. Russo
et al. 1999). The reverse effect to increase cell
proliferation by VEGF in the breast carcinoma
and trophoblast cells indicates that the biologi-
cal actions of VEGF and/or neuropilin 2 on cer-
tain cell types may differ from the effects of this
molecule on vascular endothelial cells (Endo et
al. 2004).

Thy 1 cell surface antigen is upregulated in the
stroma cells of the parous breast tissue (Table 2).
Sca-1 and Thy-1 are considered markers on he-
matopoietic progenitor cells (Boyum et al. 2204).
Thy 1 is also considered a marker of stem cells
in hepatoblastoma (Fiegel et al. 2004). Thy-1 ex-
pression is induced by transformation of kerato-
cytes to corneal fibroblasts and myofibroblasts,
suggesting a potential functional role for Thy-1
in stromal wound healing and providing a sur-
face marker to distinguish the normal kerato-
cyte from its repair phenotypes (Pei et al. 2004).
Thy-1 (CD90) is a small GPI-anchored protein
that is particularly abundant on the surface of
mouse thymocytes and peripheral T cells. Thy-1
could be involved in the maintenance of T cell
homeostasis in the absence of TCR triggering, as
well as potentiating Ag-induced T cell responses
(Haeryfar and Hoskin 2004). We do not know
in which specific cells of the stroma the Thyl
is expressed, but its function in the interlobular
stroma is either by increasing the fibroblast dif-
ferentiation or by acting as immune modulators
in conjunction with the other gene transcripts
also upregulated in the epithelium of the Lob.1
of the parous woman (Table 1). Distinct sub-
populations of fibroblasts contribute, based on
the expression of the Thy-1, in affecting prolif-
eration and myofibroblast differentiation (Zhou
et al. 2004). These data are of interest in that the
changes observed in the interlobular stroma may
also be a reflection of the genomic changes in the
breast epithelial cells or vice versa.
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Table 2 Known genes differentially expressed in the stroma of the Lobules type 1 of the breast of nulliparous and par-
ous women

Gene name Parous Nulliparous P-value
PFTAIRE protein kinase 1 0.98 £0.31 1.79 £0.13 0.0161
Human epididymis-specific 3 beta 0.96 + 0.50 2.00 £0.17 0.0320
Ligand of neuronal nitric oxide synthase 0.92 +0.34 2.20 £0.45 0.0025
with carboxyl-terminal PDZ domain

Homolog of mouse C2PA 0.69 +0.47 1.92 +0.09 0.0304
Sorting nexin 17 0.27 £ 0.39 1.60 + 0.41 0.0011
Chloride channel 3 0.17 £0.52 1.53 £0.25 0.0129
Neuropilin 2 2.46 + 0.59 0.98 +0.15 0.0282
DnaJ (Hsp40) homolog, subfamily C, member 8 2.26 +0.58 0.98 + 0.41 0.0058
Chaperonin-containing TCP1, subunit 6B (zeta 2) 2.31+0.58 0.95+0.17 0.0290
Hypothetical protein FLJ13660 similar to CDK5 2.56 +0.51 0.94 +0.49 0.0001
activator-binding protein C53

Keratin, hair, basic, 5 1.73 £0.41 0.91 +£0.16 0.0296
Adaptor-related protein complex 1, mu 2 subunit 2.01 £0.49 0.88 £0.39 0.0026
Kallikrein 11 1.81 +0.58 0.85 +0.27 0.0330
Protein phosphatase 1G (formerly 2C), 1.90 + 0.48 0.85+0.27 0.0131
magnesium-dependent, gamma isoform

Amyloid beta (A4) precursor protein-binding, 2.16 +0.47 0.84 +0.33 0.0037
family B, member 2 (Fe65-like)

Human DNA sequence from clone 71L16 on 2.22+0.44 0.81 +0.20 0.0095

chromosome Xp11. Contains a probable zinc
finger protein (pseudo)gene, an unknown
putative gene, a pseudogene with high similarity
to part of antigen KI-67, a putative chondroitin
6-sulfotransferase-like gene an

Sialyltransferase 6 (N-acetyllacosaminide 1.96 + 0.52 0.76 +0.42 0.0023
alpha 2,3-sialyltransferase
Nuclear factor I/X (CCAAT-binding 1.97 +0.46 0.70 +£0.40 0.0007

transcription factor)

Uridine monophosphate synthetase 1.66 + 0.57 0.70 +£0.18 0.0509
(orotate phosphoribosyl transferase
and orotidine-5’-decarboxylase

M-phase phosphoprotein homolog 1.85+0.43 0.68 + 0.04 0.0351

Integrin, alpha M (complement component 1.98 + 0.56 0.65 +0.19 0.0248
receptor 3, alpha; also known as CD11b (p170),
macrophage antigen alpha polypeptide)

Thy-1 cell surface antigen 1.58 +0.48 0.57 +0.37 0.0039
Jun B proto-oncogene 1.55 + 0.38 0.56 + 0.37 0.0000
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JunB (Table 2) is a component of the Jun fam-
ily genes of the activating protein-1 transcription
factors that are important in the control of cell
growth and differentiation and neoplastic trans-
formation. Recently, it was demonstrated that
transgenic mice specifically lacking JunB expres-
sion in the myeloid lineage developed a myelopro-
liferative disease, eventually progressing to blast
crisis that resembled human chronic myeloid
leukemia (Passegue et al. 2004; Yang et al. 2003).
JunB is upregulated in the interlobular stroma
of the parous women (Table 2) and it is of great
interest that junB regulates the numbers of he-
matopoietic stem cells (Passegue et al. 2004) and
therefore it may control the stem cells present in
the epithelial cell compartment. This is supported
by the increasing number of examples on the im-
portance of mesenchymal-epithelial interactions
in physiological (e.g., embryonic development)
and pathological (tumorigenesis) processes. In
the breast, there is a well-controlled balance of
cell proliferation and differentiation, which forms
the basis for a proper histoarchitecture of the
lobular structure. In the skin, it has been shown
that the specific function of ¢c-Jun and JunB in the
mesenchymal-epithelial interaction is regulating
the expression of interleukin-1 (IL-1) -induced
keratinocyte growth factor (KGF) and GM-CSF
in fibroblasts. These factors, in turn, adjust the
balance between proliferation and differentiation
of keratinocytes, ensuring proper architecture of
the epidermis (Angel et al. 2002). Estrogens are
known to regulate the proliferation of breast can-
cer cells and to alter their cytoarchitectural and
phenotypic properties and one of the pathways
used by this hormone is downregulating tran-
scriptional repressors such as JunB (Frasor et al.
2003). On the other hand, okadaic acid (OA), an
inhibitor of protein phosphatases 1 and 2A, in-
duces differentiation in human MCEF-7, AU-565,
and MB-231 breast tumor cells by increasing the
levels of early response genes junB, c-jun, and c-
fos, and within a day’s manifestation of differen-
tiation (Kiguchi et al.1992). Altogether, the data
support the concept that the genomic changes
taking place in the parous breast are imprinted
in the interlobular stroma and are an important
determinant of the final signature of the parous
breast against cancer.

143
Unifying Concepts

All the data discussed above support the mecha-
nism postulated by Russo and Russo (I.H. Russo
et al. 1991; J. Russo and I.LH. Russo 1980, 1997)
that pregnancy-induced protection is mediated
by the induction of mammary gland differentia-
tion driven by the hormonal milieu of pregnancy;,
which creates a specific genomic signature in the
mammary gland that makes this organ perma-
nently refractory to carcinogenesis (Fig. 2). It is
also important to acknowledge that other ex-
planations to the protective effect of pregnancy
against carcinogenesis that are not completely ex-
clusive have been reported, for example changes
in the environment (Sinha et al. 1988) and or
alterations in the immunological profile of the
host (Thordarson et al. 1995). A further refine-
ment of the mechanism of how pregnancy could
affect cancer susceptibility through induction of
differentiation of the mammary gland was first
proposed by Russo and Russo, who postulated
that the Lob 1 and the TEB found in the breast
of nulliparous women or of young virgin rats,
respectively, had not completed their differen-
tiation into Lob 2, Lob 3, and Lob 4, retaining a
high concentration of stem cells called Stem cells
1, which are susceptible to undergoing neoplastic
transformation when exposed to a carcinogenic
agent (J. Russo and I.H. Russo 1997) (Fig.2).
After the postmenopausal involution of the
mammary gland, the architecture of the parous
breast is similar to that of the nulliparous breast,
containing predominantly Lob 1 composed of
Stem cells 2, an epithelial cell population that is
refractory to transformation. It was further pos-
tulated that the degree of differentiation acquired
through early pregnancy permanently changes
the genomic signature that differentiate the Lob
1 in early parous women from that of nulliparous
women, shifting the Stem cell 1 to a Stem cell 2,
which is refractory to carcinogenesis. These cells
were called Stem cells 2 because after postlac-
tational involution, the mammary epithelium
remains capable of responding with prolifera-
tion and differentiation to the stimulus of a new
pregnancy; however, these cells are refractory to
carcinogenesis, even though they are stimulated
to proliferate and to regenerate the whole mam-
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mary gland (Fig. 2). The Stem cell 2 is charac-
terized by having a genomic signature that has
been induced by the first cycle of differentiation
(Table 1). During the last 8 years, supporting
evidence for this mechanism has been gener-
ated by Russo and co-workers as well as by other
researchers. Studies by Smith and co-workers
(Boulanger et al. 2004; Henry et al. 2004; Wagner
etal. 2002) using transgenic WAP-driven Cre and
Rosa 26-fl-stop-fl-LacZ mice provided evidence
of a new mammary epithelial cell population
that originates from differentiated cells during
pregnancy; 5%-10% of this parity-induced epi-
thelium survives postlactational involution after
the first pregnancy. With successive pregnancies,
their percentage increases, reaching 60% of the
total epithelium in multiparous females. The par-
ity-induced mammary epithelial cells (PI-MEC)
is equivalent to the Stem cells 2 postulated by
Russo and Russo (1997), since these cells show
the capacity for self-renewal and contribute to
mammary outgrowth in transplantation studies.
PI-MEC can function as alveolar progenitors in
subsequent pregnancies, and it is thought that
they may be related to differences in response to
hormonal stimulation and carcinogenic agents
observed between nulliparous and parous fe-
males (Boulanger et al. 2004; Henry et al. 2004;
Wagner et al. 2002).

The crucial role of the number of mammary
stem cells in breast cancer risk has also been
recently postulated by Trichopoulos (2005): a
number that may be reduced through the pro-
cess of terminal differentiation after the first full-
term pregnancy. Several authors have focused
on finding molecular changes as a mechanism of
the pregnancy-induced protection (D’Cruz et al.
2002; Ginger et al. 2001; Ginger and Rosen 2003;
Medina and Smith 1999; Medina and Kittrel
2003; Srivastava et al. 1999; Trichopoulos et al.
2005). Russo and co-workers have found that the
postpregnancy involuted mammary gland exhib-
its a genomic signature characterized by elevated
expression of genes involved in the apoptotic
pathways, such as testosterone repressed prostate
message 2 (TRPM2), interleukin 1f3-converting
enzyme (ICE), bcl-XL, bcl-XS, p53, p21, and
c-myc, which can be from three- to fivefold up-
regulated (Medina and Kittrell 2003; J. Russo and
I.H. Russo 2004; Srivastava et al. 1999). The ac-
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tivation of programmed cell death genes occurs
through a p53-dependent process, modulated
by c-myc and with partial dependence on the
bcl2-family-related genes. In addition, inhibin
A and B, heterodimeric nonsteroidal secreted
glycoproteins with tumor suppressor activity, are
also upregulated (I.H. Russo and J. Russo 1994;
J. Russo and I.H. Russo 2004; Srivastava et al.
1999). Genes whose level of expression progres-
sively increases with time of pregnancy reaching
their highest levels between 21 and 42 days post-
partum are those coding for a fragment of glyco-
gen phosphorylase, AMP-activated kinase, bone
morphogenetic protein 4, and vesicle-associated
protein 1. The G/T mismatch-specific thymine
DNA glycosylase gene is also increased fivefold
in this model. These data indicate that the activa-
tion of genes involved in the DNA repair process,
as found in the human breast (Table 1), is part
of the signature induced in the mammary gland
by pregnancy. These observations confirm previ-
ous findings that in vivo the ability of the cells to
repair carcinogen-induced damage by unsched-
uled DNA synthesis and adduct removal is more
efficient in the parous and animal mammary
gland (Tay and Russo 1981a, b). The studies of
Srivastava et al. (Srivastava et al. 1999; Sivaraman
and Medina 2002) observed that p53 can be im-
plicated in the protective effect of parity, which
can be mimicked by treatment of virgin rats with
estrogen and progesterone. Studies by Medina
and Smith (1999) and Medina and Kittrell (2003)
in the same hormonal model reported that the
function of p53 is required for the hormone-me-
diated protection of DMBA-induced mammary
tumorigenesis in mice. Genomic analysis of the
mammary gland of virgin rats treated with es-
trogen and progesterone at doses that have been
reported to mimic pregnancy, showed downreg-
ulation of certain growth-promoting molecules,
whereas markers involved in cell cycle control or
the modulation of transforming growth factor
beta (TGF-P) signaling pathway were upregu-
lated in the post-treatment involuted mammary
gland. In this study, an unknown noncoding RNA
(designated G.B7) and RbAp46, which has been
implicated in a number of complexes involving
chromatin remodeling, were found to be persis-
tently upregulated in the lobules of the regressed
glands (Ginger et al. 2001). Using gene profile



12 The Genomic Signature of Breast Cancer Prevention

analysis, D’Cruz and co-workers (2002) also ob-
served downregulation of growth factors poten-
tially involved in epithelial proliferation as well
as persistent upregulation of TGF-p3 and several
of its transcript targets in the involuted gland of
parous rats and mice. The proposed model of
parity-induced specific changes (J. Russo and
L.H. Russo 1997) has been further confirmed by
Ginger and Rosen, who reported that pregnancy
induces multiple changes in the mammary epi-
thelial cells, including nuclear accumulation of
p53 and induction of whey acidic protein (WAP).
During involution, a large component of the epi-
thelium is eliminated through apoptosis, and a
specific subpopulation of epithelial cells survives
this process. The involuted mammary gland has
persistent changes in gene expression, nuclear
localization of p53, and an altered proliferative
capacity in response to a carcinogen. Pregnancy
would induce epigenetic changes, such as chro-
matin remodeling, DNA methylation/demeth-
ylation, and histone modifications, affecting cell
fate in the parous mammary gland. All the genes
that have been attributed to the Stem cell 2 seem
to work in a different functional pathway from
those described for the Stem cell 1 (Table 1).
These data in the animal model demonstrate that
the process of cell differentiation shifts the Stem
cell 1 to Stem cell 2 (Fig. 2), cells that exhibit a
specific genomic signature that could be respon-
sible for the refractoriness of the mammary gland
to carcinogenesis.
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Abstract

Estrogen deprivation (ED) either as a result of
a natural or artificial menopause or the use of
aromatase inhibitors in postmenopausal women
results in a reduction of the incidence of breast
cancer. Two major clinical trials of this approach
comparing anastrozole or exemestane with pla-
cebo are currently in progress to test their effi-
cacy for prevention. Reduction of contralateral
breast lesions by at least 50% compared with
tamoxifen indicate this approach has promise.
The target lesion within the breast for ED is not
known but we argue that hyperplastic enlarged
lobular units (HELUs) as well as more advanced
lesions are good candidates. A major problem for
ED is de novo or acquired resistance to its effec-
tiveness. We discuss potential mechanisms of re-
sistance including high concentrations of tissue
estrogens, increase in growth factor, and signal
transduction pathways within the epithelial cell
and activation of paracrine pathways from breast
adipocytes, macrophages and fibroblasts. It may
be possible to increase effectiveness of ED by ad-
ditional preventive agents or by lifestyle altera-
tions.

Introduction

The importance of estrogen and one of its ma-
jor receptors, estrogen receptor alpha (ERa),
on growth and development of the breast and
on tumour formation are well known (Key and
Pike 1988). In the absence of estrogen or ERa
(Boccinfuso and Korach 1997) the breast de-

velops only minimally whilst excess estrogen or
increased expression or activation of ERa leads
to mammary epithelial cell proliferation and the
later development of premalignant and malig-
nant lesions (Howell 1989). The importance of
estrogen is also apparent in animal models. For
example, transgenic mice with deregulated ERa
develop ductal hyperplasia, lobular hyperplasia
and ductal carcinoma in-situ (DCIS). Lesions
were not increased by estradiol administration,
indicating that receptor deregulation alone can
cause malignancy (Frech et al. 2005). In another
study, estrogen concentrations in the breast were
increased in aromatase enzyme transgenic mice,
leading to hyperplastic and dysplastic changes.
These were shown to be mediated by ERa since
no lesions developed in aromatase transgenic/
ERa knockout mice (Tekmal et al. 2005).

The majority of human breast cancers express
ERa (~70%) and a large proportion of these are
dependent upon estrogen since blocking estro-
gen binding to the receptor with agents such as
tamoxifen or reducing estrogen concentrations
(estrogen deprivation [ED]) by ovarian suppres-
sion or treatment with aromatase inhibitors re-
sults in tumour regression or stabilisation. ERa
blockade and ED are not only important for
breast cancer treatment but also for prevention
of the disease. Tamoxifen and raloxifene have
been the major approaches to prevention to date,
reducing the risk of ERa + ve breast cancers by
40% or more (Cuzick et al. 2003; Martino et al.
2004). However, there has been comparatively
little emphasis on ED as a method of breast can-
cer prevention. ED occurs naturally at the meno-
pause, its effect may be enhanced by an early
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menopause, either natural or artificial, and there
is indirect evidence that further reduction of se-
rum estradiol by modern aromatase inhibitors
is effective (Cuzick 2005). Here we summarise
data concerning the preventative effectiveness of
the natural and early menopause and the use of
Als. It is also important for the future develop-
ment of ED as a preventive strategy to define the
target lesions in the breast which are prevented
from progressing. Furthermore, we need to un-
derstand the mechanism of resistance to ED and
how resistance may be prevented by additional
therapeutic approaches.

The Effects of Estrogen Deprivation
on Mammary Tumour Development

Estrogen deprivation occurs naturally at the
menopause because of the cessation of ovarian
function. This results in a reduction in the rate
of increase of the incidence of breast cancer, pro-
ducing an inflection on the age-incidence curve.
In the absence of the menopause, we assume
the age-incidence curve would continue to be
log-linear, as it is in male breast cancer (Thomas
1993; Pike et al. 1983). Thus, the ED of the meno-
pause reduces breast cancer risk, but this varies
according to country (Fig. 1a). In the example
shown, the approximate reductions in risk for a
65-year-old with a menopause at age 50 is 20%
for a woman in Connecticut, 50% in Finland and
60% in a Japanese woman. Thus, the menopause
is less preventive in the USA. We will explore the
potential reasons for this resistance to ED later
in this article.

An early menopause, whether natural or ar-
tificial, results in greater reductions in risk. Epi-
demiological studies indicate that a menopause
between ages 35 and 45 is associated with an ap-
proximate risk reductions of 50%-80% compared
with a natural menopause at age 50 (Hirayama
and Wynder 1962; Feinleib 1968; Trichopoulos
et al. 1972). Several studies have also indicated
similar reductions in risk after oophorectomy to
prevent ovarian cancer in women with germ line
mutations in the breast cancer-associated genes
BRCA1I and BRCA2 (Eisen et al. 2005 and refer-
ences therein). Pike et al. (1997) estimated the re-
duction in risk of ovarian suppression at various
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ages in nulliparous Californian women (Fig. 1b).
For a woman aged 65, ovarian suppression at 40
was calculated to reduce risk by 40% compared
with a natural menopause at age 50 and by 85% if
ovarian suppression was initiated at age 30. Thus,
the menopause itself reduces risk and there are
additional decreases in risk if the menopause oc-
curs early, either naturally or artificially.

In postmenopausal women, adrenal andro-
gens are converted to estrogens by the enzyme
aromatase, present in many tissues including the
stroma and epithelium of the breast. Modern in-
hibitors of aromatase (Als anastrozole, letrozole
and exemestane) reduce postmenopausal estro-
gen levels in serum from 20-30 pM to around
1 pM - the limit of detection for sophisticated
estradiol assays (Wang et al. 2005). In postmeno-
pausal women, tissue estrogen concentrations
may be much higher than in serum and there is
evidence that these are markedly reduced by Als.
In studies conducted by Geisler (2003) in a group
of 12 postmenopausal women, tumour estradiol
concentrations were a mean of 217.9 fmol/g be-
fore and a mean of 18.4 fmol/g after 3 months of
anastrozole. The concomitant change in plasma
concentrations was from a mean of 24.2 pmol/l
to 2.6 pmol/L

Two trials (IBIS II: anastrozole vs placebo
and MAP-3: exemestane vs placebo) are assess-
ing the value of Als for prevention for women at
increased risk of breast cancer. Both are in the
early phases of recruitment and thus we will not
have randomised data on the effectiveness of Als
for primary prevention for some time. However,
there have been multiple reported adjuvant trials
which compare tamoxifen with an AL In these,
the AI used reduced contralateral breast cancer
by approximately 50% compared with tamoxifen
(Fig. 1¢; Cuzick 2005). Since tamoxifen already
reduces contralateral risk by 50%, these data sug-
gest that Als may reduce contralateral cancer risk
by approximately 75%. This figure will be lower
in a population of women not selected to have
ERa+ve tumours (as is the case for adjuvant
therapy), but the potential for Als to reduce pri-
mary breast cancer by 60% or so is probable.

Thus, ED is a preventive strategy for breast
cancer, the effectiveness of which varies accord-
ing to age of withdrawal, extent of estrogen de-
pletion and possibly country. The natural meno-
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pause may reduce risk by 20%-60% compared
with continuing menses, a menopause at age 40
may reduce risk by 50%-80% compared with a
menopause at the age 50 and in postmenopausal
women Als may reduce risk by an estimated
60%. It is clear that ED is only partially successful
for breast cancer prevention. It has no apparent
effect on preventing ER-ve cancers, which may
reflect escape of ER+ve lesions from estrogen de-
pendence or it may be because they have a very
different carcinogenic pathway. There is a need
to improve the proportion of cancers prevented
and we believe this will come from a better un-
derstanding of the target lesions for prevention
within the breast and of the mechanisms of re-
sistance to ED.

tamoxifen. The reduction by Als is approximately
50% greater than tamoxifen (Cuzick 2005)

Targets for Estrogen Deprivation
Within the Breast

Normal breast epithelium grows in response
to estrogen during puberty and pregnancy and
undergoes waves of proliferation and apoptosis
during the menstrual cycle. Breast cancer arises
from the epithelium or epithelial stem or precur-
sor cells and there is general consensus that the
site of origin is within the terminal duct lobular
unit (TDLU). The question arises whether ED is
effective because it results in quiescence of nor-
mal breast and prevents new lesions arising or
does it act on pre-existing premalignant lesions
within the breast or perhaps both? This question
is not only of academic importance since if ED
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acts on pre-existing lesions it should be possible
to predict the type of breast most appropriate for
preventive approaches (mammographic density
is an example) or even to detect early lesions by
radiological or other imaging techniques.

Normal Breast Epithelium

Available evidence suggests that the normal
breast is highly responsive to ED and shuts down
proliferative activity within lobules. In premeno-
pausal women, this phenomenon is exemplified
by a marked decline in epithelial proliferation
during the ED of the follicular phase of the men-
strual cycle (Fig. 2a; Potten et al. 1988). The pro-
liferative response of the breast declines before
the menopause (Fig. 2a) and there is low prolif-
eration in postmenopausal lobules (Fig. 2d). Low
proliferative activity in postmenopausal lobules is
surprising since many authors have demonstrated
that the concentrations of estradiol and precursor
steroids are similar in normal postmenopausal
breast tissue and nipple aspirate fluid to the con-
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centrations seen in tissue or fluid in premeno-
pausal women (Blankenstein et al. 1992; Bonney
et al. 1983; Chatterton et al. 2004; Pasqualini et al.
1996; Geisler 2003), although they are not as high
as E, concentrations found in tumours. The re-
quirement of the normal epithelium of the breast
for relatively high concentrations of estradiol for
proliferation are shown in the experimental re-
sult shown in Fig. 2b and c. Normal human epi-
thelium obtained by biopsy was transplanted into
immune deprived mice. Proliferation declined
in the low estrogen environment of the mice.
Estradiol pellets were implanted subcutaneously
to give human follicular or luteal estradiol con-
centrations in the mice. Proliferation in the epi-
thelium of the explants was measured by tritiated
thymidine incorporation and progesterone re-
ceptor (PR) by immunochemistry. High follicu-
lar concentrations of estradiol (440 pml/l) only
partially stimulated proliferation but maximally
induced PR, indicating that cell cycle genes were
more resistant to the inductive effects of estradiol
than the PR (Clarke et al. 1997a; Fig. 2b, c).
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Fig. 2a-c Cell proliferation of normal human breast tissue. a Mean thymidine labelling index in the follicular and luteal
phase of the menstrual cycle and the effect of age. b Differential effects of estradiol on proliferation and % cells +ve for
progesterone receptor of normal human breast tissue transplanted into nude mice treated with estrogen pellets to give
serum concentrations in the mouse equivalent to the follicular phase (Lo) and luteal (Hi) phase of the menstrual cycle.
Follicular-phase estradiol only partially stimulates proliferation, whereas this is sufficient for maximal progesterone re-
ceptor stimulation. ¢ Ki67 labelling of normal human epithelial breast tissue removed from postmenopausal women on
no treatment and women treated with ERT or HRT for less than or more than 5 years *p <0,05 ***p <0,001
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Some of the E, concentrations cited for nor-
mal breast tissue are equivalent to low-follicular-
phase serum concentrations found in premeno-
pausal women. Thus, in postmenopausal women,
although tissue E, is high compared with plasma
it may not be sufficiently high to stimulate prolif-
eration. The relative resistance of the postmeno-
pausal breast is indicated by breast biopsy data
which show that estrogen replacement therapy
does not appreciably affect the labelling index of
postmenopausal breast epithelial cells even when
given for more than 5 years (Fig. 2d; Dobson et al.
2000). In agreement with other groups, we find a
small increase in proliferation when women are
on combined estrogen and progestogen prepara-
tions (Hofseth et al. 1999). It is of interest that
no histological differences could be detected be-
tween breasts from women taking and not taking
HRT in a double-blind study, although differ-
ences have been reported in non-blinded studies
(Hofseth et al. 1999; Fechner 1972) and increases
in epithelial area were reported by Hofseth et al.
(1999). The data summarised above indicate the
normal breast lobule responds to ED by largely
switching off proliferation and in the presence
of ERT, PR is increased (Dobson et al. 2000; Hof-
seth et al. 1992) and there is also some increase
in proliferation and possible histological change
with prolonged use of HRT. Thus, we assume
that the capacity to grow in the relatively low
tissue estrogen environment of the menopause
must occur within other epithelial structures of
the breast.

