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Abstract

Estrogen and progesterone receptor-negative breast cancer disproportionately affects young
women and African Americans, has a poor prognosis, and lacks an effective chemoprevention
agent. 3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, known as
“statins,” are appealing candidate agents for breast cancer chemoprevention because of their
demonstrated safety after decades of widespread use. In preclinical studies, statins inhibit multiple
cancer-associated pathways in both hormone receptor (HR)-negative and HR-positive cell lines.
Epidemiologic studies of statins and breast cancer show inconsistent results, with some suggesting
a reduction in HR-negative breast cancer incidence in lipophilic statin users. However, large meta-
analyses show no association between statin use and overall risk of breast cancer, although most
did not evaluate tumor HR status. Multiple phase 1 and 2 prevention studies of statins for breast
cancer risk reduction are ongoing. If results are promising, they may justify a randomized trial of
statins for breast cancer chemoprevention, with a focus on HR-negative disease.

Introduction

Over the past decade, randomized trials have shown that medications, specifically the
selective estrogen response modulators (SERMs), tamoxifen and raloxifene, may reduce risk
of developing breast cancer. However, SERMs prevent the development of estrogen
receptor— and progesterone receptor—positive (hormone receptor [HR]—positive) breast
cancer only, without reducing risk of HR-negative disease [1-3]. Approximately 20% of
breast cancers in the United States are HR-negative, based on data from the Surveillance,
Epidemiology, and End Results (SEER) registry [4]. However, recent analyses of the
Carolina Breast Cancer Study, California Cancer Registry, and other cohorts have found that
nearly 40% of breast cancers in young women and African Americans are HR-negative.
These cancers often have higher tumor grade and worse survival [5-7]. Consequently, there
is an important and unmet need for prevention of HR-negative breast cancer.

Multiple drug classes are under investigation for their potential ability to prevent HR-
negative breast cancer by targeting nonendocrine pathways, including retinoids, selective
cyclo-oxygenase-2 inhibitors, and tyrosine kinase inhibitors [8]. However, chemoprevention
requires treating cancer-free people over a period of years for a disease they may never
develop. Therefore, any candidate agent must be very safe and well tolerated if it is to prove
acceptable to healthy patients. These requirements have led investigators to reevaluate
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medications that have a history of widespread, successful use for noncancer indications, and
to focus specifically on statins. Statins have been used in the general US population since
1987 for treatment of hypercholesterolemia [9]. Buchwald [10] initially proposed that
cholesterol inhibition could prevent carcinogenesis, after he observed inhibition of tumor
growth in cell culture and in vivo experiments. Subsequent preclinical and epidemiologic
studies suggested potential efficacy for statins against HR-negative breast cancer and
increased enthusiasm for targeted chemoprevention studies. This article reviews evidence
from preclinical, epidemiologic, and intervention studies that have prompted consideration
of statins for chemoprevention of HR-negative breast cancer. Ongoing trials designed to test
their efficacy for this purpose are also summarized.

Preclinical Studies

General statin mechanisms

Statins are small-molecule inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, an enzyme that catalyzes conversion of HMG-CoA to mevalonate and
enables subsequent cholesterol synthesis. Despite a shared mechanism, individual statins
differ significantly in their structure, pharmacodynamic profile, and lipid-modifying
efficacy, influencing water solubility, absorption, metabolism, and excretion [11].
Atorvastatin, simvastatin, lovastatin, fluvastatin, and cerivastatin are categorized as
lipophilic statins, whereas pravastatin and rosuvastatin are categorized as hydrophilic.
Bioavailability varies significantly among the statins; in general, hydrophilic statins have
reduced peripheral tissue uptake [11].

Statins as a drug class inhibit the rate-limiting step in the HMG-CoA reductase pathway,
which results in decreased levels of mevalonate and downstream products, including lipid
isoprenoid intermediates, such as farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP) [12]. These isoprenoid intermediates provide lipid attachments for
intracellular G-proteins, such as Ras and Rho, which must undergo post-translational
prenylation by FFP or GGPP to enable their translocation from cytoplasm to cell membrane
[12]. Statin inhibition of mevalonate synthesis impedes cellular pathways, such as protein
synthesis and cell-cycle progression, which are critical for cancer cell growth and survival
[12].

