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Abstract

Hypercholesterolemia is a risk factor for estrogen receptor (ER) positive breast cancers and is
associated with a decreased response of tumors to endocrine therapies. Here we show that 27-
Hydroxycholesterol (27HC), a primary metabolite of cholesterol and an ER and Liver X receptor
(LXR) ligand, increases ER-dependent growth and LXR-dependent metastasis in mouse models of
breast cancer. The effects of cholesterol on tumor pathology required its conversion to 27HC by
the cytochrome P450 oxidase CYP27AL, and were attenuated by treatment with CYP27A1
inhibitors. In human breast cancer specimens, CYP27A1 expression levels correlated with tumor
grade. In high-grade tumors, both tumor cells and tumor-associated macrophages exhibited high
expression levels of the enzyme. Thus, lowering circulating cholesterol levels or interfering with
its conversion to 27HC may be a useful strategy to prevent and/or treat breast cancer.

Obesity and the metabolic syndrome are risk factors for estrogen receptor (ER)-positive
breast cancer in postmenopausal women (1, 2). This has been attributed to increases in
circulating insulin and insulin-like growth factors, local production of estrogens in adipose
tissue, and the influence of adipokines and inflammatory cytokines on tumors and their
microenvironment (3). Recently, hypercholesterolemia, an established comorbidity of
obesity, has been identified as an independent risk factor for breast cancer in
postmenopausal women (4-6). Whereas studies of the impact of HMGCoA reductase
inhibitors (statins) on breast cancer risk have yielded equivocal results (7), there is strong
evidence that disease-free survival is improved in breast cancer survivors who are taking
statins prior to diagnosis (8, 9).

It has been proposed that the beneficial effects of statins in breast cancer result from their
ability to directly inhibit cell proliferation. This hypothesis is difficult to reconcile with the
observation that statin concentrations of 1-200uM are required to inhibit cancer cell
proliferation in vitro whereas the extrahepatic levels of statins do not normally exceed
10-200nM in humans (10-12). An alternative explanation is that tumor cell growth is
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negatively impacted by reducing the levels of circulating cholesterol. Of significance in this
regard are the recent observations that the oxysterol, 27-hydroxycholesterol (27HC), an
abundant primary metabolite of cholesterol, is a Selective Estrogen Receptor Modulator
(SERM) and liver X receptor (LXR) agonist that exerts a spectrum of activities in bone and
in the cardiovascular system in mice (13-16). Furthermore, we performed a comprehensive
analysis of the molecular pharmacology of 27HC in cellular models of breast cancer,
revealing that it exhibited significant ER and LXR partial agonist activity at concentrations
that are expected to be found in humans (figs. S1-3) (17). These findings prompted us to
evaluate the extent to which 27HC impacts tumor pathophysiology in animal models of
breast cancer.

The first objective of our studies was to determine whether or not the estrogenic activity of
27HC was sufficient to promote the growth of MCF7 cell-derived breast xenografts when
propagated in ovariectomized mice. The estrogen dependency of this model was
demonstrated by showing that 173-estradiol (E2), but not vehicle treatment, promoted tumor
growth (Fig. 1A, fig. S4). 27HC also promoted the growth of these tumors, and this activity
was inhibited by cotreatment with the pure antiestrogen, ICI 182,780, or upon cessation of
27HC supplementation. Gene expression studies revealed a potential association between
27HC exposure and the development of tamoxifen resistance (fig. S1A), prompting an
evaluation of the pharmacology of 27HC in a mouse model of tamoxifen resistance (TamR)
(18). In this model, as in the tumors of patients with tamoxifen resistant disease, tamoxifen
exhibits robust agonist activity. It was significant, therefore, that 27HC promoted tumor
growth as well as, or better than, tamoxifen or E2 in this model (Fig. 1B).