Abnormal Breast Epithelium

A variety of abnormal epithelial structures have
been described by pathologists. Perhaps one of
the most thorough studies in this regard was per-
formed by Wellings and his colleagues (Wellings
et al. 1975; Wellings 1980). They sliced whole
breasts either taken from women at autopsy with
no history of breast malignancy or breasts con-
taining a cancer or the breast contralateral to a
cancer, both breasts being obtained at mastec-
tomy. Whole breasts were cut into 2- to 3-mm
sections and all observable lesions removed for
histology. Wellings likened the list of abnormali-
ties to the pathological equivalent of a differential
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blood count (Table 1). One of the most common
lesions found, particularly in the cancer associ-
ated and contralateral breasts, were lobule-like
lesions which were greatly enlarged compared
with a normal TDLU (Fig. 3). These were called
atypical lobules type A (ALA) if the epithelial
cells resembled those seen in ducts and ALB
if the cells resembled those seen in the lobule.
Wellings indicated that the range of epithelial
atypia within ALA was from near normal (ALA
type 1) to that approaching a diagnosis of DCIS
(ALA type IV). ALA were found throughout the
breast and because they showed a range of histo-
logical changes up to DCIS, Wellings considered
ALA/B the precursors of cancer. In postmortem
breasts, there were approximately 25-40 ALA
per breast in young women, but these numbers
declined markedly after the menopause (Fig. 4).
Cancer-containing and contralateral breasts
contained high numbers of ALA after the meno-

Table 1 The differential count of total lesions detected in
breasts from controls at autopsy and cancer-containing
and contralateral breasts. This study indicates the impor-
tance of the atypical lobule type A as showing a major dif-
ference between the two groups of breast (Wellings et al.
1975)

Autopsy Cancer-

(183) associated

(107)
Fibroadenoma 0.39 1.11
Persistent lobule 5.78 14.30
Large lobule 2.12 10.39
Hypersecretory lobule 1.87 1.39
Hyperplastic terminal duct 0.10 1.83
Atypical lobules type A 10.43 44.51
Atypical lobules type B 0.03 0.82
DCIS 0.08 5.45
LCIS 0.00 0.76
Hyperplastic duct 0.13 0.64
Duct papilloma 0.22 1.71
Sclerosing adenosis 1.85 1.83
Epithelial cyst 0.86 1.44
Stromal cyst 0.08 0.25
Apocrine cyst 4.50 14.96
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Table 2 Characteristics of hyperplastic enlarged lobular
units (HELU) according to the age they were removed
from the breast (Lee et al. 2005)

Estrogen receptor (% cells+ve)*

TDLU 20 50 <0.001

HELU 70 90 0.13

Ki 67 (% cells+ve)

TDLU 2.5 14 <0.036

HELU 6.5 4.1 <0.017

TUNEL (% cells+ve)

TDLU 0.8 0.43 <0.001

HELU 0.23  0.19 0.41
N=324

* Average proportion occure representing one average
proportion of positive cells (0= none, 1<1/100, 2=1/100
to 1/10,3=1/10 - 1/3,4=1/3 - 2/3,and 5> 2/3)

_—+ Microcysts

{/ _—+ UDH

HELU

ADH
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pause and they were more likely to be associated
with marked atypia (Fig. 4). The smaller normal
TDLU rarely contained atypia again, suggesting
that ALA/B were the origin of cancer.

Recently, Lee et al. (2005b) examined en-
larged lobules derived from 324 breasts. They
called these hyperplastic enlarged lobular units
(HELU, Fig. 3) and examined the structures for
expression of ERa, PR, proliferation (Ki 67) and
apoptosis (Tunel, Table 2). The majority of cells
in HELU were ERa + ve in contradistinction to
normal TDLU. ERa+ve cells in normal TDLU in-
creased from 20% before age 50 to 50% after age
50 (as expected), but in HELU 70% of cells on av-
erage were + ve for ERa in women under 50 and
90% in women over 50. Proliferation was higher
in HELU, even after age 50 with a mean Ki 67 at
4.1%, and there was also a decline in apoptosis
in HELU compared with TDLU. These data are
important since they indicate that HELU are able

ER Normal

I1BC

Fig.3a-d Atypical lobules A (ALA)/hyperplastic enlarged lobular units (HELU). a Evolution of TDLU through
HELU to invasive carcinoma. b Histological cross sections of a HELU and TDLU to indicate differences in size be-
tween the two types of structure. ¢ Diagrams of ALA described by Wellings et al. (1975). d Estrogen receptor immu-
nostaining to illustrate increase in the number of cells +ve between a normal TDLU (upper box), HELU (middle box)

and ADH (lower box)
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to continue proliferating in the postmenopausal
estrogen environment, which may be why such
lesions are associated with DCIS and invasive
malignancy.

Resistance to Estrogen Deprivation
Resistance Associated with Lifestyle Change?

Although ED at the menopause or associated
with early menopause or treatment with Als re-
duces the incidence of breast cancer, it is clear
that only a proportion of tumours are prevented
(Fig. 1). The protective effect of the menopause
appears to be declining in many parts of the
world, particularly in the West. Reduction is
exemplified by data from the United States col-
lected as part of the SEER programme. Figure 5a
shows the age incident curves for breast cancer
for the period 1973-1977 compared with those

from 1993-1995 for whites, blacks and other
races (Karagas et al. 2000). Irrespective of eth-
nic group, there was a reduction in the angle
of the age incidence curve at the menopause in
the latter time period, indicating an increase in
the numbers of postmenopausal breast cancers.
This change may, in part, be related to differences
in methods of cancer detection, but increases
in postmenopausal breast cancer are also seen
in non-screened populations. Yasui and Potter
(1999) investigated the age incidence curves of
receptor subtypes within a Danish series of can-
cers. They demonstrated that the proportion of
ERa+PR+ tumours increased with age, whereas
other phenotypes (ER+PR-, ER-PR+ and ER-
PR-) either remained stable after the menopause
or declined in relative number. The increase of
ER+PR+ tumours with age is also seen in the
Nurses Health Study. Thus, the major increase
in breast cancer after the menopause is in the
ER+PR+ phenotypes, which is more likely to
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respond to the endocrine environment after the
menopause than the other three subtypes and
may be the reason they are more common.
Several authors have investigated risk fac-
tors for breast cancer according to receptor phe-
notype. Many of the studies were small but the
majority (n=31) were recently subjected to an
overview analysis (Althuis et al. 2004). Repro-
ductive factors such as late first birth and nulli-
parity were associated with ERa+ve rather than
Era-ve tumours and early menarche was more
consistently associated with ER+PR+ than ER-
PR- tumours. Postmenopausal obesity was also
more consistently associated with hormone re-
ceptor-positive tumours. There was no consistent
association with oral contraceptive and hormone
replacement therapy nor breast feeding, alcohol
consumption, cigarette smoking, family history
of breast cancer or premenopausal obesity. This
important overview together with data indicating
increasing ERa+PR+ tumours after the meno-
pause suggests that changing reproductive factors
and greater obesity may be responsible for the in-
creases in postmenopausal breast cancer.
Changes in lifestyle have certainly occurred
over the past 50 years, which could result in re-
duction in the effectiveness of natural ED and
indicates a greater role for therapeutic interven-
tion. These include changes in weight and physi-
cal activity and changes in reproductive habits.

For example, the incidence of obesity has un-
doubtedly increased during this time period as
well as the reduction in physical activity. Obesity
and lack of physical activity are associated with
increases in plasma estradiol, which could affect
proliferation of precursor lesions (Rinaldi et al.
2005; McTiernan et al. 2004). Changes in repro-
ductive factors have been rapid in some popula-
tions. For example, in the Singapore Chinese the
proportion of women having their first child at
age 30-34 years increased from 19% in 1967 to
67% in 1989 (Chia et al. 2005).

Potential Cellular Mechanisms of Resistance
to Estrogen Deprivation

Compared with normal TDLU, ERa+ve HELU,
ADH, DCIS and invasive tumours have, on
average, larger numbers of ER+ve cells and the
question arises whether this alone might account
for resistance to ED. However, other changes
occur in premalignant and malignant ER+ve
cells which also might account for resistance.
Evidence from experiments on human TDLU
(Clarke et al. 1997b) and in other species (Russo
etal. 1999; Mallepell 2006) indicates that ERa+ve
cells rarely divide but, in some way, signal to
ER-ve cells to do so. A separation between sen-
sor and effector cells has also been reported for
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Fig. 6 The proportions of proliferating cells
in the normal breast and premalignant and
malignant lesions which are proliferating.
In normal TDLUs, few ERa+ve cells divide,

T T
0 20 40 60 80

% of proliferating cells which are ER+ve

prolactin receptor and PR (Brisken et al. 1998,
1999) and may be a protective mechanism to pre-
vent uncontrolled proliferation. Other protective
mechanisms reported in the rodent gland impli-
cate transforming growth factor p (TGFp) as a
factor limiting ERa+ve cell proliferation (Ewan
et al. 2005) and the need for ERa+ve regulated
epithelial proliferation to have permissive signals
to the stroma via production of amphiregulin
which stimulates fibroblast EGFR and produc-
tion of stromal growth factors (Wiesen et al.
1999; Luetteke et al. 1999). There is also evidence
that ER+ve cells acquire the ability to proliferate
in human premalignant and malignant lesions,
which may be a mechanism whereby the ERa+ve
cell can adapt and grow in a relatively low estro-
gen environment (Shoker et al. 1999; Clarke et al.
1997b). This may be because of the induction of
amphiregulin since this important growth factor
is increased in the estrogen stimulated normal
human mammary gland and in HELU (Wilson
et al. 2006; Lee et al. 2005b) On average, HELU
were reported to have 27% of ERa+ve cells which
were dividing (<5% in normal TDLU), and we
have shown that hyperplasia of usual type ADH,
DCIS and invasive cancer have increased num-
bers of these cells (Shoker et al. 2000, 1999; Lee
et al. 2005a). It is of interest that treatment of
the rodent mammary gland with the carcinogen
MNU increases the numbers of ER+ve dividing
cells (Sivaraman et al. 2001).

Another potential mechanism for resistance
to ED is expansion of a resistant stem cell popu-
lation within premalignant breast lesions. We
have demonstrated that ERa+ve cells have some
features of stem or precursor cells (Clarke et al.
2005) and cells which retain DNA radiolabel for

T whereas the majority of proliferating cells
100 are ERa4ve in malignancy. Hyperplasia in-
termediate between normal and ADH/DCIS

long periods (a feature of stem cells) are ERa+ve
(Clarke et al. 2005; Zeps et al. 1996). In normal
tissue, homeostasis ERa+ve putative stem cells
rarely divide, accounting for less than 4% of pro-
liferating cells. However, a rare ERa+ve stem cell
division event may be asymmetric, i.e. one daugh-
ter cell replacing the ERa+ve stem cell while the
other daughter cell is a ERa-ve transit amplify-
ing cell stimulated to further divide by the para-
crine signals (discussed above) from the ERa+ve
cells. Asymmetric cell division is often regulated
by the Delta-Notch signalling pathway in devel-
opment (Okano et al. 2005). We found that the
ERa+ve putative stem cells expressed Musashi,
a protein predicted to switch on the Notch sig-
nal only in the ERa+ve putative stem cell and
not in the ERa-ve transit amplifying daughter
cell (Clarke et al. 2003). In ERa+ve breast can-
cers, where the ERa+ve are highly proliferative,
the Notch signalling pathway is highly activated,
suggesting that the ERa+ve cells in cancers are
symmetrically dividing and giving rise to two
ERa+ve daughter cells (Clarke et al. 2003; Styli-
anou et al. 2006). We speculate that this may be
an early event that occurs in HELU and causes
expansion of the ERa+ve cell population via a
signalling pathway that may be ED-resistant.

Thus, cellular mechanisms of resistance to ED
may include changes in the proliferation status of
the ERa+ve cells and its putative stem cell char-
acteristics however. There is no doubt that most
ERa+ve tumours in postmenopausal women are
responding to the prevailing estradiol concen-
tration since treatment with Als preoperatively
and preoperative withdrawal of HRT reduces cell
proliferation within most ER+ve tumours (Dow-
sett et al. 2006; Prasad et al. 2003).
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Molecular Changes in Response
to Estrogen Deprivation

MCE-7 cells are a well-described breast cancer
cell-line derived from a patient with a malignant
pleural effusion. The cell line is ERa+ve and the
ERa+ve cells are capable of dividing and thus
experiments on this line may be seen as poten-
tially modelling what happens in tumours and
possibly premalignant lesions. In an important
experiment, Masamura et al. (1994) showed that
MCE-7 cells were able to adapt to a change in
estrogen concentration. Wild type MCF-7 cells
proliferate maximally at physiological concentra-
tions of estradiol (about 10-° M). When estrogen
was removed from the medium, the cells ceased
to divide for 3 months or so but then began to
grow again (Fig. 7). A repeat of the estradiol dose
response curve at this time indicated that the cells
were growing in response to minute amounts of
estrogen in the medium and proliferated maxi-
mally at 10-"> M concentrations (Fig. 7). These
experiments were repeated by Martin et al. (2003)
with similar results. Both groups have found that
the MCF-7 cells respond to reduced estrogen
by increasing nuclear ERa concentration and
activity, activation of membrane ER alpha and
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increased activity of growth factor receptors and
activation of the PI3Kinase and MAPKinase sig-
nal transduction pathways (Martin et al. 2003;
Santen et al. 2004, 2005). Sabnis et al. (2005) also
showed increased growth factor receptor and
signal transduction factor activity in their MCF-
7 cells transfected with the gene for the aroma-
tase enzyme and grown in estrogen-depleted
conditions, but these cells were not sensitive to
low estrogen. Other potential molecular mecha-
nisms of increased cell sensitivity to estradiol in-
clude a reduction in NOD1 (da Silva Correia et
al. 2006) and loss of nuclear PELP1 (Vadlamudi
et al. 2005; Gururaj et al. 2006). Thus, it is pos-
sible that precursor lesions in the breast become
sensitive to lower concentrations of estradiol, as
demonstrated in tumour lines, although at pres-
ent there is no experimental evidence for this
phenomenon in this situation.

Other Potential Mechanisms of Resistance

The mechanisms of resistance outlined above in-
volve an increase in the number of ER+ve cells,
an increase in ER concentration and activation
potentially at relatively low E, concentrations

O—O Wild-type
@—® LTE deprived
100— —&— Treated with
ICI 164,384
50—
T
0 \\\\ T T T I T
C 104 102 10 10® 106

Fig.7 Dose response curves for wild type MCF-7 compared with cells which were deprived of estrogen. LTED long-

term estrogen-deprived cells (Masamura et al. 1994)
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through signal transduction pathways within the
cell. However, there is evidence that the ER may
be activated by paracrine pathways from other
cells in the breast including adipocytes, immune
cells exemplified by macrophages and fibroblasts
(Fig. 8). These cell types secrete adipokines, cyto-
kines and growth factors which bind to cell sur-
face receptors, and most have been reported to ac-
tivate ER by various signal transduction pathways.
Because of the difficulty of experiments involving
premalignant lesions, most have been performed
on ER+ve mammary tumour cell lines or primary
tumours. Adipocytes secrete a large number of
signalling molecules in response to the metabolic
state of the body (Rajala and Scherer 2003). Su-
pernatants from adipocytes or co-cultures with
adipocytes stimulates mammary tumour cell line
growth in-vitro (Iyengar et al. 2003, 2005; Manabe
et al. 2003; Chamras et al. 1998). An important
adipokine from the viewpoint of breast cancer
is the polypeptide leptin which is secreted in re-
sponse to increasing weight. Several studies have
shown that leptin stimulates the growth of mam-
mary tumours via its cell surface receptor, OB-
Rb, and receptor-deficient mice do not develop
oncogene-induced mammary tumours (Hu et al.
2002; Dieudonne et al. 2002; Cleary et al. 2004).

Adipocyte
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There is evidence that the ER is activated via the
STAT and MAP kinase pathways by leptin (Yin et
al. 2004; Catalano et al. 2004) and leptin stimula-
tion can cause resistance to the pure antiestrogen
fulvestrant (Garofalo et al. 2004). Leptin also alters
the intracellular concentration of the energy-sens-
ing enzyme complex AMP-activated protein ki-
nase (AMPK). In energy-restricted states, AMPK
increases in concentration and switches off cell
growth via inhibition of the AKT/MTOR pathway
(Hardie 2005). However, the opposite occurs in
energy-replete states and is a potential mechanism
whereby obesity may activate ER and mammary
cell growth. Macrophages are found in tumours,
premalignant lesions and the normal breast. They
may be recruited, in part, because mammary epi-
thelia secrete colony-stimulating factor. It is of
interest that the breast does not develop in the
absence of CSF and inhibition of CSF can cause
tumour regression in experimental models (Lin
et al. 2002; Aharinejad et al. 2004). Co-cultures of
mammary tumour cells with macrophages stimu-
late growth via production of a variety of cytokines
including tumour necrosis factor alpha (TNFa)
(Hagemann et al. 2004). Cytokines via their epi-
thelial cell surface receptors activate the transcrip-
tion factor NFK which, in turn, can activate ER
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and stimulate growth and antiestrogen resistance
(Hagemann et al. 2005; Rubio et al. 2006; Zhou et
al. 2005; Biswas et al. 2005). Inhibition of NFKf
with the polyphenol parathenolide is reported to
reverse resistance to antiestrogens (Riggins et al.
2005; de Graffenried et al. 2004). The NFKf system
is a potent tumour survival pathway in response to
cytokine stimulation. Since estrogen is immuno-
suppressive through this pathway, ED alone may
activate it. In chronic immunostimulated states
such as rheumatoid arthritis, estrogen analogues
with immunosuppressive but no growth factor ac-
tivity are being developed (Keith et al. 2005).

Fibroblasts produce several growth factors ca-
pable of stimulating epithelial cell growth, some
of which can be shown to activate the ER, includ-
ing fibroblast growth factors (FGF) (McLeskey et
al. 1998; Thottassery et al. 2004) and hepatocyte
growth factor (HGF) (Rayala et al. 2006; Zhang
et al. 2002). Numerous experiments concerning
fibroblast epithelial interactions are summarised
in recent reviews of Barcellos-Hoft and Medina
(2005) and Haslam and Woodward (2003). Im-
portant experiments from the point of view of hu-
man fibroblast-epithelial interactions are those of
Kuperwasser et al. (2004). They were able to grow
normal and premalignant human mammary cells
in immune-deprived mice where the mammary
fat pad was humanised by transplantation of
normal human mammary fibroblasts. Epithelial
growth occurred in this system, particularly if
the fibroblasts were irradiated before implanta-
tion and/or transfected with genes for HGF and
TGEFB, indicating the importance of stroma for
normal and premalignant epithelial cell growth.
Thus, the secretions of adipocytes, macrophages
and fibroblasts may induce epithelial proliferation
by paracrine mechanisms and cause resistance to
ED in postmenopausal women (Fig. 8). Some of
this stimulation could be related to obesity, and
recent studies indicating that obesity is associated
with macrophage infiltration and activation may
also be relevant to mammary tumour progression
(Weisberg et al. 2003).

Treatment Strategies to Prevent Resistance
to Estrogen Deprivation

The treatment strategies to reduce the known
relative resistance to the ED of the menopause
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include premature ovarian suppression in pre-
menopausal women and the use of potent Als in
postmenopausal women. Pike et al. (1999) sug-
gested the use of luteinising hormone-releasing
hormone analogues (LHRH) to cause ED with
various types of add-back hormones to prevent
flushes and bone loss (low-dose estradiol and
low-dose androgens) and intermittent progester-
one to protect the uterus. Spicer and Pike (2000)
showed that this approach was feasible and we
have conducted similar studies of 2 years of the
LHRH agonist, goserelin, with add-back raloxi-
fene (to protect bone) is feasible. However, large
randomised trials will be required in order to de-
termine whether temporary ovarian suppression
will be effective for breast cancer prevention.

As judged by the reduction in contralateral
breast cancer in adjuvant trials, the Als look very
promising as candidates to produce an estimated
60% reduction in breast cancer incidence in the
moderate- to high-risk women being entered
into the two major randomised trials of anas-
trozole and exemestane in progress at present.
Whilst Als have a better therapeutic ratio than
tamoxifen, there are problems with hot flushes,
joint aches and bone loss which need to be ad-
dressed.

Although contralateral breast cancer inci-
dence is reduced markedly using Als, we do not
know whether this is a true preventive effect or
a temporary suppression of subclinical premalig-
nant/malignant change within the breast. Also, it
is known that advanced and early breast cancer
can become resistant to Als, probably via some
of the mechanisms discussed in Sect. 5 which
implicate reactivation of ERa via enhanced
growth factor and signal transduction pathways.
In advanced breast cancer, there is great interest
in adding various inhibitors of these pathways to
prevent Al resistance but, at present, we do not
have many data concerning the clinical effective-
ness of this approach. A summary of clinical tri-
als underway is given in a recent review by John-
ston (2006). Two approaches may be particularly
useful, ultimately for prevention. One is use of
lapatinib, the dual EGFR/HER2 neu dual tyro-
sine kinase inhibitor which is showing promis-
ing single-agent activity with little toxicity. The
other is the use of a combination of AI with the
ERa downregulator fulvestrant. The combina-
tion of letrozole with fulvestrant is much more
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effective than either approach alone in inhibiting
the growth of MCF-7 cells transfected with the
aromatase enzyme in immunosuppressed mice
(Jelovac et al. 2005).

A number of pathways stimulate the activity
of the aromatase enzyme including prostaglan-
dins IL6 and TNFa. Potentially this could cause
resistance to aromatase inhibitors by increasing
the substrate. Thus, there remains interest in
attempting to reduce aromatase activity by in-
hibitors of prostaglandin synthesis via COX-2.
Potentially TNFa and IL6 production by macro-
phages and adipocytes could be reversed by calo-
rie restriction (as could several other pathways
including NFKB and leptin). In this regard, it is
of interest that a recent study examining gene ex-
pression profiles in subcutaneous abdominal fat
in obese premenopausal women showed upregu-
lation of multiple anti-inflammatory genes and
downregulation of pro-inflammatory genes after
a 1-month 800-calorie diet (Clement et al. 2004).
We have recently reported that loss of 5% or
more of body weight (and maintaining the loss)
reduces premenopausal breast cancer by 40%
and postmenopausal disease by 25% (Harvie et
al. 2005). The difficulty of enforcing weight loss
approaches is well known and there is increas-
ing interest in calorie restriction (CR) mimetics
such as 2 deoxyglucose and anti-diabetic agents
such as metformin and the glitazones which act
via the AMP kinase-AKT/MTOR energy sensing
pathway, as an alternative to CR (Howell et al.
2005). NFKB activation is an important pathway
for tumour promotion. Over 100 NFKB inhibi-
tors are known and this is an active area of pre-
vention research with such agents as partheno-
lide and resveratrol (Nakanishi and Toi 2005).

As shown in Fig. 8, most of the pathways de-
scribed can result in ERa activation. Thus, gen-
eral reviews on potential preventive agents act-
ing by other mechanisms may be of interest for
further reading (Manson et al. 2005; Shen and
Brown 2003).

Future Directions

This review raised many more questions than it
gives answers and highlights our relative lack of
knowledge of the target for ED and the mecha-
nism of effectiveness and resistance to this ap-
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proach. As far as target lesions are concerned, we
have highlighted the view that this may be the
HELU since they are relatively common within
the breast and show transitional histological
features of near normality in some to approach-
ing DCIS in others. Wellings has given us some
indication that there are good HELU (or his
ALA) which may regress after the menopause,
whereas there may be breasts with bad HELU
which have the propensity to continue prolif-
eration after the menopause. However, tumours
may arise directly from TDLU without having to
go through a HELU phase and may arise by the
known genotoxic effects of estrogen metabolites
(Yager and Davidson 2006). We do not know
whether they are responding to the predomi-
nant estradiol concentration or whether some
or many of them have autonomous growth, nor
do we know whether high tissue estradiol con-
centrations seen in tumours are found in HELU.
Our knowledge of the potential mechanisms of
resistance of potential target lesions for ED in the
breast are derived from indirect epidemiological
investigations, including changes in reproduc-
tive factors and weight and from studies of overt
malignancy, particularly mammary tumour cell
lines. It is likely that findings from these ap-
proaches and from animal studies of paracrine
factors from other cell types will be relevant to
the ED question, but this is by no means certain.