Beyond this basic mechanism, statins appear to exert pleiotropic effects, including anti-
inflammatory, proapoptotic, growth inhibitory, and prodifferentiation properties on
malignant cells of diverse origins, including the breast [13]. Despite their plethora of cellular
actions, there is no obvious single mechanism by which statins may prevent breast cancer
development. There have been multiple studies evaluating the in vitro and in vivo effects of
statins, both lipophilic and hydrophilic statin subtypes, including several focused
specifically on breast cancer—associated pathways. We review these preclinical studies
according to the potential anticancer mechanism investigated.

Proliferation and apoptosis

Statins mediate growth inhibition through multiple pathways, in both HR-negative and HR-
positive cell lines: they reduce cell proliferation by promoting G1 cell cycle arrest [14].
Campbell et al. [15<] reported that statins alter regulation of cell survival and proliferation
by suppressing the mitogen-activated protein kinase pathway, activating nuclear factor x B,
and increasing synthesis of p21, a cyclin-dependent kinase inhibitor. Growth inhibition was
most marked in HR-negative breast cancer cells exposed to lipophilic statins, in vitro and in
vivo. By contrast, pravastatin, a hydrophilic statin, did not inhibit growth of any breast
cancer cell line, regardless of HR status [15¢]. Mueck et al. [16] studied five different statins
in HR-positive and HR-negative cell lines. Statins inhibited the growth of HR-negative more
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potently than HR-positive cell lines, and pravastatin again showed no effect. Independent of
the HMG-CoA pathway and HR status, statins can also reduce cell proliferation via
proteosome inhibition [17], and induce apoptosis through a nitric oxide and arginine-
dependent pathway [18] and via the c-Jun NH2-terminal kinase pathway [19].

Angiogenesis

Statins have been shown to promote and inhibit angiogenesis. Their blockade of the
mevalonate pathway appears to inhibit tumor-induced angiogenesis [20,21]; cerivastatin
decreases endothelial cell locomotion, an effect that can be reversed by addition of GGPP
[20]. Statins also affect other antiangiogenesis pathways. Lovastatin suppresses vascular
endothelial growth factor production in transformed breast cancer cell lines, and its effect is
potentiated by combination with tumor necrosis factor a [21]. In contrast, one study found
that simvastatin may promote angiogenesis by activating protein kinase Akt, and increasing
nitric oxide release [22].

Tumor metastasis

Cellular mechanisms such as adhesion, migration, and proteolysis are involved in tumor
organization and metastasis. Lovastatin inhibits metastasis in murine mammary tumor
models, and blocks tumor cell attachment and cell migration in a highly invasive cell line
[23]. Cerivastatin inhibits cell invasiveness by reducing synthesis of phenylated RhoA, a G-
protein involved in regulation of the actin cytoskeleton [24]. Statins inhibit migration of
breast cancer cells by blocking synthesis of oxysterol, a lipid mediator of migration derived
from the mevalonate pathway [25]. An alternate mechanism involves inhibition of matrix
metalloproteinases (MMPs), which enable tumor growth, invasion, and metastasis by
degrading the extracellular matrix. Cerivastatin blocks RhoA cell-signaling pathways,
reducing expression of urokinase and MMPs [13,24].