The impact of 27HC on tumor pathology was next evaluated in an immune competent
Mouse Mammary Tumor Virus-Polyoma Middle T-Antigen (MMTV-PyMT) mouse model.
These mice, which express the MMTV-PyMT transgene, develop spontaneous ERa-positive
mammary adenocarcinomas that metastasize to the lung (19, 20). For these studies, the
MMTV-PyMT mice were crossed onto a CYP7B1*/* or =~ background. The cytochrome
p450 monooxygenase CYP7B1 is responsible for the catabolism of 27HC. In CYP7B1~/~/
MMTV-PyMT mice it was determined that plasma and intra-tumoral 27HC concentrations
were ~3 times higher than in CYP7B1**/MMTV-PyMT control mice. Tumor latency was
dramatically reduced in the CYP7B1~/~ mice (Fig. 1C). Once palpable tumors formed, they
grew at a significantly increased rate in CYP7B1~/~ than those in CYP7B1** mice (Fig.
1D). Treatment of CYP7B1~/~ mice with ICI 182,780 resulted in tumor growth rates similar
to those in a CYP7B1*/* background, confirming the role of ER in this process. In a separate
study, at the time of tumor detection, CYP7B1**/MMTV-PyMT mice were treated daily
with placebo, 27HC, E2 or the synthetic LXR agonist GW3965. As shown in Fig. 1E,
treatment with E2 or 27HC significantly increased the growth of tumors compared to
vehicle, while GW3965 slightly retarded tumor growth when compared to placebo, a result
that mirrors the responses observed in vitro (fig. S2 B,C). The tumor promoting effects of
27HC were also confirmed in a second murine model of ER-positive breast tumors. For this
study, EQ771 cells, derived from a spontaneous mammary tumor in C57BL/6 mice, were
propagated syngenically in ovariectomized mice. In this model, tumor growth was increased
by either E2 or 27HC supplementation and the activity of 27HC could be inhibited by
cotreatment with ICI 182,780. The LXR agonist GW3965 decreased tumor growth (Fig. 1F).
Assessment of gene expression in the MMTV-PyMT model indicated that markers for
proliferation, macrophage infiltration, angiogenesis and invasion were increased in 27HC
treated mice (fig. S5). Elevated expression of both ER and LXR target genes was also
observed. These studies confirm the ER and LXR agonist activity of 27HC and implicate ER
as the mediator of the effects of this oxysterol on primary tumor growth.
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Given the role of CYP7B1 in 27HC catabolism, we considered that differences in its
expression might track with outcomes in ER-positive breast cancers. To address this
question, we evaluated CYP7B1 mRNA expression in several different human breast cancer
datasets and determined that its elevated expression is associated with better survival
outcome in luminal A types (P=0.0469) (fig. S6a). This is an important finding as, in
general, luminal A-breast cancers generally express ER and are most likely to respond to ER
antagonists or aromatase inhibitors and would be expected to be influenced by the estrogenic
activity of 27HC.

Expression of CYP27A1 (cytochrome p450 oxidase required for the conversion of
cholesterol to 27HC) mRNA in breast tumors did not correlate with outcome in this disease,
prompting a closer examination of CYP27A1 protein expression in tumors (fig. S6b).
Previously, it has been determined that CYP27ALl is highly expressed in macrophages (21).
Our studies revealed that, regardless of where macrophages reside in human breast tissue
(benign vs. malignant or intraductal vs. stromal), they consistently stain strongly for
CYP27AL1 protein (fig. S7). The well-established correlation between macrophage
infiltration and breast cancer outcome raises the possibility that macrophage-produced 27HC
may be able to support the growth of ER-positive breast tumors (22). To test this hypothesis,
we evaluated whether conditioned media from bone-derived macrophages could support the
growth of ER-positive breast cancer cells and whether media quality was influenced by
CYP27AL1 activity. We found that (a) macrophage conditioned media stimulated MCF7 cell
proliferation, and that this activity was inhibited by ICI 182,780, and (b) the basal effect of
conditioned media from CYP27A1~/~ macrophages on MCF7 cell proliferation was
increased by 27HC supplementation (fig. S8). Importantly, the ability of conditioned media
to support the growth of MCF7 cells was compromised when macrophages were treated
with two different CYP27A1 inhibitors (G1268267X and GW273297X (23)), and the effects
of these inhibitors could be reversed by adding 27HC. These data suggest that local
production of 27HC by tumor-associated macrophages is likely to have a significant impact
on tumor pathology.