At present, potential ways to circumvent de
novo and acquired resistance to ED is being pur-
sued mainly in patients with advanced disease
or with large primary tumours in the adjuvant
situation. Some studies, including our own, are
being performed by taking some sort of biopsy
(perareolar FNA, ductal lavage or corecut) be-
fore and after an intervention. These are diffi-
cult studies because of the heterogeneity of the
breast. If HELU are important we may not even
be investigating the correct lesion. However,
these approaches are possible and important. It
is also possible to select lesions from the breast
and transplant them for study in the nude mouse
which may be a major important approach to
defining mechanism and responsiveness to treat-
ment in the future.
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Abstract

Colorectal cancer is a major cause of morbid-
ity in developed countries, and epidemiological
and experimental research suggests that envi-
ronmental factors, particularly diet, may play
a key etiologic role. Among the various dietary
factors that have been proposed to affect the
risk and progression of colon cancer, dietary fi-
ber has been of greatest interest, due to the ef-
fects of fiber on the function of the large bowel.
Dietary fiber is a heterogeneous group of com-
pounds, consisting of the remnants of plant cells
resistant to hydrolysis by human alimentary en-
zymes. Several case—control studies and a few
cohort studies have linked higher fiber intake to
reduced risk for colorectal cancer, although the
results of these observational studies have been
inconsistent. In the large European Prospective
Investigation into Cancer and Nutrition obser-
vational study, higher dietary fiber from foods
was associated with an estimated 25% reduc-
tion in risk for large bowel cancer. However, no
significant relationship between fiber intake (or
major food sources of fiber) and risk for colorec-
tal cancer was observed in a recently reported
large pooled analysis of several cohort studies.
Well-known limitations of observational studies,
particularly relating to the collection and inter-
pretation of dietary data, constrain conclusions
from these studies. To date, intervention studies
testing the relationship between dietary fiber and
colon cancer have focused on whether fiber sup-
plementation or diet modification can affect the
risk for adenoma recurrence and growth in indi-
viduals with a history of adenomatous polyps. In
four of these intervention studies, subjects in the
intervention arm were prescribed dietary fiber

supplements, and beneficial effects on adenoma
recurrence were not observed over 3-5 years of
follow-up. In a large randomized U.S. study, the
Polyp Prevention Trial, the effect of prescribing
diet modification (increased fiber and reduced
fat intakes) was tested, and no effects on ad-
enoma recurrence were observed, although di-
etary biomarker data suggest that the change in
dietary intakes in the intervention arm was not
substantial. The effect of increased dietary fiber
intake on risk for colorectal cancer has not been
adequately addressed in studies conducted to
date. Longer-term trials and higher levels of fi-
ber intake are strategies that have been suggested
to increase knowledge in this area. Also, labora-
tory and clinical studies that continue to provide
insight into biological mechanisms may help to
better target intervention efforts.

Introduction

On a worldwide basis, cancer of the colon is the
fourth most commonly diagnosed cancer, and
incidence rates have been steadily increasing,
especially in developed countries (WCREF/AICR
1997). In the U.S. alone, over 145,000 cases of
colon and rectal cancer are currently diagnosed
each year (Jemal et al. 2005). Results from eco-
logic and migrant studies have long suggested
that diet is an important environmental factor
that influences the risk and progression of colon
cancer. Food provides nutrients and numerous
other bioactive compounds, many of which have
been specifically shown to have effects on cellu-
lar and molecular events and activities that have
been identified in the development and progres-
sion of colon cancer (Milner 2004; Kris-Etherton
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etal. 2002; Rock 1998). As summarized in several
reviews (Willett 1999, 2000; WCRF/AICR 1997),
the continued accumulation of data on diet and
cancer over the past several decades supports the
concept that diet can affect risk and progression
of colon cancer, although disentangling the ef-
fects of various foods, specific dietary constitu-
ents, and related lifestyle factors and characteris-
tics (e.g., physical activity, obesity) that influence
risk for colon cancer has proven to be very chal-
lenging.

Among the various dietary factors that have
been proposed to affect the risk and progression
of colon cancer, dietary fiber has probably been of
greatest interest, due to the observed effects of fi-
ber on the function of the large bowel. Dietary fi-
ber reduces transit time, dilutes potential carcino-
gens, binds carcinogenic substances, stimulates
bacterial anaerobic fermentation, and leads to the
production of short-chain fatty acids that have fa-
vorable effects on cell growth regulation (Slavin
2003; Marlett et al. 2002). By definition, dietary
fiber is a heterogeneous group of compounds,
consisting of the remnants of plant cells resis-
tant to hydrolysis by human alimentary enzymes:
structural and storage polysaccharides and lignin
(Marlett et al. 2002). Major sources of fiber in the
diet include vegetables and fruit, whole grains, le-
gumes, and nuts. All of these foods are complex,
consisting of numerous bioactive constituents in
addition to fiber, which can confound the inter-
pretation of epidemiological studies. The inter-
pretation of intervention studies testing whether
fiber may have an effect on selected colon can-
cer-related outcomes also is complicated by the
nature of the intervention, the time interval, the
stage in the colon cancer continuum under study,
and the magnitude and nature of change in fiber
intake that is achieved. At this point, addressing
whether or not the fiber story is over first requires
a critical evaluation of problems and issues with
the currently available data.

Key Issues

A major challenge in epidemiological research
examining the link between nutritional factors,
such as dietary fiber, and cancer risk are the well-
known limitations in dietary assessment meth-
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odologies, as recently summarized (Prentice et
al. 2004). Accurate assessment of diet has rec-
ognized limitations and constraints, even when
the most well-developed and established dietary
assessment methods are used. Improvements in
food and dietary supplement databases used to
assess status also are sorely needed to more ac-
curately characterize actual intakes (Dwyer et al.
2003).

Most epidemiological observational studies
relating dietary factors to cancer risk are con-
ducted within a defined, specific population,
using rather crude dietary assessment method-
ologies. As summarized by Prentice (2000), re-
cent nutrient intakes may differ from those over
the years or decades during the long process of
the development of cancer, and nutrients (such
as fiber) in the population under study may not
be highly variable, which precludes identifying
associations with cancer risk across a range of
intakes. The diet is a complex mixture of foods
and nutrients that are typically highly correlated,
so estimating the relationship between cancer
risk and a specific nutrient (such as fiber), while
accommodating other dietary factors, is a chal-
lenging task even with the best analytical ap-
proaches (Prentice 2000). Most epidemiological
studies involve collecting and reporting data on
quantified nutrient intakes, but the nutrient or
dietary factor in the analysis may be a surrogate
or even simply an indicator of foods or a general
dietary pattern. Assumptions regarding cause
and effect also are not necessarily true. Whole
grains, although a major source of dietary fiber,
are also rich sources of compounds that exhibit
hormonal and antioxidant activities (Slavin
2003): whole grains are not synonymous with fi-
ber and may not even be the main source of fiber
in an individual diet. Similarly, vegetables and
fruit contribute a number of biologically active
compounds to the diet, in addition to fiber. Evalu-
ating and interpreting dietary data, whether ex-
pressed as intakes of specific foods or estimated
nutrient intakes, cannot be approached simplis-
tically. Also, the dietary pattern, or specifically, a
high-fiber diet, is usually associated with lower
level of red meat consumption, reduced likeli-
hood of obesity, and greater likelihood of higher
level of physical activity (Willett 1999), and evi-
dence suggests that all of these factors may inde-
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pendently modify risk for colon cancer (WCRF/
AICR 1997).

The identification of dietary biomarkers is
currently considered an important research goal
for nutritional epidemiology and cancer research
(Prentice et al. 2004; Prentice 2003). In addition
to being recognized as important to assess true
exposure in observational epidemiological stud-
ies, dietary biomarkers are particularly mean-
ingful in intervention studies. A specific dietary
biomarker for fiber intake, which would verify
and better characterize intake, has not been
identified or established. As a marker of intake of
vegetables and fruit (among the major sources of
fiber in most diets), plasma or serum carotenoid
concentrations have some utility in verifying
intake of those dietary fiber sources. Plasma or
serum carotenoid concentrations have been con-
sistently shown to be a marker of vegetable and
fruit intakes in observational studies, and tissue
concentrations increase in response to feeding or
prescribing these foods and in diet intervention
studies that successfully promote increased vege-
table and fruit intake (Rock et al. 2001; Polsinelli
et al. 1998). Serum beta-sitosterol concentration
is currently under study as a potential biomarker
of intake of seeds, nuts, cereal, and legumes,
which are other major sources of fiber (Muti et
al. 2003). In the absence of a biomarker for fi-
ber intake, estimated fiber intake in a free-living
population should be assumed to be a crude es-
timate, which likely explains a great deal of the
inconsistencies in the scientific literature.

To date, intervention studies testing the rela-
tionship between dietary fiber and colon cancer
have focused on only one stage in the develop-
ment and progression of colon cancer: whether
fiber supplementation or diet modification can af-
fect the risk for adenoma recurrence and growth
in individuals with a history of adenomatous pol-
yps, over a 2- to 5-year period of time (Asano and
McLeod 2005). A finding of no effect in a study
of this type does not address the possibility that a
lifetime of high or low fiber intake, or differential
fiber intake at another point in the cancer con-
tinuum, might affect risk for colon cancer.

Another issue with the relevant interven-
tion studies to date relates to adherence with the
prescribed regimen, and whether the degree of
change in dietary intake (if that is the focus of
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the intervention) was sufficient to promote bio-
logical changes relevant to colon cancer risk or
progression. For example, in one study involv-
ing wheat bran supplementation, the median in-
crease in fiber intake over baseline achieved in
the intervention group was 7 g/day (MacLennan
et al. 1995). In the large U.S. Polyp Prevention
Trial (PPT), which aimed to promote an increase
in fiber, fruit, and vegetable intakes, the absolute
difference in daily fiber intake between the inter-
vention and control groups over the 4-year pe-
riod of the study was 6.9 g/1,000 kcal (Schatzkin
et al. 2000), promoted in part by an increase in
self-reported vegetable and fruit intake (Lanza et
al. 2001). However, a worrisome finding that af-
fects the interpretation of the results of this study
is that the increase in serum carotenoid concen-
tration (a biomarker of vegetable and fruit in-
take) in the intervention group was minimal, as
discussed below.

Thus, several basic issues and considerations
affect the interpretation of currently available
data from studies to date that have addressed the
question of whether dietary fiber plays a role in
the risk and progression of colon cancer.

Recent Evidence from Epidemiological
Observational Studies

As previously reviewed (WCRF/AICR 1997) re-
duced risk for colon cancer in association with
higher fiber intake has been observed in most
case—control studies. However, results from pro-
spective cohort studies, in which dietary data
are collected before the diagnosis of disease, are
more inconsistent and generally do not identify
a protective effect of dietary fiber (Willett 1999).
Two notably large prospective epidemiological
observational studies that have examined the re-
lationship between risk for colorectal cancer and
fiber intake reported results within the past few
years, with opposite results and conclusions.

In the multi-center European Prospective
Investigation into Cancer and Nutrition (EPIC)
Study, data from 519,978 individuals, in whom
1,065 cases of colorectal cancer were identified
during an average follow-up period of 4.5 years,
were the focus of the analysis (Bingham et al.
2003). In that study, dietary fiber in foods was
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found to be inversely related to incidence of
colorectal cancer (adjusted relative risk [RR]
0.75, 95% confidence interval [CI] 0.59-0.95,
for highest vs lowest quintile), adjusted for age,
weight, height, sex, non-fat energy intake, and
energy from fat, and stratified by center. Analysis
of relationships between colorectal cancer risk
and intakes of specific foods did not reveal sig-
nificant associations, although a protective effect
from cereal fiber intake was marginally signifi-
cant (p=0.06). The EPIC Study involves a very di-
verse study population recruited from ten Euro-
pean countries, so the range of consumption and
heterogeneity of dietary intakes of food sources
of fiber are notable. Country-specific question-
naires were used to assess dietary intakes, and
24-h dietary recalls were collected from 8% of
the sample as an approach to calibrating the di-
etary questionnaires.

In a pooled analysis based on data from 13
prospective cohort studies, involving data col-
lected from 725,628 men and women followed
for 6-20 years across the studies, 8,081 colorectal
cancer cases were identified, and the relation-
ship between dietary fiber intake and colorectal
cancer was examined (Park et al. 2005). In that
study, a significant inverse association was found
in the age-adjusted model (pooled RR, 0.84;
95%CI, 0.77-0.92, for highest vs lowest quintile).
Adjusting for other risk factors (including age,
body mass index, nondietary risk factors, mul-
tiple vitamin use, and energy intake) attenuated
the association, although it remained significant.
Adjustment for folate intake further attenuated
the association, so that the relationship became
nonsignificant, and further adjustment for red
meat, milk, and alcohol intakes further weak-
ened the association (RR, 0.94; 95%CI, 0.86-
1.03, for highest vs lowest quintile). When risk
was examined in relation to major food sources
of fiber (whole grains and vegetables and fruit),
significant associations were not identified. The
dietary data used in this study were obtained via
study-specific questionnaires with different lev-
els of detail in queries for food choices relevant
to fiber intake.

It would appear unlikely that epidemiologi-
cal observational studies will find resolution on
the issue of whether dietary fiber intake plays a
role in the primary prevention of colorectal can-
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cer, which may be attributable, at least in part,
to the general constraints and limitations of this
approach. Across these studies, differences in the
populations under study, approaches used to col-
lect and analyze the data (including the selection
of covariates to include in multivariate analysis),
and other study characteristics likely explain the
divergent results.

Results from Intervention Studies
and Clinical Trials

As noted above, intervention studies testing the
relationship between dietary fiber and the risk
and progression of colon cancer have focused on
whether fiber supplementation or diet modifica-
tion can affect adenoma recurrence and growth.
The rationale for using recurrence of colorectal
adenomas as the primary end point is that ad-
enomatous polyps are considered precursors of
most cancers of the large bowel (Einspahr et al.
1997), and a clinical trial testing the effect of fiber
intake on incident colon cancer would require a
large sample, a very long follow-up period, and
considerable resources and support. However, it
must be recognized that without specific know-
ledge of the critical points at which diet may af-
fect the development of colon cancer, the focus
of intervention studies to date may not appro-
priately test for effects of dietary fiber on risk for
colon cancer.

As summarized in two recent comprehen-
sive reviews (Asano and McLeod 2005; Faivre
and Bonithon-Kopp 2002), four studies have
tested the effect of fiber supplementation (wheat
bran or ispaghula husk) on polyp recurrence,
although one of these studies (DeCosse et al.
1989) was excluded from the Cochrane Review
because it did not meet the requirement for
predefined outcomes. Another notable char-
acteristic of that study is that while subjects in
only one treatment arm were prescribed supple-
mental wheat bran, subjects in both arms were
prescribed supplemental vitamin C and alpha-
tocopherol. In three of the studies, the subjects
were individuals who had a previous adenoma;
in the study by DeCosse et al. (1989), the sub-
jects had been diagnosed with familial polyposis.
In these studies, the amount of wheat bran pre-
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scribed ranged from 11 to 22.5 g/day, and in the
study involving supplementation with ispaghula
husk (Bonithon-Kopp et al. 2000), the amount
prescribed was 3.5 g/day. The length of follow-up
ranged from 3 to 5 years. No effect on adenoma
recurrence was observed in the studies involving
wheat bran supplementation (Alberts et al. 2000;
MacLennan et al. 1995; DeCosse et al. 1989), and
a significant increase in adenoma recurrence
was observed in association with ispaghula husk
supplementation in the study that tested that in-
tervention (Bonithon-Kopp et al. 2000).

The effect of diet modification to promote in-
creased fiber intake on adenoma recurrence has
been examined in two studies reported to date.
In one of these studies (McKeown-Eyssen et al.
1994), the goal for subjects in the intervention
arm was to achieve 50 g/day fiber intake and
less than 20% energy from fat. After 12 months
of dietary counseling, the intervention group
reported an average of 35 g/day fiber intake and
25% energy from fat, while the control group
reported an average of 16 g/day fiber intake and
35% energy from fat. In the total study sample
of 201 subjects, no significant effect on adenoma
recurrence was observed at the 2-year follow-up
time point, although nonsignificant differential
effects were suggested in the analysis of gender
subgroups.

The effect of increasing intakes of fiber (with
the goal of 18 g/1,000 kcal) and vegetables and
fruit (aiming for five to eight servings/day),
concurrent with reduced fat intake (20% energy
from fat), on adenoma recurrence at 4 years fol-
lowing randomization was the focus of the PPT
(Schatzkin et al. 2000). The PPT was a large ran-
domized trial involving 2,079 study participants,
and those assigned to the intervention group
received over 50 h of dietary counseling. The
absolute difference between the self-reported
daily intakes of the intervention and control
groups over the 4-year period was 9.7% energy
from fat, 6.9 g/1,000 kcal dietary fiber, and 1.1
servings/1,000 kcal vegetables and fruit (Lanza
et al. 2001). As noted above, however, the inter-
vention group exhibited only a minimal increase
in total serum carotenoid concentration (ap-
proximately 5%), despite reporting substantially
increased carotenoid intake in association with
reported increased intake of vegetables and fruit.

The difference between the control and interven-
tion groups for this dietary biomarker was sta-
tistically significant, but the minimal change that
was observed is not consistent with the dietary
intakes that were reported.

Do the intervention studies conducted to date
resolve the question of whether dietary fiber in-
take plays a role in primary prevention? Issues
such as the timing in the cancer continuum, the
length of follow-up in the studies, the nature of
the intervention, and the degree of change in
intake that was actually achieved all affect how
confidently one can answer that question. The
need for longer-term trials and higher levels of
dietary fiber intake in the intervention has been
suggested (Asano and McLeod 2005). Also, labo-
ratory and clinical studies that continue to pro-
vide insight about biological mechanisms may
help to better target intervention efforts, if future
studies are to be conducted with a more in-depth
knowledge base.

Conclusions

At this point, reviews of the scientific literature on
the health benefits of fiber intake have uniformly
agreed on the general recommendation that in-
creased fiber intake, relative to current average
intakes in developed countries, is well founded
(Food and Nutrition Board 2002; Marlett et al.
2002). Current dietary recommendations in the
U.S. advise fiber intakes of 38 and 25 g/day for
men and women, respectively, aged 19-50 years,
and 30 and 21 g/day for men and women aged
51 years and older, based on thorough review
of evidence relating fiber to optimal health and
disease prevention (Food and Nutrition Board
2002). Nutritional surveys conducted over the
past decade suggest that median fiber intake
ranges from 16.5 to 17.9 g/day for men and 12.1
to 13.8 g/day for women in the U.S,, so the levels
of intake that are currently recommended repre-
sent a considerable increase for most individuals.
The rationale for this recommendation is based
on the consistent evidence relating increased fi-
ber intake to lower risk for common gastrointes-
tinal problems (e.g., constipation, diverticulosis,
diverticulitis) and cardiovascular disease, recog-
nizing that the specific link between fiber intake
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and risk for colon cancer has not been as estab-
lished as with these other conditions.

Another relevant benefit of dietary fiber that
has been observed in both epidemiological and
experimental studies is that this dietary constitu-
ent is a key feature of a diet that is low in energy
density. Current evidence strongly supports the
concept that a low-energy density diet, which is
characterized by high dietary fiber intake, may
play a critical role in promoting weight control
and in preventing adult weight gain (Liu et al.
2003; Burton-Freeman 2000). Obesity is a nutri-
tional factor that appears to promote a consid-
erable increase in risk for several types of can-
cer, including colon cancer (Calle et al. 2003).
Finally, fiber-rich foods, such as vegetables and
fruits, whole grains, legumes and nuts, are all
good sources of essential nutrients and other
bioactive compounds that exhibit numerous bio-
logical activities that promote normal cell growth
regulation and function (Slavin 2003; Marlett et
al. 2002).

On the basis of current evidence, the defini-
tive relationship between dietary fiber intake and
risk and progression of colon cancer cannot be
resolved at this time. However, increased fiber
intake remains a dietary strategy that may con-
tribute (indirectly, if not directly) to reduced risk
and progression of cancer.
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Abstract

Colorectal cancer is potentially one of the most
preventable malignancies. Nutritional awareness
(low fat, low red meat, high fruits and vegetables)
and regular physical activity have major potential
for primary prevention of this malignancy, while
early detection technologies have the potential
of both influencing mortality from colorectal
cancer as well as enhancing primary prevention
through detection and removal of lesions that
could potentially develop into cancer. While the
potential for prevention is large, its materializa-
tion is far from being optimal. The large-scale
lifestyle changes in the population necessary to
reduce colorectal cancer rates are hard to achieve,
and most of the early detection technologies are
either invasive or otherwise nonappealing to the
population. Thus, without abandoning the proven
prevention methods, new avenues need to be in-
vestigated to deal with this malignancy, which
carries both high morbidity and high mortality.
Such new avenues can now be followed, both
in prevention and detection. Chemoprevention,
or the use of medications to prevent disease,
has now been extensively explored in colorec-
tal cancer. Some of these interventions, such as
supplemental fibers, have failed to demonstrate
the anticipated effect, while others such as cal-
cium supplementation have been shown to re-
duce formation of premalignant lesions, polyps,
or adenomas. Data accumulating in recent years
have suggested that aspirin, nonsteroidal anti-in-
flammatory drugs, and selective COX-II inhibi-
tors all have a potential to reduce both colorectal
cancer and colorectal adenomas. Issues of safety
and therapeutic indexes have recently come up

as barriers to the use of COX-II inhibitors, and
have again drawn attention to aspirin as a po-
tential drug of choice. Association studies have
also shown a major potential role for statins in
colorectal cancer prevention. New methodolo-
gies in cancer detection involve the introduction
of colonography or virtual colonoscopy, and the
development of methods of detection of genetic
somatic mutations in feces or peripheral blood.
While radiological techniques currently avoid
the need for premedication and are less invasive,
they currently still require similar gut cleansing
to colonoscopy, can also lead to perforation, are
costly, and carry a non-negligible exposure to
radiation. Genetic analysis of the stool for mu-
tations in tumor cells is evolving as a promising
technique, struggling to achieve both high sen-
sitivity and high specificity with the right com-
bination of mutations sought. With all of these
developments taking place, the near future will
undoubtedly bring about the expected reduction
in colorectal cancer mortality.

Background

Colorectal cancer is among the most common
cancers in the developed world with increas-
ing incidence rates. Lifestyle factors typical to
developed countries are therefore implicated as
the major cause of colorectal cancer (Potter and
Hunter 2002). While many promising new treat-
ments for colorectal cancer have been introduced
in recent years, it remains one of the more lethal
tumors, with only about 50% of the patients sur-
viving for 5 years or more. Late stage at diagnosis
is one of the reasons for the poor outcome. Pri-
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mary prevention and early detection are there-
fore of major importance in the fight against this
disease.

The Unconsummated Potential

Colorectal cancer is considered to be a prevent-
able malignancy. Consuming a diet high in vege-
tables and fruits, low in red meat and possibly
low in fat, engaging in regular physical activity,
and avoiding obesity have all been demonstrated
to be related to reduced risk for colorectal cancer
in a variety of association studies (Wallace et al.
2005; Frezza et al. 2006; Rapp et al. 2005; Chao
et al. 2005; Larrson et al. 2005; Bingham 2006).
Studies have also demonstrated a negative as-
sociation between the consumption of calcium
and dairy products and folic acid and the risk
of colorectal cancer (Slattery et al. 2004a; Lars-
son et al. 2005). A large variety of early detection
technologies offer potential for both reduced
mortality from colorectal cancer, as well as for
primary cancer prevention through detection
and removal of polyps and adenomas that could
potentially develop into cancer (Canadian Task
Force 2001). The current most commonly used
technologies for early detection are tests for the
detection of occult blood in stool (with a vari-
ety of products of varying sensitivity) and lower
gastrointestinal tract endoscopy (sigmoidoscopy
and colonoscopy).

Materializing the Potential -
What Are the Facts?

While the potential for prevention is large, its
materialization is far from being optimal. As a
result, there is a continuous increase in the in-
cidence of colorectal cancer in many Western
countries. Meaningful lifestyle changes by the
population at large, necessary for reduction in
colorectal cancer rates, are hard to achieve, and
most of the early detection technologies are ei-
ther invasive or otherwise nonappealing to the
population, leading to low performance. Thus,
without deserting the proven prevention meth-
ods, new avenues need to be explored to deal
with this common and deadly malignancy.

Gad Rennert
New Horizons in Chemoprevention

Chemoprevention, or the use of medications to
prevent disease, has been extensively explored in
colorectal cancer in recent years. Some of these
interventions, such as supplemental fibers, have
failed to demonstrate the anticipated effect (Park
et al. 2005; Rennert 2002; Bingham 2006). A
recent randomized controlled study in women
failed to demonstrate a preventive effect of a low-
fat diet (Beresford et al. 2006). These failures oc-
curred in spite of massive supportive data for the
protective effects of these approaches gained in
observational studies and raise a variety of ques-
tions about the validity of results of various study
methods (Rennert 2006). Other interventions
such as calcium supplementation have been
shown to slightly reduce formation of premalig-
nant lesions, polyps, or adenomas (Baron et al.
1999; Grau et al. 2005).

What Drugs for Chemoprevention?