Recent studies suggest a novel mechanism for statins’ inhibition of MMP expression,
dependent on caveolin, a cholesterol-binding protein. These proteins reside in caveolae,
cholesterol-rich infoldings of the plasma membrane that are involved in signal transduction
and vesicular trafficking and appear to act as tumor suppressors [13]. In breast cancer tissue
and in vivo studies, caveolin-1 expression inhibits breast cancer growth and metastasis.
When the caveolin-1 gene is disrupted, tumor formation and metastasis result [26,27]. The
expression of caveolin-1 and caveolin-2 is associated with the HR-negative, basal-like breast
cancer phenotype [28]. Caveolin gene and protein expression appears to differ by statin
lipophilicity. In human smooth muscle cells, lipophilic statins stimulate caveolin-1
expression, but hydrophilic statins have no effect [29]. This newly reported caveolin-related
mechanism is a high priority for further study because it may in part explain the differences
according to statin and tumor subtype observed in observational studies.

Observational Studies of Statins and Breast Cancer in Humans

A potential association between statin treatment and breast cancer risk was initially
evaluated in secondary safety analyses of randomized trials of statins for hyperlipidemia
[30-36]. Sacks et al. [36] found that women randomly assigned to receive a statin had a
higher incidence of breast cancer, with one patient affected in the placebo group and 12
patients affected in the pravastatin group. However, analyses of other randomized trials,
including several that used pravastatin, did not confirm an increase in breast cancer risk
[30-35]. These secondary analyses of hyperlipidemia trials subsequently prompted dedicated
epidemiologic studies of the association between statins and breast cancer incidence.

Observational studies of statins and breast cancer in humans, including case-control, cohort
studies, and meta-analyses, are summarized in Table 1. Study heterogeneity renders
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comparison difficult. In particular, studies differ in their definitions of statin users and
controls (some studies compare ever versus never users and other studies compare current
versus former); measures of statin use (with recall bias a major potential confounder among
case-control studies dependent upon subject reporting of exposures); and classification of
statin subtypes (with some studies defining atorvastatin as hydrophilic, but others as
lipophilic). Multiple meta-analyses have attempted to clarify the conflicting results of
individual reports, yet are limited by the variables collected in the contributing studies (for
example, many studies did not collect information on HR status, which reduces the power of
meta-analyses to address associations by tumor subtype). Despite these limitations,
observational studies remain informative for investigating an association between statin use
and breast cancer risk because no randomized clinical trial has yet evaluated this question.
Below, we discuss results of observational studies according to overall findings,
consideration of HR status, and consideration of statin lipophilicity.

Overall breast cancer incidence

The majority of observational studies, and all meta-analyses, found no significant
association between statin use and overall risk of breast cancer (Table 1). These include
case-control studies in the Netherlands’ Pharmo Database [37], the Three States Cancer
Registries [38], the Cancer Surveillance System [9], the Saskatchewan Health Group [39],
and the United Kingdom General Practice Research Database [40]. By contrast, a case-
control study in the Veterans Affairs Health System, presented in abstract form, reported a
significant reduction in breast cancer risk among statin users (OR, 0.49) [41]. Cohort studies
in the Women’s Health Initiative [42¢¢], the Nurses’ Health Study [43], and the Group
Health System in Washington State [44] found no association between overall breast cancer
incidence and statin use, whereas the Study of Osteoporotic Fractures Group found a
significant reduction in breast cancer risk (multivariate-adjusted OR, 0.30), but the age-
adjusted OR was not significant [45]. Meta-analyses have encompassed both randomized
clinical trials and observational studies, including most of the individual studies in Table 1.
Most meta-analyses evaluated overall cancer incidence in statin users and included subgroup
analyses of breast cancer, with the exception of Bonovas et al. [46], which evaluated breast
cancer risk as a primary outcome. To date, no meta-analysis has reported a significant
association between statin use and overall breast cancer incidence [46,47+,48,49]. This
absence of an overall effect has prompted investigators to evaluate potential associations by
tumor HR subtype and statin lipophilicity.