In addition to macrophages, we also found that CYP27A1 protein was expressed, to varying
degrees, in cancer cells themselves (fig. S9). More specifically, we determined that
increased expression of this enzyme was observed in higher grade tumors (estimated odds
ratio of 6.7, Cl 1.7-27, p=0.0007; Table 1, fig. S9). Thus, in addition to paracrine production
from macrophages, autocrine production of 27HC by cancer cells is likely to influence
tumor pathology.

Recently, it was reported that a diet high in both fat and cholesterol decreases latency and
increases tumor growth and metastasis in MMTV-PyMT mice (24). It has also been shown
that tumor xenografts grew faster when propagated in the hyperlipidemic Apoe™~ mouse
model (25). Because a high-fat, high-cholesterol diet was used in both of these studies, the
specific contribution of cholesterol (or its metabolites) on tumor biology could not be
assessed. To directly address this question, we evaluated tumor pathology in the MMTV-
PyMT model as a function of a high cholesterol diet (HCD). In this study, CYP27A1*/*/
MMTV-PyMT mice fed a HCD from weaning developed palpable tumors earlier than mice
on a control diet (Fig. 2A). Furthermore, once tumors were detected, they grew at a faster
rate in mice fed a HCD compared to mice on a control diet (Fig. 2B). We confirmed that the
intratumoral concentrations of 27HC in HCD-fed mice were elevated and reflect the levels
observed in human patients without any known genetic predisposition to elevated
cholesterol (15, 26) (fig. S10). However, in CYP27A1~-/MMTV-PyMT mice, in which
27HC is undetectable, it was observed that tumor latency was increased and tumor growth
decreased when mice were fed a control diet, and the effect of HCD on tumor pathology was
negated in the CYP27A1 null background (Fig. 2A, B). Importantly, the impaired growth of
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mammary tumors in CYP27A1~/~ mice could be restored to that observed in CYP27A1
intact mice by daily injection of 27HC from the point of detection of a palpable tumor.
These data indicate that 27HC, and not cholesterol per se, is pathologic in breast tumors.

Unlike humans, mice do not normally become hypercholesterolemic when fed a high fat diet
(HFD). Therefore, we made use of an APOES targeted replacement mouse model, in which
the mouse Apoe gene has been replaced with the human APOE3 allele (27). A HFD
significantly increases circulating levels of both total cholesterol and 27HC in these mice.
Importantly, the elevated 27HC can be decreased by treatment with a CYP27A1 inhibitor
(GW273297X) (fig. S11). Using the ER-positive EO771 model, we demonstrated that
tumors grew faster in HFD APOE3 mice compared to mice on a control diet, and that tumor
growth was attenuated by treatment with GW273297X administered by daily injection (Fig.
2C). As plasma 27HC concentrations are correlated with circulating cholesterol (26), we
tested whether inhibition of de novo cholesterol synthesis would impact tumor growth.
Indeed, we found that oral administration of the statin atorvastatin, reduced the level of
circulating cholesterol and attenuated the enhanced tumor growth associated with a HFD
(Fig. 2D, S12). Importantly, MMTV-PyMT mice on a HFD do not develop
hypercholesterolemia and tumor growth in these animals was indistinguishable from those
on a control diet (fig. S13). Thus, in this APOE3 mouse model, a HFD enhances tumor
growth, an effect that can be partially reversed by treatment with agents that inhibit the
biosynthesis of cholesterol or 27HC.