Chemopreventive drugs for an average risk popu-
lation must be proven efficacious and safe. Data
accumulating in recent years have suggested that
aspirin, nonsteroidal anti-inflammatory drugs
and possibly also selective COX-II inhibitors, all
have a potential to reduce colorectal cancer and
colorectal adenomas in average and high-risk
populations (Thun et al. 2002; Hull 2005). Such
data came from association case-control and
cohort studies (Poynter et al. 2005; Chan et al.
2005; Sansbury et al. 2005; Slattery et al. 2004b),
and from randomized controlled studies (RCTs)
(Baron et al. 2003; Sandler et al. 2003; Benam-
ouzig et al. 2003; Phillips et al. 2002) (Table 1) and
were supported by laboratory studies (Charames
and Bapat 2006; Din et al. 2004; Boon et al. 2004;
Reddy et al. 2005). Two randomized trials have
not demonstrated a preventive effect of these
drugs against CRC (Cook et al. 2005; Gann et al.
1993). Issues of safety and therapeutic indexes
have recently come up as barriers to the use of
COX-II inhibitors (Bresalier et al. 2005; Solomon
et al. 2005), and have again drawn attention to
aspirin as a potential drug of choice.
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What Doses? What Side Effects?

There is insufficient data to decide if a full dose
(325 mg) or a low-dose (75-100 mg) of aspirin
is needed to achieve a preventive effect. Baron et
al. (2003) found low-dose aspirin to reduce the
risk of adenoma recurrence, while Sandler et
al. (2003) found the high dose, and not the low
dose, effective.

Randomized controlled trials of low-dose
aspirin in males and females have shown only a
slightly increased risk of hemorrhage compared
to control groups (Wald and Law 2003; Cook et
al. 2005). If low-dose aspirin is proven effective in
colorectal cancer prevention, the low side effects
profile will make it highly attractive for popula-
tion-wide prevention. A recent association study
has also shown a major potential role for statins in
colorectal cancer prevention (Poynter et al. 2005),
but randomized controlled trials conducted for
the purpose of secondary prevention of coronary
heart diseases have failed to show such an effect
(Jacobs et al. 2006), as did a recent meta analy-
sis (Dale 2006). In practical terms, low-dose as-
pirin and statins are already commonly used for
the purpose of cardiovascular disease prevention
(Ajani et al. 2006; Teeling et al. 2005). It is there-
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fore only a matter of time before their preventive
effect on colorectal cancer incidence is expected
to be seen and no further targeted action will be
needed to encourage the population to use them
against colorectal cancer.

New Horizons in Early Detection

New technologies in cancer detection include
the introduction of colonography or virtual colo-
noscopy and the development of genetic meth-
ods to detect tumor-related mutations in feces or
peripheral blood.

Colonography/Virtual Colonoscopy

These modern radiological techniques employ
advanced CT technology to detect polyps and tu-
mors in the colon. Pickhardt et al. (2003) demon-
strated that high-quality performance of virtual
colonoscopy can achieve a detection rate or sen-
sitivity comparable to that of optic colonoscopy
(Fig. 1). This was achieved using a flythrough
technique coupled with a 2D multidetector with
narrow collimation and employing the Viatronix

B virtual

B optic

26mm 27mm 28mm =29mm 210 mm

Pickhardt et al, NEJM 2003

Fig.1 Sensitivity of virtual colonoscopy compared to optic colonoscopy (using flythrough technique and 2D multide-

tector with 1.25-2.50 mm collimation and Viatronix V3D)
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V3D software. It is important to emphasize that
employing less than optimal technology yields a
detection outcome that is inferior to that of op-
tic colonoscopy (Mulhall et al. 2005). The non-
invasiveness and lack of need for premedication
of this technique make it an attractive option for
mass screening. Nevertheless, currently available
technology still requires intensive colon cleans-
ing, which is disliked by the population, requires
insufflation that can lead to perforation if not
carefully monitored, and involves a high cost,
similar to optic colonoscopy. Modern tagging
techniques, which will render colon cleansing
unnecessary and make the examination prep-
free, will undoubtedly improve its appeal to the
population. Two deficiencies of the virtual colo-
noscopy over optic colonoscopy are exposure to
radiation, at a current magnitude of 5-10 mSv or
two to three times the annual natural background
exposure, and the lack of ability to remove or
biopsy a polyp or a lesion when identified, thus
requiring an intervening optic colonoscopy. It is
therefore plausible that in the future virtual colo-
noscopy will be more suitable for screening aver-
age risk population with a low pretest probability
of disease (adenomas, cancers) and therefore low
probability of need for biopsies. At the same time,
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symptomatic and high-risk people, with higher
pretest probability for findings, should continue
to be offered optic colonoscopy. If a decision to
incorporate periodic virtual colonoscopy into
a routine screening program is made, major at-
tention needs to be paid to assuring high-quality
testing with multidetector scanners, flythrough
technology, and narrow collimation, while con-
trolling for radiation level and cost.

Stool Genetics

Genetic analysis of the stool for mutations in
tumor cells is evolving as a promising colorectal
cancer screening technique. While the genetic
background of sporadic colorectal cancer for-
mation is well described (Fearon and Vogelstein
1999; Bodmer 2006) (Fig. 2), the optimal panel
of mutations to be sought in a stool sample that
will reach high sensitivity and specificity for ade-
noma and cancer detection is still undetermined
(Davies et al. 2005; Brenner and Rennert 2005).
Most studies have evaluated mutations in APC,
p53 and k-ras, representing the classical WNT-
pathway, while others have added mutations in
the MSI pathway such as BAT26 or MLHI. In

Mismatch repair gene inactivation: MSI-BAT26
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Fig.2 Multi-step carcinogenesis model for colorectal tumors
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addition, more generalized markers of DNA
integrity and methylation such as long DNA or
DNA integrity assay have been added (Imperiale
et al. 2004; Tagore et al. 2003; Koshiji et al. 2002;
Rengucci et al. 2001; Dong et al. 2001; Ahlquist
et al. 2000). These approaches have yielded
sensitivity varying between 51.6% and 100%
for cancers and 10.5% and 81.8 for adenomas,
with specificity of 86.7% and 100% for carcino-
mas. The most sensitive were the least specific
(Table 2). However, caution should be practiced
at this stage, as all the above-mentioned studies
have only involved between 22 and 52 cancers
each. This genetic approach carries a major ap-
peal as it is easy to perform, is noninvasive, and
does not carry any noticeable risk. If it can be
performed with modest cost and if the need for
bulks of stool can be avoided, it will carry an
even higher appeal for population screening. It
has been shown that stool can be recovered from
FOBT cards and analyzed for k-ras (Lev 2000)
to significantly improve the positive predictive
value of the FOB test itself (Rennert et al. 2006).
An approach based on test cards rather than
bulks of feces might carry an even higher appeal
to the population.

Summary

CRC is highly preventable, with a combination
of lifestyle changes, chemoprevention with sim-
ple drugs, and adenoma identification through
screening. Mortality can be further reduced by
early detection of cancer using common screen-
ing technologies such as FOBT or endoscopy.

Due to their high use for other indications,
the effect of commonly used drugs is expected to
be seen even without organized interventions.

Virtual colonoscopy and fecal DNA tests are
very promising technologies that, in the near
future, will enhance detection of premalignant
neoplasms and lead to prevention of colorectal
cancer.

Table 2 Studies evaluating screening for colorectal tumors employing stool-based DNA markers

94.4

79/1423
8/212

10.5
5

110/1,051
16/28

51.6

16/31
33/52

21 Mutations in APC, TP53 and KRAS; BAT26 and long DNA

21 Mutations in APC, TP53 and KRAS;

BAT26 and DNA-integrity assay

96.2

7.1

63.5

93

2/28
0/18

9/11 81.8

90.9
6

20/22
31/46
36/51
30/30

15 Mutations in APC, TP53 and KRAS; BAT26 and long DNA

7 Mutations in TP53 and KRAS; 5 MSI markers
3 Mutations in TP53 and KRAS; BAT26

100

Not performed N/A

7.4
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Not performed N/A

Not performed N/A
2/15

70.6
100

86.7

Not performed N/A

Loss of heterozygosity at the microsatellite loci APC, TP53, DCC,

MLH1, D9S162, IFNa and D9S171

Davies et al. 2005
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Abstract

Epidemiologic studies implicate ultraviolet ra-
diation (sunlight) as an etiologic agent for the
pathogenesis of melanoma. However, the experi-
mental evidence is less convincing. We present
information from recent experimental findings
that elevation of reactive oxygen species follows
from melanin serving as a redox generator, and
that this may play an important role in the eti-
ology and pathogenesis of cutaneous melanoma.
These observations offer a new paradigm for the
development of preventive (and therapeutic) ap-
proaches to this disease.

Introduction

The incidence of melanoma has increased ra-
pidly in the last few decades. Fortunately, early
detection and prompt surgical intervention
has increased 5-year survival in 1970 from
50% to nearly 90% today. Nevertheless, the
morbidity from this disease is considerable and
the years of productive life lost still high. Epide-
miologic and experimental data has confirmed
that ultraviolet light radiation (UVR) is etiologic
for most cases of non-melanoma skin cancer.
However, the relationship and correlation of
UVR and melanoma is much more complex. Its
definitive involvement in the direct etiology and
pathogenesis of the disease is problematic and
requires a better mechanistic understanding and/
or reconsideration of its involvement (Berwick et
al. 2005).

Epidemiologic data suggests that “at best”
UVR accounts for only 40%-50% of the attribut-

able risk for melanoma. The data is not simple,
and unlike non-melanoma skin cancer, the risk
is not correlated with cumulative UVR exposure,
but rather, intermittent exposure, especially seri-
ous sunburns earlier in life. Also, intensive “sun
sense” campaigns have not led to a decrease in
the incidence of melanoma, although evidence
does suggest that regular exposure to sunlamps
may indeed be harmful.

Implicating UVR is also difficult at a molecu-
lar level as UVR-signature mutations, although
uniformly found in non-melanoma skin cancer,
are rarely detected in benign nevi, dysplastic
nevi, or in primary or advanced melanoma cells.
Furthermore, direct transformation of human
melanocytes with UVR has not been successfully
accomplished, despite many attempts to do so.
Recent studies of the distribution of BRAF mu-
tations in primary melanomas suggest that there
are at least two pathways: one in which chronic
sun damage is not associated with BRAF muta-
tion and a second in which BRAF mutations oc-
curred in melanomas that developed in skin that
was not sun-damaged . (Curtin et al. 2005). In
neither case were classical UVR mutations in
the BRAF gene evident. However, the develop-
ment of a transgenic mouse model that, after
UVR exposure at the neonatal stage, does lead
to melanomas that simulate the human disease
pathologically may help elucidate the etiologic
and pathogenic role of this carcinogen (Ha et
al. 2005; Wolnicka-Glubisz and Noonan 2006).
However, this model is highly engineered (he-
patocyte growth factor and stem cell factor have
been introduced) and its direct relevance to un-
derstanding the pathogenesis of human mela-
noma remains to be established.
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In toto, this data suggests several distinct pos-
sibilities: UVR’s transforming effect on DNA is
mediated by reactive oxygen species (ROS) or
other molecules; UVR works indirectly to trans-
form melanocytes via a paracrine effect; UVR
works in concert with a yet to be identified co-
carcinogen; or that the epidemiologic results are
spurious and UVR is not involved at all in mela-
noma pathogenesis.

Developing a New Paradigm
for Melanoma Etiology and Pathogenesis

The adverse results of the p-carotene and lung
cancer prevention trials in which this nutrient
(although at pharmacologic doses) led to more,
rather than fewer, lung cancers in heavy smokers
(Omenn et al. 1994) led me to reconsider the role
of antioxidants in carcinogenesis, especially in
melanoma genesis. One of the unique features of
melanocytes is that they produce the unique dif-
ferentiation product melanin whose major func-
tion has always been presumed to be protection
against UVR. There are several unique features
about melanin and its synthesis that merit com-
ment:

+ Hydrogen peroxide is generated and con-
sumed during the synthesis of melanin.

« Melanin synthesis occurs in a complex and
poorly understood complex organelle, the
melanosome, which has many lysosomal
properties.

+ Melanin functions as an antioxidant in nor-
mal melanocytes.

For some time, it has been recognized that ab-
normalities of melanin synthesis lead to a range
of benign pigmentary diseases. There is also
available considerable descriptive data that has
suggested melanosomes are abnormal in mela-
noma cells and became progressively deranged
during the pathogenic process (Rhodes et al.
1988). However, the functional consequences
of these abnormalities for transformation have
been largely ignored.

Frank L. Meyskens et al.

Redox Status of Melanocytes
and Melanoma Cells

We initially asked a simple question: How do me-
lanocytes respond to oxidative stress? (Meyskens
et al. 1997). The conclusions from our studies are
summarized as follows, and illustrated in Fig. 1.
Melanoma were exposed to a low dose of H,0,
generated by adding titered amounts of glucose
oxidase to the medium, and with a fixed dose of
glucose, a predictable amount of H,O, was gen-
erated. (Using UVR-B as the source of ROS was
too complex as it produces many cellular effects
including direct DNA damage.) The intracellular
oxidative response was determined by luminol-
enhanced chemiluminescence, a crude signal for
superoxide/peroxide flux. The results were sur-
prising, in that no fluorescence signal was appar-
ent in several non-melanin-containing cell lines.
In normal human melanocytes (NHM), a small
signal was initially generated, but rapidly sup-
pressed over a few minutes. In contrast, a large
and continuous chemiluminescence response
was seen in all melanoma cell lines tested. The
signal was quickly abrogated by added exogenous
catalase in both melanocytes and melanoma cells.
However, when exogenous superoxide dismutase
was added, the luminescence signal was mildly
decreased in melanocytes but greatly enhanced
in all melanoma cells tested. We postulated that
melanoma cells contain a potential generator of
superoxide anion that was not found in melano-
cytes or other cells.

Further studies using various redox-sens-
ing probes indicated that melanoma cells have
increased intracellular ROS at all stages of the
cell cycle compared to melanocytes, implicating
that the elevation was largely due to superox-
ide anion (Meyskens et al. 2001). Subsequently,
an electrochemical model of eumelanin (dihy-
droxyindole polymerized on a graphite surface)
(Gidanian et al. 2002) and was used to measure
ROS generation, as measured by spin trapping
molecules of superoxide and hydroxyl radicals.
It was demonstrated that exposure of synthetic
eumelanin to oxygen led to that the generation
of ROS, markedly enhanced by the addition of
transition metals (Farmer et al. 2003). Previous
speciation characterization had suggested that an
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Fig.1 The altered state of melanin during melanomagenesis. Melanin is normally in a reduced antioxidant state. Expo-
sure to ROS leads to an oxidized condition which facilitates binding of transition metals (and other compounds such
as polyphenol chlorinated biphenyls). Metal uptake into the cell is closely regulated by a family of metallothioneins.
This situation sets up the oxidized melanin as a redox generator, which leads to increasing intracellular oxidative stress,
a widespread adaptive response including TF upregulation, cell death, a high rate of cellular turnover and secondary

intrinsic drug resistance (see Meyskens et al. 2001)

oxidized species within the melanin, a quinone
imine, could serve as a powerful metal chelator
(Spoganicz 2002), and this might then enhance
the pro-oxidant generation of ROS. Importantly,
the ROS generated by the synthetic melanin
behaved in the same manner as the melanoma
cell lines, in that exogenous catalase quenched
the signal but superoxide dismutase greatly en-
hanced the signal (Farmer 2003); and using the
EPR and DNA clipping assays, the similar phe-
nomenon as described above was demonstrated
with intact melanoma cells, reconfirming the
initial luminescence experiments. These results
suggested that melanin in melanocytes became
pro-oxidant during the transformation process;
utilizing the idea that metals may enhance this
behavior, we have designed a number of lipo-
philic chelators (Farmer et al. 2005) as candidate
chemotherapeutic drugs.

Part and parcel of our observations has been
documentation of the constitutive upregula-
tion of redox-sensitive transcription factors-TFs
(AP-1 and NF-KB) in melanomas (Meyskens et
al. 1999; McNulty et al. 2001, 2004; Yang et al.

2004; Yang and Meyskens 2005). A surprising re-
sult was that enhancement of oxidative stress led
to further TFs upregulation. We therefore won-
dered what addition of an antioxidant would do
and fortuitously chose PDTC as the antioxidant.
Much to our surprise, PDTC produced apoptosis
in the melanoma cells, even at very low concen-
trations. With the realization that PDTC is both
an antioxidant and chelator, we tested a series
of chelators on melanoma cell growth. Antioxi-
dants had little effect but transition metal che-
lation produced a strong apoptotic effect. One
such compound, disulfiram, was readily avail-
able, as it has been used for over 50 years, as an
anti-alcohol aversion drug and was found to be
active as an antimelanoma therapy at nanomolar
concentrations (Cen et al. 2002, 2004). Based on
these and other studies, we have now initiated a
phase II trial of disulfiran plus arsenical trioxide
for patients with advanced melanoma disease.
Based on these findings, we postulated that
the etiology and pathogenesis of melanoma is
a redox-driven process that offered opportuni-
ties for understanding the etiology and patho-
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genesis of the disease as well as providing entry
points and targets for developing new therapies
(Meyskens et al. 2004).

A remarkable feature of this phenomenon is
that melanosomes themselves become more and
more abnormal and melanin particles are re-
leased extracellularly during the progression of
melanoma genesis (Jimbow et al. 1989; Rhodes
et al. 1988). Our preliminary data indicate that
these abnormal melanosomes are a potent source
of intra- and extracellular superoxide anion.

Epidemiologic Evidence for Metal
Involvement in Melanin Etiology
and Pathogenesis

There is a considerable amount of occupational
epidemiology that suggests that high exposure
to metals or polyphenol chlorinated biphenyls
(PCPs) is a risk factor for melanoma (Austin
and Reynolds 1986; Loomis et al. 1997). Relative
risks for printers, lithographers, electrical utility,
and semiconductor workers are consistently ele-
vated (1.5-4.0), and in many studies a dose and
time exposure effect are evident (i.e., Loomis et
al. 1997). Dietary studies also implicate excessive
alcohol ingestion as a risk factor (RR above 2.0)
(Millen et al. 2204), probably working through
its metabolite acetaldehyde, which results in in-
creased ROS. In contrast, broad dietary studies
suggest that dietary antioxidants are protective
against melanoma development (RR = 0.7).

No genetic studies of metallothioneins that
regulate metal uptake or their polymorphisms
and melanoma risk have yet been reported. How-
ever, one large study of this enzyme has shown
that MT expression is an unfavorable prognos-
tic sign and can identify those thin melanomas
(<1.5mm) that are aggressive (Weinlich et al.
2005).

Upregulation of Transcription Factors
in the Pathogenesis of Melanoma

We have shown that AP-1 and NF-kB are el-
evated early in the pathogenic process, are pro-
tective against apoptosis-inducing events, and
respond to redox stress by further upregulation

Frank L. Meyskens et al.

in response to increased ROS. We have recently
focused on the multifunctional protein apu-
rinic/apyrimidinic endonuclease/redox effector
1 (APE/Ref-1), which functions in both the third
step in base excision repair and also reduces a
wide range of TFs so that they can bind to DNA
sites and effect their action (Yang et al. 2005). We
have recently shown that the polyphenoic anti-
oxidant resveratrol binds to the redox pocket of
Ref-1 and slows melanoma growth. We are in
the process of designing a number of inhibitors
based on this lead compound and by using an
iterative structure-function approach and three-
dimensional software modeling.

Conclusions

Our studies of the role of reactive oxygen spe-
cies in melanoma genesis have led us to several
conclusions. During the process of transfor-
mation and progression of the cutaneous me-
lanocyte:

1. Melanin is converted from an antioxidant to
a pro-oxidant, takes on properties of a metal
chelator, becomes a redox generator, and pro-
duces large amounts of superoxide anion.

2. Intracellular oxidative stress increases mark-
edly during pathogenesis and produces a
cascade of adaptive responses with transcrip-
tional factor activation including AP-1, Ref-1,
and APE/Ref-1 that lead to drug resistance.

3. An understanding of these events provides a
new scientific basis for developing novel pre-
ventive (see Meyskens et al. 1994) and thera-
peutic approaches (see Meyskens et al. 2001)
to melanoma management (see Meyskens
2003).
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Abstract

Over recent years, the evidence has been accu-
mulating that vitamin D has a positive impact
on our health. This is likely to have an impact
on the future of our public health advice related
to skin cancer prevention. This paper explores,
from a public health perspective based on Aus-
tralian experience, how skin cancer prevention
messages need to be managed in light of new in-
formation about vitamin D and in particular, the
times when sun protection advice should be pro-
vided. Conclusions are drawn in relation to how
the vitamin D message can be complementary to
the sun protection message and explores what
health practitioners should do in light of artifi-
cial tanning sunbeds being a potential source of
vitamin D.

Introduction

Exposure to ultraviolet radiation accounts for
around 99% of non-melanoma skin cancers and
95% of melanomas in Australia (Armstrong
2000). On the other hand, there is very good evi-
dence that exposure to sunlight enhances vitamin
D levels that can have an impact on improving
bone and musculoskeletal health for older peo-
ple who are vitamin D-deficient (Weathererall
2000; Bischoft et al. 2003). This paradox creates a
significant challenge for those working in public
health to ensure an appropriate balance is com-

municated to the general public that takes into
account the risks and benefits of sun exposure.

With Australia having one of the highest rates
of skin cancer in the world, prevention cam-
paigns have been part of the Australian public
health landscape since the early 1980s. Slogans
such as Slip! Slop! Slap! and SunSmart have a
very high public profile and there is considerable
policy and practice in place that reinforces sun
protective behaviour (Montague et al. 2001).

The Cancer Council Victoria has the longest
standing and best evaluated program in Austra-
lia where there has been population monitoring
of sun protective behaviour and attitudes since
1987. Over this time there has been a significant
reduction in the desire to tan, improved use of
sun protective items such as hats and sunscreen
and a significant reduction in sunburn rates (Hill
et al. 1993; Dobbinson et al. 2002). The bene-
fit of these campaigns has been a reduction in
non-melanoma skin cancer rates in younger age
groups (Staples et al. 2006).

The improvement in sun protection policies
and practices has come about largely because of a
long standing integrated health promotion inter-
vention that utilises mass media as the primary
method to communicate to the general popula-
tion combined with community-based interven-
tions. Given this success, it is not too surprising
that the media have been very responsive to re-
search reports that highlight the benefits of vita-
min D that may run counter to well-established
skin cancer prevention messages.
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Vitamin D Deficiency

In recent years, research has identified findings
that were showing high levels of mild (between
25 and 50 nmol/l) vitamin D deficiency in the
general populations in the southern states of
Australia over winter months. Any levels less
than 50 nmol/l can lead to increased parathy-
roid hormone secretion and high bone turnover
(Working Group of the Australian and New
Zealand Bone and Mineral Society 2005). In a
Geelong (Victoria 37°S) study by Pascoe et al,, it
was shown that 43% of females over the winter
months were mildly vitamin D-deficient and 8%
of 20- to 59-year-old women were regarded as
moderately to severely vitamin D-deficient (less
than 25 nmol/l) (Pasco et al. 2001). In addition
to this, 80% of dark-skinned veiled women were
noted as being vitamin D deficient. Older people
who are institutionalised or housebound are also
at a particularly high risk of vitamin D deficiency
(Flicker et al. 2003; Sambrook et al. 2002). Vita-
min D deficiency is not just confined to adults: in
a Tasmanian (42°S) study, it was found that 10%
of healthy 8-year-olds (mean age) were found
to be mildly deficient during the winter months
(Jones et al. 1999).

Vitamin D production decreases during win-
ter when the intensity of ultraviolet radiation is
lower. The body can rely on tissue stores of vi-
tamin D for between 30 and 60 days, assuming
vitamin D levels are adequate prior to winter
(Grover and Moreley 2001). In most cases, any
vitamin D reduction during winter is corrected
in summer when more sunlight is received with
more time spent outdoors. While this correction
may occur, it is still important to prevent defi-
ciency during winter, as fracture rates increase
with deficiency, particularly with older adults
(Weathererall 2000).

Key Outcomes from a Joint Position
Statement

In 2004, Osteoporosis Australia were raising con-
cerns in the media about vitamin D deficiency at
the same time that new research by Hughes et al.
was coming out about possible benefits of sun
exposure in reducing non-Hodgkin lymphoma
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(Huges et al. 2004). Given the significant media
attention centred around possible or real benefits
of sun exposure, the Cancer Council Victoria
considered it was necessary to develop a posi-
tion statement with the Australasian College of
Dermatologists (ACOD), Osteoporosis Australia
(OA), Australia and New Zealand Bone and Min-
eral Society (ANZBMS) and the Cancer Council
Australia (CCA) to ensure consistent informa-
tion was being provided to the general public.

On 15 July 2004, the Cancer Council Victo-
ria and the National Cancer Control Initiative
hosted an expert meeting with representatives
from relevant disciplines to investigate whether
there was a basis for a common understanding
relating to the risks and benefits of sun exposure.
A report from that meeting was published along
with a number of key recommendations that
had unanimous support from all parties (Cancer
Control Research Institute 2004). In addition,
following the meeting a position statement was
approved and released in March 2005 that had
the approval of the ACOD, OA, ANZBMS and
the CCA (The Cancer Council Australia 2005).
The process of reaching agreement with each of
the parties was critical in ensuring consistency
in the messages being delivered to the media
around the vitamin D issue and to provide con-
fidence to the general community that there was
consistent health advice from each of the key
agencies.