Hormone receptor status

The majority of observational studies that investigated breast cancer incidence by HR status
found no association (Table 1). These included cohort studies in the Women’s Health
Initiative [42¢], the Nurses’ Health Study [43], and the Group Health System in Washington
State [44]. In contrast, a case-only study in the Kaiser Permanente Northern California
cohort reported a statistically significant reduction in incidence of HR-negative breast cancer
in women who used statins for more than 1 year (OR, 0.63). Notably, users of lipophilic
statins only were included because only lipophilic statins were approved by the formulary of
the Kaiser Permanente Health Maintenance Organization [50e¢]. It has been suggested that
the relatively small number of HR-negative breast cancer cases in many studies may have
limited the statistical power to observe any association with statin use. To date, no meta-
analysis has evaluated breast cancer incidence by tumor HR status.

Statin lipophilicity

Although most studies that evaluated statins by drug subtype found no difference in their
association with breast cancer incidence (Table 1), a case-control study in the Three States
Cancer Registries reported that the lipophilic fluvastatin was associated with a statistically
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significant reduction in the risk of breast cancer (OR, 0.5 in current users) [38]. Similarly,

the Women’s Health Initiative cohort study reported a statistically significant reduction in

breast cancer risk among lipophilic statins users (HR, 0.82) [42¢]. However, several meta-
analyses, some of which included the Women’s Health Initiative cohort study [47+,48,49],
have evaluated breast cancer risk by statin subtype and reported no significant association

with breast cancer incidence [47+,48,49].

Clinical Trials of Statins for Breast Cancer Chemoprevention

Most epidemiologic studies have not found a significant protective association between
statins and breast cancer; however, observational studies are subject to bias by unmeasured
confounders and cannot definitively test the question of whether statins reduce breast cancer
incidence. Preclinical studies that suggest mechanisms for statins in breast cancer
prevention, and the suggestion from observational studies that statins might selectively
prevent HR-negative disease, have guided ongoing clinical trials.

Clinical trials designed to prove that an agent prevents breast cancer require thousands of
participants and multiple years of follow-up. The National Surgical Adjuvant Breast and
Powel Project’s large, randomized phase 3 trials evaluating tamoxifen (P1) and raloxifene
(P2) enrolled 13,388 and 19,747 women, respectively [2,3]. In 2007, the US National
Cancer Institute declined to fund the STELLAR (Study to Evaluate Letrozole and
Raloxifene) trial, a similarly designed study that aimed to compare raloxifene to the
aromatase inhibitor letrozole for breast cancer prevention in postmenopausal women. The
substantial cost of large, phase 3 chemoprevention trials has proved a deterrent, prompting
investigators to initiate early-stage, biomarker-based trials that aim to evaluate an agent’s
potential in a limited number of patients over a short time before more substantial resources
are committed. Clinical settings for early-stage trials of statins in breast cancer
chemoprevention include the presurgical window in patients who have undergone a biopsy
diagnosing breast cancer and are awaiting definitive surgery; primary prevention in patients
at increased risk of developing breast cancer; and secondary prevention in breast cancer
survivors (Table 2). These trials evaluate breast cancer—associated biomarkers either directly
in breast tissue, or indirectly in serum or by breast imaging. Fabian et al. [51] developed a
method for repeated sampling of bilateral breast tissue, the random periareolar fine-needle
aspiration (rpFNA) technique, and demonstrated that women with atypical cytology on
rpFNA have a two- to fivefold increased risk of subsequently developing breast cancer,
compared with women without cytologic atypia. Consequently, Fabian et al. [51] and other
investigators have defined models of early-stage chemoprevention trials that measure
changes in risk-associated biomarkers, such as cellular proliferation, atypical cytology on
rpFNA, or mammaographic density, before and after short-term use of a candidate agent (Fig.
1) [52]. All current trials use a lipophilic statin. Although no open trial designates reduction
in HR-negative breast cancer as a primary end point, several enroll participants at high risk
specifically of HR-negative disease, or evaluate outcomes associated with tumor HR status.