We next addressed whether 27HC impacted metastasis in the MMTV-PyMT model. As
shown in Fig. 3A, a greater number of metastatic foci were observed in lungs from mice
treated with daily 27HC injections compared to mice injected with vehicle alone. Metastasis
was evaluated when total tumor burden had reached 2cm3. The effect of 27HC on metastasis
in this model was confirmed by measuring lung PyMT mRNA expression. By this measure,
decreased metastasis was observed in the CYP27A1~/~ mice, with increased metastasis
being evident in the CYP7B1~/~ mice. A similar relationship between elevated 27HC and
metastasis (as assessed by PyMT mRNA expression) was observed in mice receiving daily
injections of 27HC (Fig. 3B). In contrast to the effects on the growth of primary tumors
(above), the actions of 27HC on metastasis do not appear to involve ER, as treatment of
animals with E2 was without effect in this model. Conversely, whereas LXR activation
attenuates E2-dependent breast cancer cell proliferation in vitro and in the tumor models
described above, the LXR agonist GW3965 increased lung metastasis, albeit less efficiently
than 27HC. We conclude from these studies that LXR activation by 27HC increases tumor
metastasis and that these activities occur independently of ER.

Gene expression analysis revealed that 27HC and LXR agonists induce the expression of
several genes involved in epithelial-mesenchymal-transition (EMT) (fig. S14). In addition,
breast cancer cell lines treated in vitro with 27HC or with a synthetic LXR agonist adopt a
spindle-like morphology, which mirrors the increased expression of vimentin, Snaill and
FAPq, established markers of EMT (Fig. 3C, fig. S14). To examine the in vivo relevance of
these observations, we assessed the impact of 27HC treatment on the metastatic potential of
ER-negative, LXR-positive Met1 cells. It was determined that when these cells were
pretreated in vitro with 27HC and injected i.v. into animals, they readily metastasized to the
lung (Fig. 3D). These results are consistent with the hypothesis that 27HC, acting through
LXR, increases lung metastasis secondary to effects on EMT.

In summary, we have shown the pathologic actions of cholesterol on ER-positive breast
cancer require its conversion to 27HC. Further, it was demonstrated that the actions of 27HC
on primary tumor growth are dependent on ER, whereas its actions in metastasis require
LXR. These results may have implications for both the treatment and prevention of breast
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cancer. The SERMs tamoxifen and raloxifene were recently approved in the US as breast
cancer chemopreventive agents in post-menopausal women at high risk for the disease.
These agents can have adverse side effects and may not be well suited for women at average
risk of breast cancer. However, our data suggest that a reduction in breast cancer risk may
also be achieved by lowering total cholesterol and highlight the need for additional studies
to evaluate the efficacy of this approach. Studies to evaluate the impact of lowering
cholesterol on response to endocrine therapy in breast cancer are also warranted. Finally, the
observation that LXR, but not ER, is required for metastasis in mice with elevated 27HC
highlights the potential relevance of our findings to other cancers in which LXR expression
is apparent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The oxysterol, 27-hydroxycholesterol, increases tumor growth in several animal models of
estrogen receptor positive breast cancer