The position statement resulted in a number
of key outcomes directly related to skin cancer
control. Essentially it was agreed that:

« A balance is required between avoiding in-
creases in skin cancer and maintaining ad-
equate vitamin D levels.

 Sun protection messages needed to shift away
from the notion that people have to protect
themselves against the sun at all times.

« Skin cancer campaigns need to note that
there are benefits and harms associated with
sun exposure and that a balance between the
two needs to be achieved. This had not been a
general perspective of skin cancer prevention
messages to date.

« Sun protection messages should refrain from
messages that relate to encouraging people to
stay indoors, instead they should be about en-
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couraging people to take the right precautions
when they are outside.

« Sun protection should only be applicable
when the ultraviolet index is greater than 3.

The Relationship Between Sun Exposure
and Other Diseases

There is in Australia unanimous agreement by
the ACOD, OA, ANZBMS, and CCA that there
is high-level evidence for the harmful effects of
sun exposure in terms of skin cancer and for the
beneficial effects of sun exposure in maintain-
ing adequate vitamin D levels to protect against
bone fracture (Trivedi et al. 2003). However, all
parties agree that substantially more evidence is
required before conclusions can be drawn be-
tween sun exposure and a possible beneficial ef-
fect with other cancers such as breast, prostate,
bowel, or non-Hodgkin lymphoma and autoim-
mune diseases such as multiple sclerosis. The
biological pathways underlying these empirically
observed observations are still not clear and in
some instances the epidemiological evidence is
equivocal. It was agreed by all parties that it is
not appropriate to make statements about a pro-
tective effect of UV radiation exposure for these
diseases because substantially more studies with
good individual exposure measures by season is
required.

How Much Sun Exposure Is Enough?

The most difficult factor in coming to an agreed
position statement has been to determine
what would be a reasonable level of sun expo-
sure necessary for healthy bone growth and
development that will not add to a substantial
risk of skin cancer. It was clear amongst OA,
ANZBMS and the ACOD that we are still a
long way from having sufficient evidence to
suggest where this point should be exactly.
This difficultly stems almost entirely from the
limitation and paucity of existing research. This
issue is also compounded because skin type, age
and culturally related clothing practices vary
the ability to absorb vitamin D through UV
exposure.
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Recognising the limitations of existing evi-
dence, a very pragmatic approach was adopted
in Australia. Based on evidence relating to bone
gracture and vitamin D, it was agreed that one-
third of a minimal erythemal dose (MED) to
15% of the body, (e.g. the face, arms and hands)
on most days of the week would be sufficient to
maintain adequate vitamin D absorption to re-
duce osteoporosis risk (Newson et al. 2004). In
practice this equates in the Australian context to
only 10 min sun exposure either side of the peak
UV period on most days of the week over sum-
mer and 2-3 h per week sun exposure during
the winter months. This level was acceptable to
the ACOD, as it was considered that the general
population were already likely to be exceeding
these recommendations as part of their normal
day-to-day activity, even if they were always
adopting sun protective measures during periods
of high ultraviolet (UV) radiation. In addition,
all parties agreed that the benefit of some sun-
light is far greater for general good health than it
is detrimental for skin cancer.

Therefore there is no recommendation that
people should deliberately expose themselves to
the sun to enhance their vitamin D levels. The
only exception are those people who are at high
risk of being vitamin D-deficient and when con-
trolled sun exposure outside the peak UV peri-
ods may be beneficial to their health if supple-
mentation was not available.

Times of the Year and Times of the Day
When Sun Protection Should Be Applied

The Global UV index released by the World
Health Organization (WHO) in 2002 is a very
useful tool to determine when sun protection
is required and equally when it is not necessary
(WHO 2002). According to the Global UV index
that is now the international standard for UV
measurement, sun protection should be pro-
moted when the UV index is 3 or above.

Figure 1 provides an example of the appropri-
ate times of the year when we should be com-
municating the sun protection message. For ex-
ample, Melbourne (Australia 38°S) shows that
between the winter months of May and August
inclusive, it is unlikely that sun protection will
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Fig.1 Average UV levels per month by city. UV data for Melbourne, Leeds and Glasgow sourced from Gies et al.

(2004)

be necessary unless people will be near highly
reflective surfaces such as snow and water, or at
high altitudes. In the northern hemisphere over
the summer months, it shows that the appropri-
ate time for Leeds UK at 54°N would be that sun
protection advice should be reinforced between
the months of May and August inclusive. For
Glasgow, Scotland at 56°N it would be for a simi-
lar duration, in Toronto, Canada at 43°N, sun
protection campaigns would be appropriate for
at least between March and October inclusive.

The UV Index can also be a useful tool to de-
termine what time of the day that sun protection
in required. In Australia, the Bureau of Meteo-
rology in conjunction with the Cancer Councils
have been illustrating for the first time the UV
index in terms of a peak value for the day as
well as the times of day when sun protection is
required (see Fig. 2). This provides very useful
information for the general public to guide their
behaviour.

People with dark skin who wear veils, particu-
larly in pregnancy or for elderly or infirm peo-
ple, those with malabsorption syndromes, or-
gan transplant patients and those with personal
risk factors of skin cancer will require a tailored
health management plan that is likely to include
vitamin D supplementation.

Is Increased Physical Activity
a Key Part of the Solution?

Of significant note is that mildly deficient vita-
min D levels (between 25 and 50 nmol/l) in the
general population has been only during win-
ter periods. Notably, children who were obese
had lower vitamin D levels and higher levels of
vitamin D were seen in adolescent boys who
participated in sport (Jones et al. 1999, 2005).
Therefore, by encouraging people to be more
physically active outdoors in winter months, we
will not only be increasing their vitamin D levels,
but also importantly contributing to their overall
good health. Increasing levels of physical activity
will not be a solution, however, at latitudes where
little if any UV is present over winter months.

Vitamin D Deficiency and Sun Protection:
Are the Messages Complementary?

Vitamin D deficiency in the Australian context
in the general population is largely confined
to winter months in southern states when the
sun protection message is not a relevant public
health message. When the Global UV index is
in the moderate to extreme range, undertaking
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sun protection measures such as regular sun-
screen application is unlikely to increase osteo-
porosis risk (Farrerons et al. 2001; Marks 1999).
A study by Matsouka et al. (Fig. 3) showed that
while sunscreen use initially reduced vitamin D
absorption, this effect was dissipated after 7 days
(Matsuoka et al. 1987).

With Sunscreen

Fig.2 UV Index as issued by the
Australian Bureau of Meteorology

Fig.3 Circulating concentrations of
vitamin D after a single exposure to one
minimal erythemal dose of simulated
sunlight either with a sunscreen, with

a sun protection factor of 8, or a topical
placebo cream. Matsouka et al. (1987)
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Artificial Tanning Sunbeds and Vitamin D

The size of the artificial tanning sunbed industry
and the number of people who use them repre-
sent a significant challenge to those working in
skin cancer control. The sunbed industry is based
on the glorification of a tan, the antithesis of the
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objectives of those working in skin cancer preven-
tion. In the United States, the sunbed industry
continues to grow with a $1 billion a year turnover
and 30 million patrons visiting sunbeds annually
(Spencer and Amonette 1995; Levine et al. 2005).
This growth in patronage has also been seen in
Europe where it has gone from less than 5% of the
adult population in Belgium, France and Germany
in 1980 to 33% by 1995 (Autier et al. 1994).

In December 2005, a significant outcome was
achieved by Canada’s largest sunbed provider in
an agreement with the Canadian Competition
Bureau that allows the company to promote that
vitamin D can be maintained or increased as a
result of a tanning session in which the tanning
equipment incorporates UVB irradiance. This
outcome could possibly have a significant flow-
on effect in other countries by allowing artificial
tanning operators to claim a health benefit that
they may not have been able to do in the past.

This is a concern because sunbeds emit high lev-
els of a known carcinogen that makes regular sun-
bed use a risk factor for skin cancer (Gallagher et
al. 2005; Young 2004). Despite any possible benefit
that UVB-emitting sunbeds might have in terms
of increasing vitamin D levels, there use must con-
tinue to be discouraged because of the well-known
detrimental effects of their use. The WHO have
clear directions in terms of what should be ex-
pected in terms of regulations or a code of practice
for operators (WHO 2003). This includes restrict-
ing access to those under the age of 18, ensuring
warning notices are placed in all cubicles and in
the foyer area, ensuring all new clients to the estab-
lishment sign a consent form as well as ensuring all
operators are adequately trained.

Conclusion

With appropriate refinements of the sun protec-
tion message, sun protection programs do not
have to compete with the human need for vita-
min D, the two messages can be quite comple-
mentary. In terms of key recommendations for
going forward, every opportunity should be
made to promote the Global UV Index to those
responsible for delivering sun protection cam-
paigns to guide when sun protective behaviour
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should be encouraged as well as when it may not
be required.

In terms of public health, we must continue
to raise public awareness of potential negative
health effects from excessive sun exposure during
periods when UV is in the moderate to extreme
range. In periods when the UV level is low (<3),
it will be important to not encourage sun protec-
tive behaviour, except near highly reflective sur-
faces or high altitudes. In high latitude countries
with very low UV levels for a significant propor-
tion of the year, the increased use of vitamin D
fortification in food and supplementation for
high-risk individuals should be considered.

Further research is required to understand the
relationship between vitamin D and risk of can-
cer and autoimmune diseases and to determine
how much sun exposure is necessary to achieve
adequate vitamin D levels. This information will
help determine the right balance between the
need for vitamin D vs the known benefits of sun
protection.

In terms of artificial tanning sunbeds, despite
any possible vitamin D benefit that may be de-
rived from machines that emit UVB, their use
should continue to be discouraged due to the in-
tensity of the output of a well-known carcinogen
and the lack of controls that govern their use.

Skin cancer prevention has been proven to
reduce skin cancer rates, and given the signifi-
cant morbidity and mortality associated with the
disease, it is important that investments in skin
cancer prevention remain a high public health
priority.
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Abstract

Gliomas are a family of primary central nervous
system tumors of variable malignancy that are
derived from supporting glia (astrocytes, oligo-
dendrocytes, ependymal cells) or their progeni-
tors/stem cells. There are two potential strategies
to prevention: preventing gliomas from forming
and preventing lower-grade gliomas from de-
veloping into higher-grade gliomas. Each would
lower time-dependent mortality. Each also de-
pends on an understanding of what causes glio-
mas so that these factors can be modulated. In
this presentation, I will discuss primary preven-
tion, chemoprevention, and screening. I will first
focus on the known chromosomal, genetic, and
protein changes associated with the different
histologic varieties of glioma and the environ-
mental, hereditary, and infectious/viral factors
that may promote glioma development and ma-
lignant progression. I will discuss a number of
clinical scenarios that eventuate from the known
genetic patterns of these tumors and the changes
in genetic patterns that reflect malignant pro-
gression. The basic thinking is that if one could
prevent specific gene mutations and/or deletions
or gains of specific chromosomes that lead to the
development of low-grade (WHO 2) gliomas,
then theoretically this would reduce the occur-
rence of high-grade (WHO 3 and 4) gliomas and
hence the almost certain death that now is the
fate of most patients with these tumors. In the
case of de novo WHO 3 and 4 tumors, being able
to prevent or counter specific gene mutations
and/or the deletion of specific chromosomes
would in itself reduce the occurrence of these gli-

omas and increase survival. Alternatively, a cura-
tive treatment for low-grade glioma that prevents
these chromosomal/gene changes would prevent
some glioblastomas (WHO 4) from forming and
would have the same desired effect on survival.
Obviously, for the latter to be achieved, we must
also be able to diagnose and treat low-grade glio-
mas earlier.

Introduction

In this article, I will examine the prevention of
gliomas from three perspectives: primary pre-
vention, chemoprevention, and screening. Pre-
vention strategies today aim to reduce a cancer
focus by altering a known or highly suspect path-
way that leads to the cancer or by removing or
controlling a precancerous lesion(s). Examples
of each are well-known to those involved in can-
cer prevention. However, to cite a few examples,
one strategy to reducing the risk of carcinoma
of the lung is behavioral and involves attempt-
ing to convince smokers to stop smoking and
young people not to start smoking. In the case
of colon cancer, a preventive strategy is to iden-
tify and remove the precancerous colon polyps
by colonoscopy (with a special focus on patients
with familial adenomatous polyposis or heredi-
tary non-polyposis colon/colorectal cancer) and
thereby prevent the development of carcinoma
of the colon. Yet another preventive strategy is
to reduce exposure to DNA-damaging agents
such as ultraviolet radiation to the skin by wear-
ing protective clothing, applying sunscreens, and
reducing exposure to lower the risk of melanoma
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and other skin cancers in light-skinned people.
In other cancers, being vigilant for a premalig-
nant marker helps to protect against cancer, as
is the case for highly dysplastic oral leukoplakia
that can progress to oropharyngeal squamous
cell carcinoma. Other prevention approaches
exploit our knowledge of the risks related to
certain foods and environmental chemicals and
radionuclides. Some strategies draw on science
and pseudo-science, such as is the case for diet
and vitamin ingestion to fortify body defenses
with antioxidant chemicals and vitamins to pre-
vent DNA damage and possible cancer. This is
currently an imprecise and potentially risky ap-
proach, as shown for beta carotene ingestion,
which proved to heighten the risk of lung cancer
in smokers (Littman et al. 2004).

All these various strategies are based on an
understanding of the risk factors that lead to or
exacerbate specific cancers in humans. In fact,
without that knowledge, there can be no preven-
tion strategies. Such strategies do not exist for a
specific family of central nervous system (CNS)
malignancies, the gliomas, because the risk fac-
tors are currently incompletely understood. Gli-
omas are believed to derive from glial cells that
support neuronal function in the CNS, in par-
ticular the precursors of astrocytes, oligodendro-
cytes, and ependymal cells or their progenitors/
stem cells. Typically, these tumors are named on
the basis of their most common elements—as-
trocytoma, oligodendroglioma, ependymoma,
or a mixture of lineages, such as the oligoastro-
cytoma. They are graded in malignancy from
WHO 1 to WHO 4. I will discuss here the status
and the feasibility of prevention strategies for the
infiltrative WHO 2 to WHO 4 tumors.

Primary Prevention

To first determine whether a prevention strategy
can even be formulated for gliomas, I will first
discuss the etiology for gliomas. I will focus on
the known chromosomal, genetic, and protein
changes associated with the different histologic
varieties of glioma and the environmental fac-
tors, hereditary syndromes, and infectious/viral
agents that have been implicated in the develop-
ment of gliomas.

Victor A. Levin
Genetic and Molecular Factors

Much is known today about the chromosomal
deletions and gene mutations that occur in astro-
cytomas and oligodendrogliomas as they become
more malignant. These genetic and associated
protein changes are summarized in Table 1. To
date, chromosomal deletions (Chr 1p, 9p, 10p,
10q, 11p, 13q, 19q, 22q) and either cell surface
receptor amplification (EGFR, PDGFR) or re-
ceptor ligand overexpression (PDGFa, PDGFB,
IGFBP2) predominate, with regulators of cell cy-
cle and DNA damage repair/apoptosis (p53, Rb,
CDK4, MDM 2, CDKN2A, CDKN2B) a close
second. Critical to the prevention of these can-
cers is thus being able to prevent the accumula-
tion of chromosomal alterations. To date, this
has not been achievable in mammalian systems,
let alone in humans. It is possible, however, to
target receptors with antibodies and receptor ki-
nase domains with small molecules and thereby
thwart the malignant effect of these defective
molecules. These two approaches have led to
the introduction of many drugs into clinical use
and the approval of at least four new drugs for
the treatment of non-glioma cancers. Unfor-
tunately, targeting an amplified receptor with
small-molecule drugs can be problematic from
a conservation of mass perspective, since there
are now many more sites for the drug to bind to
and potentially too few drug molecules to suf-
ficiently block the amplified receptor and hence
have any marked effect on the malignant pheno-
type. Other approaches are being considered as
a means of circumventing this problem, one of
which are RNAI constructs that inhibit protein
production.

Environmental Factors

Epidemiology studies have provided clues to
environmental factors that can lead to the for-
mation of gliomas, but there remain few defini-
tive observations with respect to environmental
or occupational causes of glioma (El-Zein et al.
2002). Although brain tumors can be experi-
mentally induced in a high proportion of rodents
by exposure to chemicals such as nitrosoureas,
the association between chemical exposure and
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Table1 Chromosomal and protein changes observed in different grades of gliomas (Kleihues et al. 2002; Kleihues and

Ohgaki 2000; Louis and Cavenee 2001)
Histology Chromosomal
Astrocytoma (WHO 2) p53 Mutation (>65%)

Chr 17p loss (30%-44%)

Protein
PDGFa
PDGFaR overexpression (~60%)

Chr 22q loss Expression of invasion-associated
molecules
Anaplastic astrocytoma CDKN2A & CDKN2B deletion/ CDK4 amplification
(WHO 3) chr 9p loss
Rb mutation/Chr 13q loss (~25%)
Chr 19p loss (~50%)
Chr 11p loss
Glioblastoma (WHO 4) PTEN mutation (~30%) CDK4 amplification
Chr 10q loss EGFR amplification (~40%)
& overexpression (~60%)
Chr 10p loss MDM 2 amplification (<10%)
& overexpression (~50%)
Chr 22q loss IGFBP2 overexpressed
CDKN2A & CDKN2B deletion/ Nestin
chr 9p loss/ p16 deletion (30%-40%)
Rb mutation/Chr 13q loss PDGFaR amplification (<10%)
DCC loss of expression (~50%)
Oligodendroglioma Chr Ip loss (60%-70%)
Chr 19q loss (50%-80%)
Ependymoma Chr 22 loss (25%-50%)

brain tumors is limited to a few occupations and
scenarios. Attempts have been made to deter-
mine whether there is a higher-than-expected
incidence of brain tumors in people exposed to
pesticides, herbicides, and fertilizers (Musicco et
al. 1988; Preston-Martin 1996; Zahm and Devesa
1995), but the results are not uniformly convinc-
ing (Carreon et al. 2005; Lee et al. 2005; Loyant et
al. 2005; Musicco et al. 1982). There also has been
a variable reported association of petrochemical
exposure in the workplace or nearby residential
areas with a higher incidence of gliomas, but
this appears to be more the case for white collar
than blue collar workers (Austin and Schnatter
1983; Beall et al. 2001; Moss 1985; Neuberger et
al. 2003; Olin et al. 1987; Teta et al. 1991). Thus,
at this time, aside from a known association be-
tween vinyl chloride and gliomas, there are few

common chemical or environmental threads
among these observations (Moss 1985; Teta et al.
1991).

Environmental exposure to electromagnetic
fields has been widely discussed as a causative
factor in childhood cancers as well as in adult
gliomas. However, a relationship between elec-
tromagnetic field exposure and the occurrence
of glial tumors has been refuted (Floderus et al.
1993; Gurney et al. 1996; Kheifets et al. 1999;
Tynes and Haldorsen 1997), as has a relationship
between cellular telephone use and the develop-
ment of gliomas (Inskip et al. 2001).

Some unexplained observations are that glio-
mas are more common in right-handed males
and whites (Chen et al. 2001). In addition, they
may be more prevalent in higher socioeconomic
groups (Carozza et al. 2000; Grayson 1996) and
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less common in those with autoimmune diseases
or a prominent history of allergies (Schlehofer et
al. 1999). Thus, the sum of environmental evi-
dence is certainly not a great deal to build a pre-
vention strategy on.

Hereditary Syndromes

At this juncture, we know of a few heritable
causes of glioma and many genetic changes as-
sociated with malignant progression from grade
WHO 2 to WHO 4. The clearest risk factor is a
hereditary tumor syndrome. The most common
hereditary tumor syndrome associated with CNS
tumors are the neurofibromatoses. Neurofibro-
matosis type 1 (NF1) is an autosomal domi-
nant disorder affecting 1 in 3,000 individuals
that causes intracranial and extracranial benign
Schwann cell tumors. Optic gliomas and other
astrocytomas also occur at a significantly higher
frequency in patients with NF1. Certainly, if NF1
could be eliminated or better treated at an early
stage in these people, we might be able to reduce
the number of gliomas that form or even prevent
any gliomas from forming.

In some families with Li-Fraumeni syndrome,
there is a gene mutation in p53 on chromosome
17p, and in glioma patients, there is a higher fre-
quency of germline p53 mutations, especially in
those with multifocal glioma, glioma and another
primary malignancy, and a family history of can-
cer (Kyritsis et al. 1994, 1995, 1996). Abrogating
P53 mutations would also be expected to reduce
some lower- and mid-grade gliomas.

Infectious/Viral Associations

While viruses have been directly implicated in
the development of gliomas in rats, dogs, and
monkeys, the number and breadth of studies
conducted to understand their role in the devel-
opment of gliomas in humans are quite limited,
probably because of the difficulties in designing
meaningful studies for this group. This is be-
cause, in all cases, direct CNS injection of the
virus is required. In rats, the avian sarcoma virus
produces glial tumors; in dogs, the Rous sarcoma
virus leads to gliosarcomas; and in owl monkeys,
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a human polyoma virus (JC virus) produces glial
neoplasms. Although a direct association be-
tween virus exposure and CNS tumors has not
been established in humans, there are some hints
from family studies and school and community
clusters that this may be an important factor
(Wrensch et al. 1997). However, it is extremely
difficult to pinpoint mutations caused by a virus
to validate this hypothesis.

Efforts to implicate the contamination of polio
vaccine with simian virus 40 (SV40) as a putative
cause for at least a subset of gliomas in adults or
children failed to produce data in support of this
(Engels et al. 2002; Rollison et al. 2005). In add-
ition, since the JC virus has been found to exist
in cancer-free subjects, its connection to tumori-
genesis does not appear strong. It has, however,
been cited as an etiologic agent in a case of pleo-
morphic xanthoastrocytoma (Martin et al. 1985)
and in oligodendrogliomas (Rencic et al. 1996),
but the association has not been confirmed.

Sometimes it is what we do not find that pro-
vides some unexpected insight. Such was the case
for Wrensch et al. (1997), who found that adults
in the San Francisco Bay area with gliomas were
significantly less likely to have had either chicken-
pox or shingles than controls and less likely than
controls to have antibody to varicella zoster virus,
the agent causing chickenpox and shingles.

Regardless, from a clinical perspective, many
of the family and geographic groupings of glioma
patients implicate a viral etiology. Similarly, there
are also hints of a viral influence in gliomatosis
cerebri, an uncommon pattern of glioma growth
characterized by widely dispersed glioma growth
infiltrating multiple cerebral lobes and extend-
ing into gray matter. Unfortunately, studies into
a viral cause of gliomas to date have not pointed
the way to a logical prevention strategy based on
infectious/viral agents.

Chemoprevention

Certainly if medical/pharmaceutical scientists
find a method to prevent DNA damage and loss
of chromosome and chromatin, then we all could
expect to live longer without cancer. Short of
that, we need therapeutic strategies to decrease
the rate of transformation of WHO 2 tumors to
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more malignant phenotypes. This might be as
easy as chronic dosing with a drug such as alpha-
difluoromethylornithine (DFMO) (Levin et al.
1992) or a combination of new signal transduc-
tion inhibitors.

In scientific and lay publications, there are
and likely will continue to be proposals to mod-
ify our nutrition to include a greater number of
substances to counter mutation, chromosomal
changes, and exposure to carcinogens, out of the
belief that this will reduce the types of chromo-
somal changes and gene mutations that we asso-
ciate with cancers and, by extension, the malig-
nant progression of gliomas. Unfortunately, there
is no clear path to follow at this time that would
justify a prevention trial and so we will leave this
area for the time and focus on other potential op-
portunities in screening strategies.

Screening

If prevention is defined as preventing death at the
expected time from a given disease, then the early
diagnosis and treatment of gliomas would benefit
from screening efforts. This is certainly the case
with breast cancer and mammographic screen-
ing. While there is no straightforward strategy
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for preventing gliomas, one could argue that, re-
gardless of etiology, if low-grade gliomas (WHO
2) could be diagnosed at an early stage and effec-
tively treated, then possibly the number of WHO
3 and WHO 4 gliomas that form and the time
to formation could be positively affected. Even if
mid-grade gliomas (WHO 3) could be diagnosed
earlier, this might reduce mortality in patients
with this family of tumors. This mammography
corollary is possible today because of the wide-
spread availability of magnetic resonance imag-
ing (MRI) in much of the world.