Presurgical window trials

The presurgical model involves women with ductal carcinoma in situ or early-stage breast
cancer. Participants receive the study agent from the time of cancer diagnosis by needle
biopsy until surgery removes the tumor 3 to 6 weeks later. Three ongoing statin studies use
this design (Table 2), and two evaluate change in Ki-67, a proliferation marker associated
with tumor grade, as the primary end point. Concerns raised about this study design include
slow accrual due to patients’ potential reluctance to wait 3 to 6 weeks for their definitive
cancer surgery, the short drug-exposure period, and possible heterogeneity of Ki-67 across
different parts of the tumor. To date, preliminary results of one such study have been
reported by Garwood et al. [53]. Of 40 participants enrolled, 29 had pre- and post-treatment
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samples adequate for evaluation. Participants with grade 3, mostly HR-negative tumors had
a statistically significant decline in Ki-67, but no significant difference was noted in a
comparison between HR-positive and HR-negative tumors [53]. A trial led by the National
University Hospital in Singapore aims to evaluate the effect of simvastatin on genomic
changes associated with the basal, HR-negative subtype of breast cancer, but no results have
yet been presented [1].

secondary prevention trials

Phase 2 biomarker-based chemoprevention trials enroll participants at high risk of
developing a first or second breast cancer, and treat them with a study drug over a period of
months. As in the presurgical window setting, phase 2 prevention trials use a biomarker-
based primary end point, and may have a single intervention arm or a randomized, placebo-
controlled design (Fig. 1). These novel designs represent appealing strategies for first
evaluations of a drug’s potential as a clinical chemopreventive agent; however, caveats
include uncertainty as to the reproducibility, inter- and intrasubject variability, and clinical
significance of surrogate end points, such as atypical cytology on rpFNA. Concerns remain
about participant accrual because cancer-free women are asked to undergo repeated needle
biopsies of the breast and they may be less willing to tolerate intervention than are patients
with cancer. There are three ongoing phase 2 biomarker-based trials of statins for breast
cancer chemoprevention. Entry criteria vary, but generally include women at high risk due
to a known cancer-susceptibility gene mutation, strong family history of breast cancer, or a
previous HR-negative breast cancer. Study durations range over a period of months and
primary end points include change in Ki-67 or the prevalence of atypical cytology on rpFNA
(Table 2). In 2007, Kurian et al. [54] presented initial feasibility results of an ongoing
single-arm study of lovastatin in high-risk women. On continued accrual, most participants
have had no change or an improvement in the primary end point of cytology, and have
tolerated the rpFNA procedure and study drug well.

Conclusions

Several drug classes are under evaluation for chemoprevention of HR-negative breast
cancer, given the clear need to prevent this poor-prognosis disease. Statins are attractive for
breast cancer chemoprevention given their tolerability and safety, but their efficacy remains
to be proven.

Statins inhibit multiple cancer-associated pathways in preclinical studies. Lipophilic statins
appear particularly active, especially in HR-negative breast cancer cells. In contrast, only
one of several epidemiologic studies reported a statistically significant association between
lipophilic statin use and breast cancer risk reduction [42¢¢], and only one found a significant
decrease in HR-negative breast cancer among statin users [50e¢]. Meta-analyses have found
no association between statins and breast cancer, but none so far has investigated breast
cancer incidence by HR status [46,47+,48,49]. Preliminary results of two ongoing early-
stage chemoprevention studies have been reported to date and suggest favorable effects on
breast cancer risk—associated biomarkers [53,54]. If final results from the ongoing statin
intervention studies prove promising, they may justify a randomized clinical trial evaluating
breast cancer prevention as the primary outcome, with stratification by tumor HR status.

Whether or not the pending results from current statin studies eventually prompt a phase 3
randomized trial, the experience to date of statins as chemoprevention candidates, from their
selection based on suggestive epidemiologic and preclinical studies, to the design of novel
biomarker-based trials for their initial evaluation, has much to teach investigators committed
to developing drugs that are effective and practical for cancer prevention.
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Figure 1.

Design of early-stage biomarker-based chemoprevention trials in women at high risk for
breast cancer. FNA—fine-needle aspiration; IGF—insulin-like growth factor; IGFBP—
insulin-like growth factor binding proteins. (From Fabian et al. [52]; with permission.)
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