(A) The estrogenic activity of 27-hydroxycholesterol (27HC) is sufficient to support the
growth of human MCF7 cell xenografts when propagated in ovariectomized mice. MCF7
cells were injected into the axial mammary pad of ovariectomized, immunocompromized
mice and administered 27HC by daily injection or were given an E2 pellet as indicated. At
day 40, the 27HC treated mice were randomized into three groups: continued 27HC, 27HC
+ the antiestrogen ICI 182,780 (ICl), or vehicle treatment (27HC withdrawal) (mean +/-
SEM, n =9-10). (B) 27HC supports the growth of tamoxifen resistant, MCF7 cell derived,
breast tumors. Tamoxifen resistant MCF7 cells (TamR) were injected into ovariectomized,
immunocompromized mice and treated for 30 days with E2 (pellet), tamoxifen (pellet),
27HC (injection) or without supplementation. Colored stars (*) indicate significant
differences from 27HC treated tumors (mean +/— SEM, p<0.05, n = 5-9). The latency (C)
and growth (D) of tumors in the MMTV-PyMT mouse model of breast cancer was evaluated
in mice in which catabolism of 27HC is attenuated (CYP7B1~/~ background). Significance
between curves is indicated by a connecting black line and * (p<0.05, n = 10-28). (E) Tumor
growth in MMTV-PyMT mice is increased by 27HC and attenuated by LXR agonists.
MMTV-PyMT mice were injected daily with either 27HC, E2, GW3965 or vehicle as
indicated. The growth of tumors in the 27HC and E2 treated mice were significantly
different from those grown in Placebo and GW3965 treated animals (p<0.05, n = 110 total).
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(F) The growth of the ER-positive EO771 murine cell-derived xenografts was stimulated by
27HC when grown syngenically. Treatments were by injection as indicated. Colored stars
indicate significant difference from placebo at the selected time point (mean +/— SEM,
p<0.05,n =7).
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Fig. 2. Genetic or pharmacological inhibition of 27-hydroxycholesterol production attenuates

hypercholesterolemia-promoted tumor growth in mice

The latency and growth of tumors in the MMTV-PyMT mouse model of breast cancer were
evaluated in mice in which the conversion of cholesterol into 27HC was inhibited by
disruption of the CYP27A1 gene (CYP27A177). For this study, MMTV-PyMT mice were
bred onto a CYP27A1** or a =~ background and (A) tumor latency and (B) tumor growth
were measured in mice on a control diet (CD) or on a high cholesterol diet (HCD) from
weaning. Note that in the tumor growth studies daily injection of 27HC overcame the
inhibitory effect of CYP27AL1 deletion. Significance between curves is indicated by a
connecting black line and * (p<0.05, n = 9-25). The growth of the ER-positive E0771
murine cell-derived grafts were evaluated when grown in syngeneic APOE3 mice fed a
control diet or a HFD in following coadministration of (C) the CYP27ALl inhibitor
GW273297X (or vehicle) or (D) the statin atorvastatin (or vehicle) as indicated. Stars (*)
indicate statistically significant differences with the HFD + placebo group (mean +/— SEM,

p<0.05, n = 6-12).
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Fig. 3. Increased metastasis of breast cancer cells to lung is observed in mice in which circulating
27-hydroxycholesterol is elevated

(A) Representative lung sections from MMTV-PyMT mice reveals an increased number of
metastatic lesions in mice following injection of 27HC or placebo. Metastasis was evaluated
when total tumor burden had reached 2cm3. (B) Quantification of PyMT mRNA, a surrogate
for mammary tumor cell metastasis, in MMTV-PyMT-mice in which circulating 27-
hydroxycholesterol production is inhibited (CYP27A1~/~ background) or increased
(CYP7B17"). Different letters denote statistical significance (mean +/- SEM, p<0.05, n=
4-13). (C) Both 27HC and the LXR agonist GW3965 induce the expression of vimentin and
induce EMT-like morphological changes in EO771 breast cancer cells in vitro. Overlaid
images of green (vimentin) and blue (dapi nuclear stain). All images were adjusted to 90%
brightness and 100% contrast. Scale bar = 100pu.m (D) Cell intrinsic effects of 27HC on
metastatic potential of E0771 breast cancer cells. EO771 cells, tagged by expressing infrared
florescence protein (IRFP), were treated in vitro for 72 hours with 27HC or vehicle and
injected into the tail veins of syngeneic mice. Twenty-eight days later, lung colonization was
evaluated by assessing fluorescence in harvested lungs (mean +/- SEM, p<0.05, n=5).
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