However, let us first consider the pros and
cons of prevention screening for gliomas using
MRI. Let us assume that the non-contrast FLAIR
(fluid-attenuated inversion recovery) MRI suf-
ficed to screen for non-contrast-enhanced WHO
2 tumors as well as contrast-enhancing WHO
3 and 4 tumors. To estimate the potential cost
and benefit that might accrue to such a screen-
ing program for gliomas, we need to make some
assumptions about the disease process and the
potential gains yielded by early diagnosis. Table 2
summarizes some of these variables and the ap-
proximate numerical values for the United States
based on recent tumor registry information
(Anonymous 2005; Davis and Preston-Martin
1999; Levin et al. 2000, 2001, 2003; Ohgaki and

Table 2 Factors important to the consideration of MRI screening for the prevention of gliomas (Anonymous 2005;
Davis and Preston-Martin 1999; Levin et al. 2000, 2001, 2003; Ohgaki and Kleihues 2005)

Value Total cases in U.S. Percent
for 1 year population

WHO 2 mean age at presentation 34
WHO 3 mean age at presentation 40-42
WHO 4 mean age at presentation 51-53
Incidence (/100,000), WHO 3, 4 at 40 years 2.49 6,723 0.15%
Incidence (/100,000), WHO 3, 4 at 50 years 5.62 15,174 0.48%
Incidence WHO 2 at 40 years® 1.26 3,402 0.08%
Incidence WHO 2 at 50 years® 1.19 3,213 0.10%
Population at 40 years 4,378,800.00 1.62%
Population at 50 years 3,145,200.00 1.16%
Cost of axial FLAIR MRI $250
U.S. population 270,000,000

*May be an overestimate
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Kleihues 2005). From a treatment perspective,
the complete surgical removal of a glioma is
the most efficacious approach and the one most
likely to lead to long-term survival for patients
with WHO 2 tumors (Bauman et al. 1999; Fisher
et al. 2001; Keles et al. 2001; Sakata et al. 2001;
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Schiffer et al. 1997; Shaw et al. 1993; Winger et al.
1989). However, this group may constitute only
approximately 13% of patients (see Table 3). This
raises the question of whether an early diagnosis
in the remaining patients could lead to a greater
certainty of cure compared with those diagnosed

Table 3 Basis for values for “total” or gross total resection (GTR) by histology

Histology GTR 95% 5-year Reference
resection  survival

Low-grade 16.9% 88% Nomura 2003

Low-grade 20% 75% Nomura 2003

Astrocytoma/oligodendroglioma 12%-13% 85%-89%  Nomura 2003

Low-grade 8%-10% Estimate of MDACC neurosurgery
colleagues

LG Modeling value = 13%

Anaplastic astrocytoma 24%-28% Levin et al. 2003

Anaplastic astrocytoma 7.1% 46% Nomura 2003

Anaplastic oligodendroglioma 12.4% 100% Nomura 2003

Anaplastic oligodendroglioma 24% 61% Nomura 2003

AA/AO/AOA 3%-5% Estimate of MDACC neurosurgery
colleagues

AG Modeling value = 6%

Glioblastoma 7.4% 18% Nomura and Japan 2003

Glioblastoma 35%-38% Levin et al. 2000

Glioblastoma 22% 11% Nomura 2003

Glioblastoma 19% Simpson et al. 1993

GBM 5%-10% Estimate of MDACC neurosurgery
colleagues

GBM Modeling value = 11%

Table 4 Estimated cases of de novo WHO 3 and WHO 4 tumors compared to those resulting from transformation from

a lower grade

Age WHO 2 Transformed WHO 3*  de novo Transformed WHO 4 de novo
WHO 3 WHO 4°

40 3,402 1,701 538 1,345 3,139

50 32113 1,607 3,446 3,036 7,085

This table was computed from values in Table 2, such that at age 40 years there will be ~3,402 WHO 2 tumors and
~6,723 WHO 3-4 tumors. Further, it is assumed that the ratio of WHO 3:WHO 4 tumors = 1:2 and that 70% of WHO

4 tumors will be de novo

*This was computed based on a 50% transformation rate from WHO 2 to higher-grade tumors (Muller et al. 1977a, b)

bThis was taken as 70% (Kleihues and Ohgaki 1999)
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when they become symptomatic and/or more
malignant. This question, of course, cannot be
answered since we do not know how many or
how long WHO 2 tumors go undiagnosed dur-
ing a normal lifetime, if indeed any do. In add-
ition, even for patients with WHO 2 tumors, age
at diagnosis and the dose and benefit of radiation
therapy and/or chemotherapy are somewhat dis-
puted today (Fisher et al. 2001; Levin 1996; Levin
et al. 2001; Prados et al. 1997; Shaw et al. 2002).
Another issue is that while glioma progression
from WHO 2 to WHO 3 and, ultimately, to WHO
4 is well appreciated, it is also clear that WHO 4
tumors can occur de novo in about 70% of cases
(Kleihues and Ohgaki 1999). WHO 3 tumors
can also occur de novo, though the percentage
of cases is less well known. In Table 4, I used an
estimate of 50% for de novo cases at ages 40 and
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50 years (Muller et al. 1977a, b). Figure 1 shows
a flow schema of this thinking and Fig. 2 depicts
the expected cases in each category. The reality is
that the majority of WHO 2 gliomas could trans-
form to a more malignant phenotype (X=WHO 3)
during the patient's lifetime, which indicates the
potential value of screening with MRL

Table 5 is a summary of the hypothetical sub-
sets and costs for only the subset of patients who
undergo true gross total resection (GTR). Clearly,
it would be a costly undertaking to screen all
40-year-old patients in the United States to find
the approximately 1,000 patients with WHO 2
to WHO 4 gliomas that theoretically would be
helped by GTR. The cost for a one-time screen at
age 40 would be in excess of $1 billion and pro-
duce a cost for quality-adjusted year of life gained
of approximately $79,000-$118,000, depending

Astrocytoma and
oligodendroglioma (WHO 2)

50%

Yes

Anaplastic astrocytoma, oligodendroglioma and
oligoastrocytoma (WHO 3) 1

500/0

<30%

Yes

Glioblastoma (WHO 4)

0,
-

Fig.1 Flow chart of tumor histology and malignant transformation (grade)
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Fig.2 Projected distribution and number of different grades of glioma in the U.S. based on Table 4

Table 5 Calculation of the cost/quality year gained for patients benefiting from MRI screening at ages 40 and 50 years
by virtue of being a candidate for a true total resection of tumor

WHO 2 13% 442 30 0.9
WHO 3 6% 133 10 0.8
WHO 4 11% 493 2 0.8
Subtotal 1069

% Age group 0.024%

Cost for $1,094,700,000

testing

age group once
Cost/quality $79,354

year gained

on expectations for the number of quality years
gained. Recall also that this is only for a one-time
screen at age 40. How often should people over
40 years of age be screened? If we were to screen
anew group of 40-year-olds each year for 5 years
and re-screen the original 40-year-old group on
the 5th year, the total cost in the United States
would exceed $6.5 billion dollars.

Another question to consider regarding
screening is whether there would be additional
benefits to some patients who are diagnosed ear-
lier and, therefore, might have a longer and less
symptomatic life as a result. To place a numerical
value on this, however, is next to impossible at
this time.

11,941 418 20 09 7518
1,065 303 5 0.8 1,213
789 1,113 1 0.8 891
13,795 1,834 9,622

0.058%

$786,300,000

$81,721

For a cost comparison, colorectal cancer
screening costs between $10,000 and $40,000
for each quality-adjusted year of life gained and
cervical cancer screening with Pap smears costs
around $15,000 and higher per quality-adjusted
year of life (Saha et al. 2001). Thus, while MRI
screening for asymptomatic glioma patients does
not appear to be a reasonable cost-effective un-
dertaking at this time, especially given the pallia-
tive nature of most treatments today, this would
certainly change if a greater number of WHO
2 tumors could be treated for cure and patients
with WHO 3 tumors could expect a median 15-
year progression-free survival.
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Abstract

Angiogenesis is necessary for solid tumor growth
and dissemination. In addition to angiogenesis, it
has become increasingly clear that inflammation
is a key component in cancer insurgence that can
promote tumor angiogenesis. We noted that an-
giogenesis is a common and key target of most
chemopreventive molecules, where they most
likely suppress the angiogenic switch in prema-
lignant tumors, a concept we termed angiopre-
vention. We have shown that various molecules,
such as flavonoids, antioxidants, and retinoids,
act in the tumor microenvironment, inhibiting
the recruitment and/or activation of endothe-
lial cells and phagocytes of the innate immunity.
N-acetyl-cysteine, and the green tea flavonoid
epigallocatechin-3-gallate (EGCG) and the beer/
hops-derived chalcone Xanthohumol all pre-
vent angiogenesis in the Matrigel sponge angio-
genic assay in vivo and inhibit the growth of the
highly angiogenic Kaposi’s sarcoma tumor cells
(KS-Imm) in nude mice. The synthetic retinoid
4-hydroxyfenretinide (4HPR) also shows anti-
angiogenic effects. We analyzed the regulation
of gene expression they exert in primary human
umbilical endothelial cells (HUVEC) in culture
with functional genomics. Expression profiles
obtained through Affymetrix GeneChip arrays
identified overlapping sets of genes regulated
by anti-oxidants. In contrast, the ROS-produc-
ing 4HPR induced members of the TGF-ligand
superfamily, which, at least in part, explains its
anti-angiogenic activity. NAC and the flavonoids
all suppressed the IkB/NF-kB signaling path-
way even in the presence of NF-kB stimulation
by TNFa, and showed reduced expression of

many NF-kB target genes. A selective apoptotic
effect on transformed cells, but not on endothe-
lial cells, of the anti-oxidants may be related to
the reduced expression of the NF-kB-dependent
survival factors Bcl2 and Birc5/surviving, which
are selectively overexpressed in transformed
cells by these factors. The repression of the NF-
kB pathway suggests anti-inflammatory effects
for the antioxidant compounds that may also
represent an indirect role in angiogenesis inhi-
bition. The green tea flavonoid EGCG does tar-
get inflammatory cells, mostly neutrophils, and
inhibits inflammation-associated angiogenesis.
The other angiopreventive molecules are turning
out to be effective modulators of phagocyte re-
cruitment and activation, further linking inflam-
mation and vascularization to tumor onset and
progression and providing a key target for cancer
prevention.

Introduction

It is now well established that growth of a tumor
to clinically relevant dimensions requires the
ability to induce the formation of new blood ves-
sels (Kerbel and Folkman 2002). Angiogenesis
is a rate-limiting step in progression to tumor
malignancy (Hanahan and Weinberg 2000), and
not only do proliferating cells in nonangiogenic
lesions have limited access to the blood and lym-
phatic systems, but the counterbalancing cell
death that ensues because of insufficient oxygen
and nutrients reduces the accumulation of cells
that may have acquired additional genetic altera-
tions favoring malignancy. Folkman introduced
the concept that inhibition of angiogenesis could
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be a strategy in cancer therapy in 1971 (Folkman
1971). Angiogenesis inhibition is now a clinical
reality, the commercially available anti-VEGF
antibody Avastin, or bevacizumab, significantly
improves survival when combined with standard
chemotherapy approaches (Ferrara and Kerbel
2005). Clearly this approach perturbs the VEGF-
based tumor-endothelium loops that feed cancer
angiogenesis. However, how this contributes to
clinical benefit is currently under scrutiny. In add-
ition to the original idea of suffocating tumors by
cutting off the lifelines by eliminating new ves-
sel formation, the concept that this therapeutic
approach results in vascular normalization (Jain
2005) has been put forth by R. Jain. The vascular
normalization hypothesis suggests that blocking
the VEGF signal pathway results in less perme-
able, stabile vessels that paradoxically deliver the
associated chemotherapeutics better. Perhaps
both may be operational in the clinical setting.
While the general goal in development of these
drugs was to interrupt the tumor-endothelium
crosstalk between tumor-derived VEGF and
endothelial VEGF receptors, we may be doing
much more than that. In addition to endothe-
lial cells, we are starting to appreciate that other
cells also express receptors for, and respond to,
VEGE These include the tumor cells themselves,
which in some cases may rely on autocrine loops
of VEGF (Carmeliet 2005), hematopoietic cells
and leukocytes, and bone marrow-derived pro-
genitors that appear to contribute to the endo-
thelium, although the extent to which they do so
is controversial, in newly forming vessels (Rafii
et al. 2002).

In spite of the excitement surrounding the
clinical success of these agents, the extent of im-
provement in survival with anti-angiogenics is as
yet still only a few months rather than the long-
term tumor suppression originally postulated.
Furthermore, we must ask why, since we are tar-
geting a normal cell, do tumors soon progress
in a therapy-resistant manner? One possibility,
among several (Carmeliet 2005), is the numerous
roads that may be taken to induce vessel forma-
tion: targeting one molecular pathway, or even
a few, may not be enough to combat the pheno-
typic plasticity of an established tumor.
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Chemoprevention and Angiogenesis

The acquisition of the capacity to induce angio-
genesis, the process necessary for tumor progres-
sion, is often a discreet step referred to as the an-
giogenic switch (Hanahan and Weinberg 2000).
Intuitively, it is clear that if we can prevent the
angiogenic switch, we should be able to prevent
progression of hyperplastic foci, blocking these
into a small, benign and clinically indolent state,
effectively preventing cancer insurgence (Albini
et al. 2005). Furthermore, if we assume that tu-
mor progression depends on the increase in risk
for malignant conversion as a function of tumor
cell accumulation as suggested above, we could
significantly reduce the risk for progression and
malignancy.

Given that the principle of cancer chemopre-
vention is based on the use of agents that inter-
fere with processes associated with malignant
progression have limited collateral effects, anti-
angiogenesis may be an effective strategy. In fact,
while working with diverse chemoprevention
agents, we observed that angiogenesis was both a
common and key target of most chemopreventive
molecules. We termed the concept that effective
chemoprevention targets angiogenesis as “angio-
prevention” (Tosetti et al. 2002). As a corollary to
this hypothesis, we would also suggest that many
of the antiangiogenesis compounds developed
for tumor therapy may be effective as cancer che-
moprevention agents. The identification of more
effective cancer prevention compounds will be
enhanced by inclusion of antiangiogenesis as an
endpoint for evaluation. Furthermore, we have
begun searching for common pathways targeted
by these molecules to identify the key molecular
mechanisms and thus highly specific targets.

Molecular Mechanisms in Angioprevention

Our approach to analysis of the effects of an-
gioprevention compounds on endothelial cells
has been through employment of microarray
analyses (Pfeffer et al. 2005). These studies have
demonstrated that the flavonoids and antioxi-
dant compounds all specifically target the NF-xB
pathway in endothelial cells (Pfeffer et al. 2005).
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This can be expanded to include the vast major-
ity of the numerous potential cancer chemopre-
vention agents that have been studied by differ-
ent laboratories; these have been shown interfere
with pathways leading to NF-kB activation, and
to repress AKT activation (Aggarwal and Shisho-
dia 2004; Dorai and Aggarwal 2004; Pfeffer et al.
2005; Tosetti et al. 2002). The exceptions to this
are the compounds devoid of antioxidant activ-
ity, such as the retinoid 4HPR (Ferrari et al. 2005)
and possibly the steroid analogs. We have shown
that repression of the NF-kB and Akt pathways
produces downregulation of downstream ele-
ments such as p21, p53, and survivin (Dell’Eva et
al., unpublished data), that in turn correlate with
reduced endothelial cell activation, proliferation,
migration, and even survival. Taken together,
these data show that the AKT-NF-kB pathway
lies at the core of angiogenesis as a common tar-
get for the angioprevention molecules. Given the
central role of NF-kB in regulating inflammation
(Karin 2005; Karin and Greten 2005), these data
may also reflect an anti-inflammatory activity of
these compounds. This appears to be the case.

Angiogenesis, Inflammation,
and Angioprevention

Apart from the traditional and extensively stud-
ied tumor-endothelium axis in angiogenesis
research, recent data indicate that a tumor-in-
flammation-endothelium exchange is of critical
importance in cancer insurgence and progres-
sion (Balkwill and Mantovani 2001; Balkwill et
al. 2005; Coussens and Werb 2002; Pollard 2004)
and that it represents a potential therapeutic tar-
get (Albini et al. 2005; Benelli et al. 2006b; Brigati
et al. 2002; Coussens and Werb 2001, 2002). As
often observed in the molecular mechanisms
mediating tumor cell invasion and metastatic
dissemination, the tumor may ask host cells to
orchestrate the angiogenic process as well. Re-
cent data suggest that chronic inflammation is a
driving force in angiogenesis associated with nu-
merous pathologies, including tumor angiogen-
esis (Balkwill and Mantovani 2001). Currently,
approximately 15% of the world’s tumor burden
can be ascribed to infectious agents (Coussens
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and Werb 2002). If we add clinically recognized
chronic inflammation and subclinical chronic
inflammation (Balkwill et al. 2005), the percent-
age of tumors associated with chronic inflamma-
tion rises further. These inflammatory compo-
nents often appear to drive tumor angiogenesis.
Inflammatory angiogenesis may be considered
part of a normal homeostatic process occurring
in conditions of tissue remodeling subsequent to
injury. However, since the transformed tumor
cells do not cease to proliferate, the injury cannot
resolve; this is basically the Dvorak concept of tu-
mors as wounds that never heal (Dvorak 2005).
Innate inflammatory cells appear to often play a
key role in assisting tumor growth, angiogenesis,
and expansion as part of the tissue remodeling
process (Benelli et al. 2003, 2006a, b).

The potential growth-promoting role of tu-
mor-infiltrating macrophages has been well
established (Pollard 2004), and it is suggested
that these assume different phenotypes based
on environmental stimuli (Balkwill et al. 2005),
one M1 phenotype associated with tissue dam-
age and tumor killing, another M2 phenotype
associated with tissue salvage, remodeling and
angiogenesis. Substantial data indicate that the
M2 phenotype dominates in cancers (Balkwill et
al. 2005). Mast cells and neutrophils also provide
angiogenic stimuli necessary for tumor progres-
sion (Coussens and Werb 2001, 2002). Neutro-
phils mediate the vessel formation induced by the
angiogenic CXC chemokines (Benelli et al. 2002;
Scapini et al. 2004) and play a key role in tumor
progression related to ras oncogene modulation
of angiogenic CXC chemokine expression (Karin
2005; Sparmann and Bar-Sagi 2004).

Interestingly, neutrophils have been found to
be a target for the angiogenesis inhibitor angio-
statin (Benelli et al. 2002). We would extend this
to suggest that inhibitors of angiogenesis will in-
hibit inflammation, and that anti-inflammatory
agents will also repress angiogenesis. This has in
part been suggested for classic COX inhibitors
such as aspirin of specific COX2 inhibitors (Al-
bini and Noonan 2005; Brown and DuBois 2005).
These inflammation inhibitors have been shown
to be effective in prevention of colon cancer
(Brown and DuBois 2005), where the antiangio-
genic activity has been postulated to play a role.
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Toward Clinical Angioprevention

Development of successful angiogenesis-targeted
therapies requires that we know the mechanisms
of how tumor cells can induce the formation of
new vessels. Knowledge of the diversity of the
events occurring and examination of the mech-
anisms of molecules that interfere with these pro-
cesses are providing critical insight into future

Chemotherapy
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directions for therapy. From the observations
discussed here, it becomes clear that compounds
that can repress tumor-endothelial cell and in-
flammation-induced angiogenesis will show
promise in chemoprevention settings and per-
haps in therapy (Fig. 1). We now need to focus
on clinical evaluation of these concepts, poten-
tially initially targeting high-risk groups.

ANGIOPREVENTION

Quiescent Lesion
(proliferation=death)

SISBISEIOIN

@ normal cell €@ tumor cell @ apoptotic cell

@ neutrophil

@ macrophage

Fig.1 Points in the carcinogenesis pathway where angioprevention may significantly delay cancer. (1) Chronic inflam-
mation clearly predisposes to tumor development; the tight relationship between anti-inflammation and antiangiogen-
esis suggests that this may a common pathway, potentially reducing step (2) transformation. (3) Transformed foci of
cells devoid of capacity to induce angiogenesis either directly or via inflammation are limited to small hyperplastic
foci that are not clinically significant. Acquisition of angiogenic potential and/or inflammation, the angiogenic switch,
results in tumor expansion and eventually clinical cancer. Angioprevention represses the angiogenic switch and favors
quiescence, thus indirectly limits step (4) progression toward malignancy. Antiangiogenic VEGF blockade together with
chemotherapy (5) reduce tumor burden, further antiangiogenic measures (6, metronomic therapy; angioprevention)

may further favor maintenance of quiescence
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Abstract

Solar ultraviolet B (UVB) irradiance and/or vita-
min D have been found inversely correlated with
incidence, mortality, and/or survival rates for
breast, colorectal, ovarian, and prostate cancer
and Hodgkin's and non-Hodgkin’s lymphoma.
Evidence is emerging that more than 17 differ-
ent types of cancer are likely to be vitamin D-
sensitive. A recent meta-analysis concluded that
1,000 IU of oral vitamin D per day is associated
with a 50% reduction in colorectal cancer inci-
dence. Using this value, as well as the findings in a
multifactorial ecologic study of cancer mortality
rates in the US, estimates for reductions in risk of
vitamin D-sensitive cancer mortality rates were
made for 1,000 IU/day. These estimates, along
with annual average serum 25-hydroxyvitamin
D levels, were used to estimate the reduction in
cancer mortality rates in several Western Euro-
pean and North American countries that would
result from intake of 1,000 IU/day of vitamin D.
It was estimated that reductions could be 7% for
males and 9% for females in the US and 14% for
males and 20% for females in Western European
countries below 59°. It is proposed that increased
fortification of food and increased availability
of supplements could help increase vitamin D
intake and could augment small increases in
production of vitamin D from solar UVB irra-
diance. Providing 1,000 IU of vitamin D per day
for all adult Americans would cost about $1 bil-
lion; the expected benefits for cancer would be in
the range of $16-25 billion in addition to other
health benefits of vitamin D.

Introduction

Numerous epidemiologic studies have found that
higher levels of vitamin D are associated with re-
duced risk of many types of cancer (Grant and
Garland, in press; Grant 2006; Holick 2006). The
first such study, an ecologic study, suggested that
solar ultraviolet-B (UVB) irradiance, through
the production of vitamin D, largely explained
the factor of nearly two variation in colon cancer
mortality rates in the US between the Northeast
(high) and the Southwest (low) (Garland and Gar-
land 1980). Later, dietary vitamin D was found
inversely associated with colorectal cancer risk
(Garland et al. 1985), as was prediagnostic serum
25-hydroxyvitamin D (25(OH)D) (Garland et al.
1989). About that time, risk of breast and ovarian
cancer was also linked to lower solar UVB and vi-
tamin D (Gorham et al. 1989, 1990; Garland et al.
1990; Lefkowitz and Garland 1994), and prostate
cancer (Hanchette and Schwartz 1992). A more
comprehensive ecologic study raised the number
of UVB- or vitamin D-sensitive cancers to a total
of 14 (Grant 2002). The 14 associations persisted
after multivariate analyses that controlled for
smoking (based on lung cancer mortality rates),
alcohol consumption, urban compared to rural
residence, Hispanic heritage, and fraction of the
population living below the poverty level. Further
analyses revealed that there are 17 different vita-
min D-sensitive cancers (Grant and Garland, in
press). While diet also plays a very important role
in cancer risk (Doll and Peto 1981; Donaldson
2004), there are no data on dietary variations by
state (Nutrition Monitoring Division 1978).
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There are many mechanisms whereby vitamin
D and its metabolites reduce the risk of cancer.
These have been extensively investigated and in-
clude increasing cell differentiation, suppression
of growth stimulatory signals, amplification of
growth inhibitory signals, induction of apopto-
sis, suppression of cellular proliferation, suppres-
sion of angiogenesis around tumors, increased
intercellular adherence, and reduced tumor me-
tastasis (Palmer et al. 2001; van den Bemd and
Chang 2002; Krishnan et al. 2003; Lamprecht
and Lipkin 2003).

It is also known that many tissues can con-
vert circulating 25(OH)D to 1,25-dihydroxyvi-
tamin D (1,25(OH),D), potentially suppressing
carcinogenesis (Cross et al. 1997; Zehnder et al.
2001). The action of 1,25(OH),D is mediated by
vitamin D receptors (VDR) and different allelic
forms of polymorphims of the VDRare associ-
ated with substantially different risks of cancer
(John et al. 2005; Slattery et al. 2006).

More recently, there have been several papers
reporting that cancer survival is dependent on
solar UVB irradiance and vitamin D. A series
of studies in Norway found that 18-month sur-
vival with breast, colon, and prostate cancer and
Hodgkin’s lymphoma was 30% higher for cases
discovered in the fall compared to those discov-
ered in winter or spring, and that factors other
than solar UVB and vitamin D were unlikely to
explain the findings (Robsahm et al. 2004; Moan
et al. 2005; Porojnicu et al. 2005). In addition, a
study in Boston found that patients with non-
small-cell lung cancer who were operated on in
summer and had a high vitamin D index consid-
ering all sources, had a 72% 5-year survival rate,
while those who were operated on in winter and
had alow vitamin D index had only a 29% 5-year
survival rate (Zhou et al. 2005). These findings
indicate that vitamin D plays an important role
in inhibiting growth and metastasis of cancer
after it has reached the stage where it can be de-
tected.

There is rapidly mounting evidence that vita-
min D reduces the risk of both cancer incidence
and mortality for a large variety of cancers. The
goal of this paper is to provide the framework
for estimating the reduction in cancer mortal-
ity rates if the vitamin D levels are raised at the
population level for adults, especially the elderly,
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by adding 1,000 IU per day to present oral intake
and that produced through casual solar UVB ir-
radiance in North America and several Western
European countries.

Data and Methods

Determination of Cancer Risk Reduction
from Vitamin D

The dose-response relationship between vita-
min D and cancer has been determined through
nested case—control studiesinlarge cohorts. There
have been a sufficient number of such studies of
oral vitamin D intake and serum 25(OH)D with
respect to colorectal cancer incidence that the
relationship between vitamin D and risk reduc-
tion can be determined. A recent meta-analysis
found that 1,000 IU (25 pg) per day may reduce
the incidence of colorectal cancer by 50%, based
on logarithmic extrapolation of measurements
to 500 IU per day (Gorham et al. 2005). The p
value for the trend was <0.0001. The determina-
tion was made based on 8,816 cases and 342,211
controls in 14 studies. The same study also found
that a serum 25(OH)D level of 38 ng/ml was as-
sociated with a 50% reduction in colorectal can-
cer risk. The p value for trend was 0.01. There
were 387 cases and 768 controls. This finding did
not require extrapolation.

It was estimated that similar vitamin D intake
and serum 25(OH)D levels would reduce breast
and ovarian cancer by 33% (Garland et al. 2006).
There is also evidence that intake of 1,000 IU/day
would reduce incidence non-Hodgkins lym-
phoma (NHL) (Hughes et al. 2004; Smedby et al.
2005). There were fewer studies of the association
of these cancers with UVB or vitamin D, so there
is greater uncertainty in the determinations.

These findings can be extended to other can-
cers using multifactorial ecological studies of
cancer mortality rates for US whites for the pe-
riods 1950-1969 and 1970-1994 (Grant and
Garland, in press). The cancer mortality maps in
Devesa et al. (1999) indicate that many cancers
had geographic variations that were similar to
breast, colon, and ovarian cancers, i.e., high in
the Northeast, low in the Southwest There is sub-
stantially lower UVB irradiance in the Northeast
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Table 1 Estimates of cancer mortality rate reductions for oral intake of 1,000 IU of vitamin D per day based on beta (f3)

times the adjusted R? in Grant and Garland (2006)

Cancer B*Adjusted B*Adjusted B*Adjusted p*Adjusted Reductions  Uncertainty

R? R? R? R? estimated

Males, Females, Males, Females, g: 1,000 IU/

1970-1994 1970-1994 1950-1969 1950-1969 t
Bladder 0.22 0.29 0.27 0.20 0.20 0.05
Breast 0.60 0.53 0.35 0.07
Cervical 0.20 0 0.10 0.05
Colon 0.53 0.44 0.54 0.55 0.50 0.05
Esophageal 0.42 0.26 0.50 0.14 0.20 0.07
Gastric 0.18 0.14 0.42 0.40 0.20 0.07
Hodgkin's 0.47 0.45 0.11 0.32 0.25 0.10
Laryngeal 0.64 0.23 0.29 0.18 0.20 0.07
Lung 0.10 0.07
Melanoma 0.20 0.07
NHL 0.29 0.22 0.33 0.28 0.20 0.07
Ovarian 0.50 0.56 0.30 0.07
Pancreatic 0.18 0.09 0.15 0.37 0.10 0.05
Prostate 0.10 0.07
Rectal 0.59 0.48 0.53 0.50 0.50 0.05
Renal 0.26 0.25 0.43 0.43 0.25 0.05
Uterine, corpus 0.53 0.31 0.20 0.07

than the Southwest based on known patterns of
solar UVB irradiance (Leffell and Brash 1996;
Grant 2002).

There are two tables of normalized coefh-
cients (beta) for all of the factors, as well as the
adjusted coeflicient of determination (R?) of the
regression model in Grant and Garland (2006).
Beta gives the relative contribution of a partic-
ular factor to the regression model and the ad-
justed R? gives the fraction of the data explained
by the model (Riffenburgh 1999). The product of
the beta for solar UVB times the adjusted R* was
determined for each cancer, sex, and time period
(Table 1). For colon cancer, the product varied
from 0.44 to 0.55, while for rectal cancer, the
range was 0.48-0.53. These values are very simi-
lar to the value of 0.5 for the reduction factor for
1,000 IU of vitamin D per day in Gorham et al.
(2005). The values for breast and ovarian cancer
were in the range of 0.50-0.63, which are higher

than the 33% reduction estimated by Garland et
al. (2006). While the results from the calculation
may be correct, the more conservative estimate
of Garland et al. (2006) will be used in this study.
In general, the estimate for cancer risk reduction
due to vitamin D is taken for the low range of the
2 or 4 determinations of the product.

No product estimate is given for melanoma
or lung and prostate cancer. However, there is
evidence that higher vitamin D status is associ-
ated with lower risk of melanoma (Millen et al.
2004) and that solar UVA (315-400 nm) is the
important risk factor for melanoma, rather than
solar UVB (Moan et al. 1999). There is also evi-
dence that vitamin D reduces the risk of lung
cancer (Nakagawa et al. 2005; Zhou et al. 2005).
For prostate cancer, there is evidence that higher
vitamin D status is associated with lower inci-
dence and mortality rates (Krishnan et al. 2003;
Schwartz 2005).
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Table 2 Values of annual average serum 25(OH)D levels consulted for this study

Country Latitude (degrees)  Sex, mean age Serum 25(OH)D, Reference

or range (years) standard deviation

(ng/ml)

Belgium 51 M, 72 19,7 Boonen et al. 1997
Canada 51 M, E, 27-89 26,9 Rucker et al. 2002
Italy 42 E 59 18,8 Bettica et al. 1999
Netherlands 52.5 M, E 74 13,6 Lips et al. 1987
UK 52 M, E >65 22,11 Bates et al. 1999
us 26-46 White M, E >18 38.5, 10 Grant and Holick 2005

In addition, data from the Surveillance, Epi-
demiology and End Results (SEER) Program
indicate that 5-year survival rates for mela-
noma, lung and prostate cancers were slightly
higher in the states with higher UVB levels in the
1970s, diminishing somewhat in later decades
as screening and treatment programs increased
survival rates for most people. In the 1970s, 5-
year survival rates in Hawaii for males were 10%,
100%, and 15%-30% higher than in Connecticut
and Towa for melanoma, lung and prostate can-
cer, respectively (Grant and Garland 2006).

The estimates in Table 1 are considered to
have from 10%-70% uncertainty as indicated for
each cancer.

Vitamin D Levels by Country

Oral vitamin D intake is generally much lower in
most European countries than in North America
and Nordic countries (Punnonen et al. 1988;
McKenna 1992). Serum 25(OH)D data were
obtained from several papers. The review by
Ovensen et al. (2003) provided serum 25(OH)D
levels for European countries. Annual average
values for several countries primarily from the
papers reviewed in Ovensen et al. (2003) are
given in Table 2.

From published values for serum 25(OH)D, it
was determined that Southern European coun-
tries would benefit from 1,000 IU/day by a 50%
reduction in colorectal cancer mortality rates,
while the US would benefit by about a 35% re-
duction, due to higher baseline serum 25(OH)D
levels in the US population.

Cancer Mortality Rate Data

Recent cancer mortality rate data were obtained
from GLOBOCAN 2002 (Ferlay et al. 2004).

Results

Estimates of cancer risk reductions for 1,000 IU
of vitamin D per day are shown in detail for Bel-
gium, as an example of a European country, and
the US (Table 3). The largest savings in lives from
additional vitamin D are estimated to result from
reductions in incidence of from breast, colorectal,
and lung cancer, with substantial reductions also
predicted for esophageal, gastric, ovarian, and
renal cancer and non-Hodgkin’s lymphoma. The
estimates of total premature deaths prevented in
all countries studied are presented in Table 4. For
Europe, the mean cancer mortality rate reduc-
tion is 14% for males and 20% for females.

The uncertainties of the estimates were de-
termined as follows. First, the uncertainties in
Table 1 were used to calculate the uncertainties
of each cancer for each sex and country. Second,
the uncertainty of the effect of 1,000 IU of vita-
min D per day was estimated at 20% of the num-
ber of premature deaths. The total uncertainty
was then estimated as the square root of the sum
of the squares of the two uncertainties.

Discussion

These results provide additional estimates of the
effects of vitamin D in reducing the burden of
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Table 3 Estimates for cancer risk reduction in Belgium and the US for 1,000 IU of oral vitamin D per day
Cancer Reduction for Belgium Belgium Us Us
1,000 IU/day  Males Females Males Females
Deaths in 2000 Deaths in 2000 Deaths in 2000 Deaths in 2000
Bladder 0.20 153 60 846 389
Breast 0.35 949 7510 7510
Cervical 0.10 33 261
Colorectal 0.50 866 882 7429 7407
Esophageal 0.20 93 32 972 297
Gastric 0.20 147 108 776 541
Hodgkin's 0.25 10 7 96 78
Laryngeal 0.20 66 7 319 85
Lung 0.10 624 105 4732 3290
Melanoma 0.20 21 24 481 284
NHL 0.20 78 66 1242 1126
Ovarian 0.30 240 2169
Pancreatic 0.10 69 68 748 763
Prostate 0.10 203 1622
Renal 0.25 104 76 975 598
Uterine, corpus 0.20 55 585
Total, vitamin D- 2,434 2,712 20,239 25,382
sensitive
Total cancer deaths 17,718 12,669 295,630 270,105
Premature deaths, % 14 21 7 9

cancer. The results for the US are about twice
that estimated in Grant (2002), but very similar
to the 45,000 premature deaths estimated in
Grant (2004). The fraction of cancer deaths that
1,000 IU of vitamin D might reduce in the US is
about half that in Western European countries
(other than Nordic countries), where solar UVB
irradiance and oral intake levels are lower. While
the uncertainties associated with these estima-
tes are about 30%-40%, they do indicate that
significant public health gains in cancer risk
reduction could accrue from raising the serum
25(OH)D.

One way to increase serum 25(OH)D levels is
through increased casual solar UVB irradiance.
During times of the year when vitamin D can be
produced from solar UVB irradiance (Webb et
al. 1988), 10-15 min of casual exposure of 25%

of the body can produce about 1,000 IU for those
with pale skin (Holick 2004a). The time near so-
lar noon is optimal for such exposure for two rea-
sons: one, the time required is reduced and two,
the ratio of solar UVB to UVA is highest. UVA is
considered most responsible for both melanoma
(Moan et al. 1999; Garland et al. 2003) and basal
cell carcinoma (Agar et al. 2004; Halliday et al.
2005) through generation of free radicals deep
in the epidermis (Garland et al. 2003; Agar et al.
2004; Halliday et al. 2005). Since sunscreen can
totally block vitamin D production (Matsuoka
et al. 1988), it is recommended that those going
into the sun for extended periods not apply sun-
screen until after 10-15 min in the sun without
sunscreen. In addition, if the UVA blocking is
weak, total time in the sun with sunscreen should
be limited as well.
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Table 4 Fractions of cancer deaths that might be reduced if the population average oral vitamin D intake was 1,000 IU/

day

Country Fraction Vitamin D Vitamin D Vitamin D Vitamin D
preventable preventable preventable preventable deaths,
deaths, males deaths, females deaths, males (%) females (%)

Austria 1.0 1540 1,970 15+6 216

Canada 0.8 3,920 4,610 11+5 15+5

Belgium 1.0 2,430 2,710 14+6 21+6

France 1.0 11,850 12,100 13+6 216

Germany 1.0 17,130 22,120 15+5 21+6

Greece 1.0 1,770 1,640 12+5 18£5

Italy 1.0 12,550 12,420 13£5 19+6

Netherlands 1.0 3,170 3,740 18+6 17+6

Spain 1.0 8,470 7,010 15+6 20+5

Switzerland 1.0 1,300 1,440 14+5 20+6

UK 1.0 11,760 14,440 14+6 19+6

UsS 0.5 20,240 25,380 7+3 9+3

Simple mean, Europe 14+6 20+6

However, the easiest way to increase vitamin tion of food with vitamin D is a feasible strategy
D levels in Europe and the US is through oral to remedy the insufficient vitamin D status of
intake, both of fortified food and supplements. large population groups in Europe, and to deter-
There are a number of recent reviews on dietary  mine at what level fortification should be pitched
intake of vitamin D and the role that fortification (Andersen et al. 2001).
could play (Calvo et al. 2004, 2005; Whiting and Supplements could also supply 1,000 IU of vi-
Calvo 2005a, b). Dairy products are the largest tamin D per day in a safe and reliable manner.
food source of vitamin D in the US, and orange Vitamin D dietary supplement use may contrib-
juice is also fortified in the US (Tangpricha et al.  ute 6%-47% of the average vitamin D intake in
2003). Milk is now fortified in Finland with dem-  some countries (Calvo et al. 2005). Vitamin D
onstrated benefits (Laaksi et al. 2006). However, supplements of at least 2,000 IU per day are con-
milk should be fortified with more than 400 IU  sidered safe (Institute of Medicine 1997), and
of vitamin D per quart (Daly et al. 2006) in order  the toxic level is probably 40,000 IU/day (Vieth
to be useful in reducing the risk of cancer since  1999). However, large-dose supplements such as
the benefits are only observed at daily consump- 50,000 IU could be safely consumed at least once
tion of more than 400 IU per day (Grant and a month for the same benefit (Goldzieher et al.
Garland 2004; Gorham et al. 2005). 1999) and might be more convenient for some

Another food group that should be viewed people. It is estimated that an annual supply of
favorably in this regard is cereal and grain prod- 1,000 IU of vitamin D for each American would
ucts. They comprise a large fraction of all na- cost approximately $1 billion. This cost is far
tional dietary supplies. Bread fortified with vita- lower than the estimated $16-25 billion a year in
min D has been demonstrated to increase serum  premature cancer deaths and $24-31 billion in
25(0OH)D levels as well as supplements (Natri et  other avoidable health costs from this level of ad-
al. 2006). While there is generally reluctance to  ditional oral vitamin D intake in the US (Grant
fortify food in European countries, hopefully the et al. 2005).
OPTIFORD research will determine if fortifica-



20 An Estimate of Cancer Mortality Rate Reductions

Unfortunately, despite the 26-year history of
the UVB/vitamin D/cancer hypothesis (Garland
and Garland 1980, 2006), the health agencies and
organizations that would be expected to embrace
vitamin D as an inexpensive, safe, and effective
way to reduce cancer incidence and mortality
rates are still reluctant to do so, in spite of the
growing body of evidence supporting the hy-
pothesis. The primary reason given is that the
hypothesis is unproven using the prospective,
placebo double-blind method usually employed
to confirm the efficacy of any health intervention
as well as look for adverse side effects. However,
in the authors’ opinion, such a study is unneces-
sary for at least two reasons. First, vitamin D is
a natural substance that man has coexisted with
since the origin of the species, so that there are
plenty of data available on the health benefits.
Ecologic studies offer a convenient way to orga-
nize and interpret these data (e.g., Garland and
Garland 1980, in press; Freedman et al. 2002;
Grant 2002; Grant and Garland, in press). Sec-
ond, there are few, if any, adverse side effects
for vitamin D supplementation at levels below
2,000-4,000 IU/day, and the toxic level may be as
high as 40,000 IU/day over an extended period
(Vieth 1999).

In addition, there is concern that endorsing
vitamin D as a cancer-fighting substance would
lead to more solar UVB irradiance and, hence,
increased incidence of melanoma and non-mela-
noma skin cancer. An example of the concerns
expressed by dermatologists is found in reading
a recent review of the health benefits of vitamin
D and risks of solar UV irradiance by two der-
matologists (Wolpowitz and Gilchrest 2006).
They selectively reviewed the literature in a man-
ner that permitted them to state that the benefits
of vitamin D for many diseases were less well-es-
tablished but purported. However, the bias with
which they selected and interpreted the literature
greatly diminished the value of this review. Their
concern is overblown in that the strongest risk
factor for melanoma and basal cell carcinoma is
intermittent solar UV irradiance and sunburn-
ing, not normal UV irradiance short of sunburn-
ing (Kennedy et al. 2003), and sunburning is not
required for vitamin D production. However, we
concede that while many of the studies regard-
ing the health benefits of vitamin D are based
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on data in which solar UVB provided much of
the vitamin D, oral intake of fortified food and
supplements can be effective in providing the
vitamin D and does not entail the risks of skin
cancer or immunosuppression (Halliday 2005;
Schwarz 2005; Ullrich 2005).

It should also be noted that vitamin D has
benefits for many conditions and diseases, as
discussed in a number of recent reviews (Heaney
2003; Plotnikoft and Quigley 2003; Holick 2004a,
b, 2006; Grant and Holick 2005; Mosekilde 2005;
Peterlik and Cross 2005; Zittermann et al. 2005;
Grant 2006).

Summary and Conclusion

Sufficient epidemiologic data with supporting
laboratory data on mechanisms are now avail-
able so that quantitative estimates can be made
of the beneficial role of vitamin D in reducing
the burden of cancer. The estimates presented in
this paper indicate that the reductions could be
in the range of 10%-20% in Western Europe and
North America. The cost of a program to pro-
vide 1,000 IU of oral vitamin D to all adults in
such countries would be a small fraction of the
expected benefits for cancer, and there would
be significant benefits for many other condi-
tions and diseases as well. It is hoped that public
health policies will move in the direction of rec-
ommending increased vitamin D levels sooner
rather than later.
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Abstract

Tobacco carcinogen treatment of immortalized
human bronchial epithelial (HBE) cells has un-
covered novel targets for cancer chemopreven-
tion. Experiments were conducted with HBE cells
and independent treatments with tobacco car-
cinogens along with the chemopreventive agent
all-trans-retinoic acid (RA). That work high-
lighted D-type and E-type cyclins as novel mo-
lecular pharmacologic targets of several chemo-
preventive agents. G1 cyclins are often aberrantly
expressed in bronchial preneoplasia and lung
cancers. This implicated these species as targets
for clinical cancer chemoprevention. Retinoid
regulation mechanisms of D-type cyclins in lung
cancer chemoprevention have been comprehen-
sively explored. Retinoid chemoprevention has
been mechanistically linked to proteasomal deg-
radation of cyclin D1 and cyclin D3. Threonine
286 mutation stabilized cyclin D1, implicating
phosphorylation in this retinoid chemopreven-
tion. Studies with a phospho-specific anti-cyclin
D1 antibody confirmed this hypothesis. Glyco-
gen synthase kinase (GSK) inhibitors established
a role for this kinase in the retinoid regulation of
cyclin D1, but not cyclin D3. Involvement of D-
type cyclins in this chemoprevention was shown
using small interfering RNAs (siRNAs). Gene
profiling experiments highlighted the El-like
ubiquitin-activating enzyme (UBEIL) in the ret-
inoid regulation of cyclin D1. Proof of principle
trials have translated these studies into the clinic
and established that chemopreventive agents can
target D-type cyclins. These findings have been

built upon with a targeted combination regimen
that cooperatively affects D-type cyclins. Taken
together, these preclinical and clinical findings
strongly implicate these cyclins as novel molecu-
lar pharmacological targets for cancer chemo-
prevention.

Introduction

Carcinogenesis is a chronic process involving
multiple genetic, cellular, and tissue alterations,
resulting from changes in critical growth regu-
lating genes and their products. This ultimately
leads to development of invasive or metastatic
cancer, as reviewed (Weston and Harris 1997).
Several steps contribute to carcinogenesis and
these include promotion, progression, and in-
vasion steps. Each of these represents potential
pharmacological targets for cancer chemopre-
vention, as previously reviewed (Weston and
Harris 1997). The cancer chemoprevention con-
cept emphasizes interventions at early stages
of carcinogenesis, even before malignancy be-
comes clinically evident (Sporn et al. 1976). An
improved understanding of the basic biology of
carcinogenesis remains essential for the develop-
ment of effective cancer chemoprevention meas-
ures. Lifestyle interventions are known to play
critical roles in cancer prevention. Yet the focus
of this chapter is to review how preclinical mod-
els and proof-of-principle clinical trials can be
used to uncover novel chemopreventive targets.
Carcinogenesis steps can be targeted by anti-
proliferative, differentiation-inducing, pro-apop-



236

totic, or anti-angiogenic agents, as previously re-
viewed (Dmitrovsky and Sporn 2002). Indeed, an
empirical approach to cancer chemoprevention
has been replaced by targeted therapeutic strat-
egies. These emphasize a mechanistic approach
to validate chemopreventive agents in preclini-
cal models and in clinical trials. This builds on
the basic scientific understanding of biomarkers
of carcinogenesis. As will be shown here, some
of these are not only biomarkers of the carcino-
genesis process, but are also molecular pharma-
cological targets for cancer chemoprevention.
Examples include the D-type cyclins, which are
novel targets for cancer chemoprevention, as will
be discussed.

Several features make a target attractive for
chemoprevention (Dragnev et al. 2003a). For in-
stance, a validated target is often viewed as one
required for the maintenance of a preneoplastic
lesion or for its progression to a malignancy. In
vitro studies as well as carcinogen-induced or
genetically engineered animal models have all
proven useful for validating a molecular pharma-
cological target in chemoprevention. Differential
expression of a candidate target in preneoplastic
or malignant cells and tissues as compared to his-
topathologically normal cells and tissues should
provide simultaneous evidence for a role of the
highlighted species not only in carcinogenesis

‘ )‘ %— EGFR-TKI
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but also as a candidate target for cancer therapy
or chemoprevention. Likewise, for a therapeutic
agent to be attractive to consider for use in clini-
cal cancer chemoprevention, it is helpful to have
available pharmacological data from preclinical
testing in in vitro as well as animal models. This
review focuses on how preclinical models have
proven useful for uncovering novel chemopre-
ventive targets. Proof of principle clinical trials
are being used to validate these targets. Attention
will be placed on discussing how D-type cyclins
were found as novel targets for cancer chemo-
prevention. Notably, specific chemopreventive
agents have been shown to target G1 cyclin pro-
teins for destruction. This is proposed as a poten-
tial chemopreventive mechanism.

Targets Uncovered Using Preclinical
Models

One approach to uncover potential chemopre-
vention targets is to evaluate their functional
roles in relevant preclinical models. These in-
clude cellular models (Langenfeld et al. 1996),
carcinogen-induced animal models (Moon et al.
1994), as well as genetically engineered mouse
models (Johnson et al. 2001). Cell culture models
are useful to pursue mechanistic studies in can-

Retinoids

Tr1terpen01ds

Fig.1 The cell cycle is a target for some chemopreventive agents. This figure summarizes that specific chemopreventive
agents (classical and certain nonclassical retinoids), epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-
TKIs), and the triterpenoids are each able to repress cyclin D1 expression. Transcriptional as well as post-transcriptional
mechanisms are engaged in this repression, as discussed in the text. Although not displayed in this figure, repression of
cyclin E expression also follows treatment with certain retinoids and triterpenoids. The G1 cell cycle arrest that follows
this repression (depicted as a gray bar in this figure) is hypothesized to result in chemoprevention, as this delay permits

repair of carcinogenic damage to genomic DNA
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cer chemoprevention. To establish a model rel-
evant for studies of lung carcinogenesis, BEAS-
2B immortalized human bronchial epithelial
(HBE) cells were transformed after independent
exposure to the tobacco-derived carcinogens
N-nitrosamine-4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) or cigarette smoke
condensate (CSC). All-trans-retinoic acid (RA)
treatment was found to prevent NNK or CSC-
mediated carcinogenic transformation of these
cells (Langenfeld et al. 1996). This chemopreven-
tive activity in HBE cells was linked to trigger-
ing of G1 cell cycle arrest, concomitant growth
suppression, and a decline in expression of G1
cyclin proteins (Langenfeld et al. 1996, 1997;
Boyle et al. 1999). This signaling of G1 arrest was
proposed as a chemoprevention mechanism, as
this would permit repair of carcinogenic damage
to genomic DNA. Posttranslational mechanisms
were shown to trigger cyclin degradation. Inhibi-
tors of the proteasome-dependent degradation
pathway blocked retinoid repression of G1 cyclin
expression (Langenfeld et al. 1997; Boyle et al.
1999). In this way, G1 cyclins were highlighted
as candidate chemopreventive targets in the lung
and induced cyclin proteolysis was hypothesized
as a chemopreventive mechanism (Langenfeld et
al. 1996, 1997; Boyle et al. 1999), as summarized
in Fig. 1.

Studies of the D-type cyclins revealed that
retinoid-treatment activated both transcriptional
and post-transcriptional mechanisms that regu-
lated their individual expression profiles (Ma et
al. 2005). RA modestly increased cyclin D2 and
substantially decreased cyclin D3 mRNA expres-
sion, without an observed effect on cyclin D1
mRNA expression (Ma et al. 2005). However,
RA-treatment substantially repressed both cyclin
D1 and cyclin D3 protein expression. Co-treat-
ment with proteasomal inhibitors was found to
prevent degradation of both cyclin D1 and cy-
clin D3 proteins (Langenfeld et al. 1997; Boyle
et al. 1999; Ma et al. 2005). To better understand
the precise mechanisms involved in trigger-
ing this degradation, mutation of cyclin D1 was
engineered to substitute threonine 286 with an
alanine residue. This stabilized cyclin D1 expres-
sion, despite RA treatment, and this in turn im-
plicated phosphorylation of this cyclin D1 resi-
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due as playing a key role in the post-translational
retinoid regulation of this species. Use of a phos-
pho-specific anti-cyclin D1 antibody that recog-
nized threonine 286 cyclin D1 phosphorylation
confirmed this hypothesis. Notably, homologous
mutation of threonine 283 within cyclin D3 did
not affect the stability of cyclin D3, establishing
that a different kinase was likely involved in the
phosphorylation of cyclin D3 at this site (Ma et
al. 2005).

Pharmacological inhibitors were used to un-
cover a candidate kinase involved in the phos-
phorylation of cyclin D1 at threonine 286. In-
dependent glycogen synthase kinase 3 (GSK3)
inhibitors were found to antagonize the retinoid
repression of cyclin D1, but not of cyclin D3
proteins. Notably, phospho-T286 cyclin D1 ex-
pression was also inhibited by lithium chloride
(a GSK3 inhibitor), directly implicating GSK3
in this phosphorylation of cyclin D1 (Ma et al.
2005). Functional screens of D-type cyclins
were performed using small interfering RNAs
(siRNAs) to repress expression of each D-type
cyclin and this confirmed an important growth
regulatory role for each of these species (Ma et al.
2005). The simultaneous targeting of all the D-
type cyclins was also accomplished in HBE cells
and showed cooperative repression of bronchial
epithelial cell growth (Ma et al. 2005). Together,
these findings helped established these cyclins as
novel targets for cancer chemoprevention.

Proteasomal Degradation
as a Chemopreventive Target

Regulation of proteolysis is critical for homeo-
stasis of diverse cellular processes. The ubiquitin-
proteasome pathway plays an important role in
this process. Ubiquitin and its related proteins
are responsible for post-translational modifica-
tion of targeted proteins. Several enzymes are
involved in ubiquitination, including the E1, E2,
and E3 enzymes, as reviewed (Pickart 2001a).
Ubiquitin is a polypeptide highly conserved in
eukaryotes. It is activated in an ATP-dependent
manner by a thiol ester linked to the ubiqui-
tin-activating enzyme, E1. Activated ubiquitin
is then bound to the conjugating enzyme, E2.
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Ubiquitin is transferred to specific proteins by
E2, requiring an E3 ligase for final modification.
Attachment of ubiquitin monomers to substrates
results in mono-ubiquitination that confers dis-
tinct functions. Multi-ubiquitinated species also
occur and this signals proteasomal degradation.
Several ubiquitin-related proteins exist such as
Sumo, Nedd8, and ISG15 (Pickart 2001b). Con-
jugation of these species to target proteins can
trigger protein degradation as well as other ef-
fects, as reviewed (Pickart 2001b).

Components of the ubiquitin-proteasome
pathway are pharmacological targets of chemo-
preventive agents. For example, the E1-like ubiq-
uitin-activating enzyme (UBEILL) is a nonclas-
sical E1 that is induced by retinoid treatments
(Tamayo et al. 1999; Kitareewan et al. 2002;
Pitha-Rowe et al. 2004b). This component of the
ubiquitin-proteasome pathway was uncovered
by microarray analyses of several cell contexts
(Tamayo et al. 1999; Pitha-Rowe et al. 2004b).
Notably, microarray analyses of immortalized,
tobacco-carcinogen-transformed and retinoid-
chemoprevented HBE cells revealed increase
expression of several RA-target genes as well as
interferon-stimulated genes, including UBEIL
during chemoprevention (Pitha-Rowe et al
2004b). Biochemical studies recently uncovered
involvement of UBEIL in the ISG15 conjugation
pathway induced by RA treatment (Pitha-Rowe
et al. 2004a). ISG15 also becomes conjugated to
intracellular substrates after interferon treatment
(Loeb and Haas 1992; Narasimhan et al. 1996).

UBEIL expression is reported as repressed
in lung cancer cell lines and some lung cancers,
directly implicating UBEIL in lung carcino-
genesis (Pitha-Rowe et al. 2004b; Kok et al.
1993). Immunoblot expression of UBEIL has
been shown to be reduced in some examined
malignant as compared to adjacent normal
lung tissues (Pitha-Rowe et al. 2004b).
In the histologically normal human bronchial
epithelium, immunohistochemical analyses re-
vealed abundant UBEIL but low levels of cyclin
D1, implicating an inverse relationship between
these species (Pitha-Rowe et al. 2004b). A direct
relationship between these species was confirmed
by co-transfection experiments conducted in
HBE cells, where UBEIL was shown to repress
cyclin D1 expression in a UBE1L dose-dependent
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manner (Pitha-Rowe et al. 2004b). This finding
mechanistically linked UBE1L to retinoid chemo-
prevention by conferring repression of cyclin D1
protein expression (Pitha-Rowe et al. 2004b).
This has also directly implicated UBEIL as a
retinoid pharmacologic target for lung cancer
chemoprevention.

G1 Cyclins and Premalignancy

One hypothesis from these in vitro chemopre-
ventive studies that highlighted G1 cyclins was
that the same species would be aberrantly ex-
pressed in premalignancy as well as malignancy.
Cyclin D1 and cyclin E are often overexpressed
in lung cancers (Lonardo et al. 1999; Schauer et
al. 1994; Mate et al. 1996; Betticher et al. 1996,
1997; Hayashi et al. 2001; Vonlanthen et al. 2000;
Ratschiller et al. 2003). Bronchial preneoplastic
lesions have been examined for G1 cyclin expres-
sion. It was proposed that expression of these
species would be deregulated early during lung
carcinogenesis. Immunohistochemical analyses
revealed that both cyclin D1 and cyclin E dereg-
ulation was frequently detected in bronchial pre-
neoplasia (Lonardo et al. 1999). Aberrant expres-
sion of these species was even more frequently
detected than either for p53 or the retinoblas-
toma gene product (Rb) (Lonardo et al. 1999).
These findings implicated altered expression
of these cyclins as playing critical roles in the
maintenance or progression of a preneoplastic
bronchial lesion. These observations also impli-
cated these species as potential targets for cancer
chemoprevention. This possibility has been con-
firmed by analysis of bronchial epithelial cellular
models (Dragnev et al. 2004), carcinogen-in-
duced lung tumors in animal models (Witschi et
al. 2002), as well as examination of cyclin expres-
sion in tissues harvested during a retinoid proof
of principle clinical trial (Papadimitrakopoulou
et al. 2001). These findings directly indicate that
cyclin D1 and perhaps other G1 cyclins are che-
mopreventive targets. Treatments with effective
chemopreventive agents should repress aberrant
Gl cyclin expression found in tissues at high risk
for malignant progression of preneoplastic le-
sions. Future clinical trials will address this pos-
sibility.
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EGFR as a Chemoprevention Target

The described bronchial epithelial chemopre-
ventive model has proven useful to highlight
the epidermal growth factor receptor (EGFR) as
another chemoprevention target (Lonardo et al.
2002). Carcinogen-transformed bronchial epi-
thelial cells, as compared to RA-chemoprevented
cells, overexpressed EGFR (Lonardo et al. 2002).
EGFR activation promotes cellular growth and
transformation and signals other biological ef-
fects (Salomon et al. 1995). EGER overexpression
is frequently observed in malignancies, including
non-small-cell lung cancer (NSCLC) as well as
in premalignant lung lesions (Rusch et al. 1995,
1996). Overexpression of EGFR and its ligand(s)
often enhances EGFR-associated tyrosine ki-
nase activity and triggers EGFR-dependent ef-
fects that regulate tumorigenesis (Salomon et al.
1995). RA is known to repress EGFR expression
through a transcriptional mechanism (Lonardo
et al. 2002). In bronchial epithelial cells treated
with the epidermal growth factor (EGF), RA also
prevented induction of mitogenesis and cyclin
D1 protein expression (Lonardo et al. 2002).
Thus, retinoids inhibit EGFR expression through
a transcriptional mechanism and also reduce
cyclin D1 expression through a post-transcrip-
tional mechanism.

EGF augments cyclin D1 expression through
several pathways (Mendelsohn 2001). Targeting
EGEFR with the small molecule tyrosine kinase in-
hibitor (TKI) erlotinib (tarceva) confers G1 arrest
and inhibits EGF-mediated induction of cyclin
D1 expression in erlotinib-sensitive cancer cells
(Petty et al. 2004). It is notable that cyclin D1 ex-
pression was repressed by erlotinib treatment in
erlotinib-sensitive, but not -resistant NSCLC cell
lines (Petty et al. 2004). There is also a favorable
clinical toxicity profile observed in the advanced
disease setting with EGFR inhibitors. This high-
lights that targeting EGFR should be considered
for specific cancer chemoprevention trials.

Proof-of-Principle Clinical Trials
There is a clinical need to establish whether those

pathways activated in vitro are also activated in
vivo. If candidate chemoprevention agents are
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unable to activate expected pharmacodynamic
pathways in relevant clinical tissues or tumors,
inactivity of a candidate chemopreventive agent
is an expected clinical outcome. If pathways are
affected in clinical tissues, this supports use of
these agents in chemopreventive (or therapeutic)
trials either as single agents or as part of com-
bination therapy. Proof of principle trials are
needed to establish the precise relationship in
pretreatment and post-treatment biopsies be-
tween pharmacodynamic and pharmacokinetic
effects in target cells or tissues, as summarized
in Fig. 2. The proof-of-principle approach would
validate therapeutic or chemopreventive effects
on a desired molecular pharmacological target.
These trials might also yield early objective tumor
responses that would offer another strong ratio-
nale for use of a pharmacological agent in cancer
therapeutic or chemopreventive trials. A vali-
dated biomarker of response would prove useful
to monitor clinical responses. A biomarker could
also represent a target for cancer therapy or che-
moprevention. The D-type cyclins are examples
of this based on prior published work (Petty et al.
2004; Rigas et al. 2005).

We recently completed two mechanistic
proof-of-principle trials. In a proof-of-principle
study of the EGFR-TKI erlotinib (tarceva), pa-
tients with aerodigestive tract tumors each had
a pretreatment tumor biopsy and then received

Chemopreventive

Agent .
Biopsy

‘ (post-treatment)
/ N\

’Plasma PK ’Tumor PK

Biopsy

(pre-treatment)

Fig.2 The proof-of-principle trial platform is used to
evaluate chemopreventive agents in the clinic. This trial
approach is typically conducted in the perioperative pe-
riod, which permits pretreatment as well as post-treat-
ment biopsies where expression of a molecular pharma-
cological target (such as cyclin D1) is assessed. At the time
of surgical resection, a second biopsy is obtained. Since
the length of treatment is sufficient to achieve steady-state
drug levels, it is possible to relate plasma to tumoral phar-
macokinetic (PK) levels. In this way, it becomes possible
to learn whether the chemopreventive agent affects the
expected intratumoral pharmacodynamic target
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short-term erlotinib (tarceva) therapy before un-
dergoing a repeat post-treatment biopsy (Petty et
al. 2004). Cyclin D1 was identified as a biomarker
of clinical response as there was a decrease in
expression of cyclin D1 in cases whose tumors
underwent necrosis in a post-treatment biopsy
and also had substantial accumulation of intratu-
moral erlotinib (tarvceva). In contrast, this effect
was not observed in those cases whose tumors
had low levels of this agent and in turn did not
exhibit necrosis in the resected tumors (Petty et
al. 2004). Since activating EGFR mutations were
infrequently detected in the responding cases
(Petty et al. 2004), these pharmacodynamic and
pharmacokinetic effects have added clinical im-
pact.

In another phase II trial, the rexinoid bexaro-
tene was administered before resection of stage
I and II NSCLC cases (Rigas et al. 2005). The ef-
fects of this agent in resected lung tumors after
short-term therapy were evaluated along with
the relationship of changes in D-type cyclin ex-
pression to plasma and tumor tissue bexarotene
levels. Cyclin D1 expression was only decreased
in those cases exhibiting the highest detected in-
tratumoral bexarotene concentrations (Rigas et
al. 2005).

Taken together, these two clinical trials un-
derscore the value of the proof-of-principle trial
platform as well as the importance of measuring
plasma and tissue drug levels and relating these
pharmacokinetic effects to the expected changes
in pharmacodynamic targets of the studied
agent. These findings also set the stage for tar-
geted combination regimens in cancer therapy or
chemoprevention.

Combination Therapy

Effective clinical chemoprevention may require
combination therapy rather than single-agent
regimens (Dragnev et al. 2003c). One way to
limit clinical toxicities of cancer chemopreven-
tive agents would be through combining agents
targeting different chemopreventive pathways,
each administered at dosages lower than when
these are typically used as single agents. For each
chemopreventive agent used in a combination
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regimen, a validated target can be selected based
on preclinical and clinical activities. An active
combination regimen should be associated with
a tolerable toxicity profile as well as a safe and
convenient schedule of chronic administration.
Ideally, synergistic or additive effects would first
be observed in in vitro and animal models. Ani-
mal model testing could establish that a combi-
nation regimen is potentially safe for clinical use.
If available, clinical evidence for drug synergy in
treatment of advanced stage cancer might pro-
vide a basis for use of a regimen in cancer che-
moprevention.

The findings already summarized directly
implicated cyclin D1 as a key downstream sig-
naling species in the EGFR pathway (Lonardo
et al. 2002; Petty et al. 2004). This indicated that
targeting cyclin D1 with a combination regimen
that independently affected this cyclin would
augment clinical activity of an EGFR-TKI. It was
hypothesized that combining an EGFR inhibi-
tor with a rexinoid would coordinately repress
cyclin D1 expression and thereby confer coop-
erative clinical anti-tumor effects (Dragnev et al.
2003b, 2004; Petty et al. 2004; Fan et al. 2004). To
explore this mechanistically, in vitro studies re-
vealed that combining the rexinoid, bexarotene,
with the EGFR-TK]I, erlotinib (tarceva), yielded
at least additive growth inhibitory effects and
cooperative repression of cyclin D1 immunob-
lot expression in examined bronchial epithelial
and lung cancer cells (Dragnev et al. 2005). This
regimen has the added therapeutic advantage
of using a nonclassical retinoid, a rexinoid that
activates the retinoid X receptor (RXR) pathway
and thereby overcomes the block to classical reti-
noids that occurs in cells that aberrantly express
the retinoic acid receptor-p (RARP), as has been
reported to occur in lung carcinogenesis (Petty et
al. 2005). The clinical rationale for this regimen
is summarized in Fig. 3.

A recent clinical trial investigated bexarotene
(targretin) and erlotinib (tarceva) in patients
with advanced aerodigestive tract cancers and
demonstrated clinical efficacy of this hypoth-
esis-driven combination regimen (Dragnev et al.
2005). Clinical findings indicated that combining
these agents broadened activity of single agent
erlotinib (tarceva). Results from this trial pro-
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RA
EGF§[KI RAIRB Rexinoid
EGFR ... 1 ................ RXR

Fig.3 Use of combination regimens for cancer therapy or chemoprevention. A combination chemopreventive regimen
has been developed that involves use of a nonclassical retinoid (a rexinoid, retinoid X receptor, RXR, agonist) depicted
by the black arrows and an epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI), depicted by the gray
arrows. This regimen has been shown preclinically to exert at least additive growth inhibitory activity against lung cancer
cell lines. This occurs at least partly by targeting cyclin D1 expression (Dragnev et al. 2005). The same combination regi-
men has been shown in the clinic to cause objective responses in advanced-stage lung cancer cases, including cases that
were resistant to combination chemotherapy (Dragnev et al. 2005). Notably, cyclin D1 expression in surrogate cells was
targeted by these agents (Dragnev et al. 2005). As depicted by the black bar in this figure, an RXR agonist can by-pass
the block to classical retinoids such as to all-trans-retinoic acid (RA). RA treatment requires activation of the retinoic
acid receptor-p (RARP) in the case of lung carcinogenesis (Petty et al. 2005). Whether the same combination regimen is

active in cancer chemoprevention is the subject of ongoing studies

vided evidence that clinical cooperation between
these agents might overcome a requirement for
activating EGFR mutations to achieve clinical re-
sponses to EGFR-TKIs in NSCLC (Dragnev et al.
2005). Whether this targeted combination regi-
men is active in cancer chemoprevention is the
subject of future work.

Conclusions

Identification of validated molecular pharmaco-
logical targets enhances a molecular understand-
ing of mechanisms of response or resistance to
cancer chemoprevention agents. Preclinical
models are useful to explore these mechanisms.
Candidate target genes should uncover known
or previously unrecognized therapeutic or che-
mopreventive pathways. These could become
surrogate markers of clinical response or even
novel pharmacological targets. The preclinical
and clinical findings presented here strongly im-
plicate cyclin D1 and other species as novel mo-
lecular targets for cancer chemoprevention. Fu-
ture work will determine whether targeting these
species inhibits clinical carcinogenesis.
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A total of 188 international experts from 32 coun-
tries met at the University of St. Gallen, Switzer-
land for a 3-day conference to discuss the recent
developments in the field of cancer prevention.
The meeting was organized and co-sponsored by
St. Gallen Oncology Conferences, the European
School of Oncology (Milan, Italy), the Interna-
tional Society of Cancer Prevention (New York,
NY, USA), the European Cancer Prevention
Organisation (Brussels, Belgium), and this year
for the first time by the European Society of Med-
ical Oncology (Lugano, Switzerland). The local
organizers were Prof. Hans-Jorg Senn, MD, and
Prof. Ursula Kapp, MD, both from the Center
for Tumor Detection, Treatment and Prevention
(Z€eTuP) in St. Gallen, Switzerland.

In a rather provocative opening lecture, can-
cer survivor Clifton Leaf, editor of Fortune Mag-
azine, New York, USA tried to answer the ques-
tion “Why we are in danger of losing the war on
cancer?”, which was meant to encourage scien-
tists, clinicians, and the general public to spend
more work and money on cancer prevention. He
made it very clear that because of demographic
development, global cancer rates could increase
by 50% to 15 million a year by 2020. The age-ad-
justed cancer death rate per 100,000 population
has remained constant since 1950, with about
200 cases per year. In contrast, the age-adjusted
death rate from heart disease decreased signifi-
cantly due to efficient means of prevention. Clif-
ton Leaf tried to give a wake-up call encouraging
greater effort on cancer prevention because of
the terrifying loss of human potential, especially
in view of the rapidly increasing economic cost
of cancer treatment, which in the future might
possibly paralyze any public health system.

Peter Greenwald (NCI, Bethesda, MD, USA)
responded with a more optimistic lecture on the
“Progress in Cancer Prevention” and discussed
how public guidance (smoke-free environment,
diet), chemopreventive drugs (e.g., statins, finas-
teride), bioactive food, and screening programs
could be successfully applied in the preven-
tion of lung, breast, colon, and prostate cancer.
Other epidemiologists and scientists working in
basic research gave insights in strategies, how
biological knowledge can elucidate potential new
targets for cancer prevention or for the definition
of certain risk groups.

Tak W. Mak (Toronto, Canada) emphasized
the emerging concept in cancer research that can-
cer therapeutics should be targeting cell survival
genes that prevent cancer cells from dying and
discussed research projects that have dissected
these signaling pathways, activating cell survival
via NFkappaB or PI3K activation, or via activa-
tion of anti-apoptotic genes. Helmut Bartsch
(Heidelberg, Germany) investigated polymor-
phisms in metabolic and repair genes in a lung
cancer case—control study and concluded that
specific metabolic and DNA repair gene variants
can affect cancer risk and therapy outcome. But
large population-based studies have to follow.
Michael Pollak (Montreal, Canada) gave an up-
date on insulin-like growth factor and insulin-
related signaling, which initiates signal transduc-
tion via PI3K or MAPK, key components in the
control of cell survival and proliferation. He de-
scribed how IGF-serum levels correlate with the
risk of epithelial cancer, particularly advanced
prostate and postmenopausal breast cancer, es-
pecially if the serum level is elevated at an early
age. He also discussed the question of whether
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IGF-I inhibiting drugs such as metformin could
be candidates for cancer prevention.

Chemoprevention is an important issue in
cancer prevention. In hormone-responsive tu-
mors such as prostate and breast cancer, block-
ade of the hormonal stimulus is used as a target
for preventive intervention. Peter Greenwald
(Bethesda, MD, USA) and Hans-Peter Schmid
(St. Gallen, Switzerland) discussed data from the
prostate cancer prevention trial (PCPT), which
investigates the effect of the testosterone inhibi-
tor finasteride on prevention of prostate cancer.
Treatment with finasteride in this study reduces
the incidence of prostate cancer by 25%, but the
cancers occurring in the treatment group more
commonly present with a higher Gleason score
of 7-10 and might be more aggressive. Therefore
finasteride is not yet ready for clinical use as a
chemopreventive agent against prostate cancer
outside of clinical trials.

The role of estrogen in the development of
breast cancer was extensively discussed by An-
thony Howell (Manchester, UK), Irma and José
Russo (Philadelphia, PA, USA), Per Hall (Stock-
holm, Sweden), and Trevor Powles (London,
UK). As Anthony Howell pointed out, estrogen
withdrawal for prevention of breast cancer, in-
ducing early menopause, results in a significant
reduction of breast cancer incidence. Trevor
Powles gave a nice overview of current trials in-
vestigating the use of selective estrogen receptor
modulators (SERMS) for breast cancer preven-
tion. It is well known that tamoxifen reduces the
early incidence of breast cancer by about 40%.
It also reduces bone loss and serum cholesterol,
but on the other hand increases the risk of en-
dometrial cancer and thromboembolism. The
benefit of tamoxifen intake is limited to high-risk
premenopausal and younger postmenopausal
women after hysterectomy. A new generation
of SERMs - e.g., raloxifene, arzoxifene and la-
sofoxifene - has been developed, which have
been shown to be more potent than tamoxifen
and might have fewer side effects. It is possible to
substantially reduce the incidence of breast can-
cer in healthy women using SERMS. Numerous
trials are under way.

Promising data were shown by Vikas Khurana,
Shreveport, LA, USA, who gave a talk on a ret-
rospective case—control study, showing a cor-
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relation between the incidence of pancreatic
cancer and intake of statins. Statins are known
to suppress cell growth and cause inhibition of
carcinogen-induced tumors in animal models.
In presenting this study, he noted that the use of
statins was associated with a 63% risk reduction
for pancreatic cancer after controlling for age,
gender, smoking, alcohol use, and diabetes. A
correlation with the duration of statin use could
also be shown. However, prospective studies are
still missing.

The use of celecoxib for prevention of colon
cancer was discussed by Monica Bertagnolli
(Boston, MA, USA). It is well known that treat-
ment of familial adenomatous polyposis (FAP)
by the COX-2 inhibitor celecoxib leads to a sig-
nificant reduction in polyp number and polyp
burden. Thus chemoprevention trials with COX-
2 inhibitors were initiated in 1999 for prevention
of colorectal adenomas, Barrett’s esophagus, and
bladder cancer. Since unfortunately an elevated
cardiovascular toxicity was detected with the
use of COX-2 inhibitors in these chemopreven-
tion trials, the human trial on celecoxib was
suspended. This is a major drawback for the
investigation of useful preventive drugs such as
COX-2 inhibitors. Work on these agents should
be continued, since many questions remain un-
answered. We must identify subsets of patients
for whom the risk-benefit-balance could be fa-
vorable. In addition, the question remains of
whether successful chemoprevention requires
long, continuous drug administration.

In contrast, prevention of cervical cancer has
made better progress. Brad Monk (Orange, CA,
USA) presented promising results of vaccination
strategies against human papilloma virus (HPV).
In a phase III trial, a HPV 16/18 vaccine could
prevent more than 70% of cervical cancers. This
vaccine will be available for routine clinical use
in late 2006.

Another important topic of the conference
was the role of lifestyle and food components
for cancer prevention. Cheryl Rock (San Diego,
CA, USA) discussed primary dietary prevention
of colon cancer. Four intervention studies have
tested the effect of fiber supplementation. Unfor-
tunately no effect was shown on adenoma recur-
rence. A specific link between fiber intake and
colon cancer risk could not be established. But
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there might be indirect benefits of dietary fiber
relevant to colon cancer, because dietary fiber is
a key feature of a diet low in energy density. For
prostate cancer, the impact of lycopenes, which
can be found in tomatoes, as well as phytoes-
trogens, selenium, and vitamin E was discussed
by Peter Greenwald (Bethesda, MD, USA) and
Hans-Peter Schmid (St. Gallen, Switzerland). Vi-
tamin E and selenium are presently being inves-
tigated in the SELECT trial; especially selenium
might be a promising food supplement for pre-
vention of prostate cancer in the near future.

Clarissa Gerhduser (DKFZ, Heidelberg, Ger-
many) and collaborators presented their work on
food components with cancer preventive poten-
tial. One of those components is xanthohumol,
which is a flavonoid derived from hop and was
identified as an interesting chemopreventive
agent with antiestrogenic activity and as an an-
tiangiogenic agent. Also, cloudy apple juice con-
tains polyphenols that could be shown to prevent
intestinal adenoma formation in the APC Min/+
mouse model for colon cancer prevention. Wil-
liam Grant (San Francisco, CA, USA) talked
about the role of vitamin D in cancer prevention.
He promoted vitamin D as a food supplement
that has been shown to increase cell differentia-
tion, suppress genes responsible for enhancing
cellular proliferation, and possibly of reducing
metastasis.

As a future perspective, Anna Barker
(Bethesda, MD, USA) gave a keynote lecture
on the potential use of nanotechnology in can-
cer prevention. In nanotechnology molecules
smaller than 50 nanometers, which can easily en-
ter cells and react with molecules inside the cell,
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could potentially be used for repair of DNA, kill-
ing of cancer cells and many other applications.
Nanotechnology is a future technology. We do
not yet know how long it takes until this would
constitute a safe technology for everyday clini-
cal use, and it remains unclear which potentially
dangerous side effects might be involved in this
technology. However, it may very well revolu-
tionize medical practice, also in cancer preven-
tion.

Finally Peter Boyle (IARC, Lyon, France) in
his closing lecture, presented a summarizing
overview of the current issues in cancer preven-
tion. He pointed out the crucial problems with
the increasing worldwide cancer burden and cost
because of the demographic development. He
concluded that there is an important role for che-
moprevention in the future and a great need to
develop nontoxic compounds. In addition, bet-
ter biological (surrogate) markers and statistical
methodologies are required. “We no longer wait
for cardiovascular disease to develop before in-
tervening” It should be the same for malignant
disease. Thus effort and money must be spent on
the development of equivalent safe and effective
drugs, and informative biomarkers for the prog-
ress of cancer prevention. This would be a con-
structive investment in the future.

The organizers and the international scientific
committee of this bi-annual meeting on cancer
prevention are carefully monitoring the prog-
ress in this field over the next 2 years and plan to
invite dedicated scientists, epidemiologists, and
clinicians currently interested in primary and
secondary cancer prevention to the next confer-
ence to be held in St. Gallen in early 2008.
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