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Abstract

Obesity and altered lipid metabolism are risk factors for breast cancer in pre- and post-menopausal
women. These pathologic relationships have been attributed in part to the impact of cholesterol on
the biophysical properties of cell membranes and to the influence of these changes on signaling
events initiated at the membrane. However, more recent studies have indicated that the oxysterol
27-hydroxycholesterol (27HC), and not cholesterol per se, may be the primary biochemical link
between lipid metabolism and cancer. The enzyme responsible for production of 27HC from
cholesterol, CYP27AL, is expressed primarily in the liver and in macrophages. In addition
significantly elevated expression of this enzyme within breast tumors has also been observed. It is
believed that 27HC, acting through the liver X receptor (LXR) in macrophages and possibly other
cells is involved in maintaining organismal cholesterol homeostasis. It has also been shown
recently that 27HC is an estrogen receptor (ER) agonist in breast cancer cells and that it stimulates
the growth and metastasis of tumors in several models of breast cancer. These findings provide the
rationale for the clinical evaluation of pharmaceutical approaches that interfere with cholesterol/
27HC synthesis as a means to mitigate the impact of cholesterol on breast cancer pathogenesis.

Keywords
Cholesterol; Estrogen Receptor; 27-Hydroxycholesterol; Liver X Receptor

Introduction

Obesity increases the risk of post-menopausal estrogen receptor (ER)-positive breast cancer
by over 50% (1), a significant observation given that 40% of the US population are
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clinically obese and that obesity is rising most rapidly in women over 60 years of age (2).
Some of this risk may be attributed to aromatase-driven estrogen production in adipose
tissue and to obesity-associated increases in inflammatory cytokines, insulin like growth
factor 1 (IGF-1), and circulating insulin (3,4). Recently, altered cholesterol metabolism, a
comorbidity of obesity, has emerged as an additional independent risk factor for breast
cancer in post-menopausal women (5). Notable are data from the Canadian National Cancer
Surveillance System study where the relationship(s) between dietary cholesterol intake and
cancer risk were evaluated and it was observed that post-menopausal women within the top
quartile of cholesterol consumers had a48% increase in the risk of breast cancer (6). In pre-
menopausal women, the relationship between body weight and breast cancer is absent or
negative, but low levels of high density lipoprotein cholesterol (HDL-C) have been
associated with breast cancer risk (5,7). HDL-C functions as an extracellular cholesterol
acceptor, and low levels favor retention of cholesterol in cells. Although studies examining
the impact of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR) inhibitors (statins) on
breast cancer incidence have provided equivocal results, evidence from cohort studies
suggest that overall disease-free survival is improved in patients on stat in therapy at time of
cancer diagnosis (8,9). When taken together it is apparent that cholesterol significantly
impacts breast cancer incidence and outcome. However, absent a robust mechanistic
explanation linking elevated cholesterol and cancer pathogenesis, it has been difficult to
identify the best approaches to mitigate this risk.

Modeling the effects of cholesterol on breast cancer in animals

Diets high in fat and cholesterol (“Western diets”) have been shown to promote tumor
growth and metastasis in several different mouse models of breast cancer (5,10,11). Whereas
the selection of the Western diets for these studies reflects current dietary trends, this
approach has not allowed an evaluation of the specific impact of cholesterol on tumor
biology. However, using the murine mammary tumor virus driven polyma middle T antigen
(MMTV-PyMT) transgenic mouse model of spontaneous mammary adenocarcinoma we
observed that increased dietary cholesterol alone resulted in a significant reduction in tumor
latency, an increase in tumor growth rate, and a greater total tumor burden (12).

As opposed to humans, serum cholesterol in mice does not rise in response to high fat diet
(HFD) limiting the ability to define the relationship between diet, cholesterol, and cancer
pathology. However, in mice expressing the human apolipoprotein E3 (APOES3) allele, HFD
results in a 3-4 fold increase in serum cholesterol and this was associated with a significant
increase in the growth of ER-positive tumors propagated in a syngeneic manner.
Importantly, all of the growth promoting effects of HFD in this model were inhibited by
statin administration (12). These data confirm the pathogenicity of cholesterol in relevant
mouse models of breast cancer and suggest that the impact of HFD on this cancer can be
attributed to increased cholesterol production.

Regulation of intracellular cholesterol homeostasis

It is not clear why, given the complex tightly controlled mechanisms that regulate
intracellular cholesterol homeostasis, elevated cholesterol would impact cancer
pathogenesis. In brief, the levels of free cholesterol within cells are maintained at a low level
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by partitioning of this molecule into membranes, its storage as a cholesterol-ester in the
cytoplasm, or its active export out of the cell. Thus, during periods of acute need for
increased intracellular cholesterol, as occurs during cell division, the cell relies on de novo
synthesis, increased uptake, and/or decreased efflux of the molecule. The primary regulator
of these activities is sterol regulatory element binding protein-2 (SREBP2), a component of
a multiprotein complex involved in intracellular cholesterol sensing (13). When cholesterol
levels are low SREBP2, following several processing steps, enters the nucleus where it
upregulates the expression of HMGCR and low density lipoprotein receptor (LDLR),
resulting in increased de novo synthesis and uptake of cholesterol (13,14). Cholesterol
excess, on the other hand, triggers feedback mechanisms to limit intracellular cholesterol
accumulation. Short-loop negative feedback in this system is afforded by cholesterol/sterol-
dependent inhibition of SREBP2 activation (15). This is complemented by a long-loop
feedback mechanism mediated by the Liver X Receptors (LXRs, a and B); LXRa which is
expressed in a tissue-restricted manner (i.e. liver, macrophages, and intestine), and LXRp
whose expression can be detected in most cells. These receptors form heterodimeric
complexes with retinoid X receptor (RXR) and, among many genes, upregulate the
expression of the reverse cholesterol transporters (ATP-binding cassette transporter Al and
G1) and IDOL (Inducible Degrader of the LDL receptor), an E3 ligase that targets LDLR for
degradation (16,17). This activity of the LXRs is not regulated by cholesterol directly but by
oxysterol derivatives that are produced in a stoichiometric manner from cholesterol by p450
hydroxylases (18). Among these enzymes, CYP27A1 (cytochrome P450, family 27,
subfamily A, polypeptide 1) is one of the best studied, and the product of its actions, 27-
hydroxycholesterol (27HC), is the most abundant oxysterol ligand of the LXRs.
Interestingly, 27HC also promotes degradation of HMGCR, highlighting the interplay
between these feedback mechanisms (19). Understanding how these homeostatic
mechanisms are overridden, or fail, in cancer is key to understanding how cholesterol
impacts the pathogenesis of this disease.

Cholesterol is a component of all cell membranes and not surprisingly its levels during the
S-phase of the cell cycle are double those in G1 (20). This implies that dividing cells must
possess mechanisms to overcome the tight homeostatic regulation of intracellular levels of
cholesterol. Evidence in support of this idea has come from a study demonstrating that the
robust cell proliferation upon activation of the T-cell receptor (TCR) is contingent on the
induction of SULT2B1 (sulfotransferase family cytosolic 2B member 1), an enzyme that
sulfates and inactivates the intracellular oxysterol ligands of LXR (21). This facilitates the
downregulation of the expression of the cholesterol transporter ABCA1, a primary target of
LXR, and a subsequent increase in intracellular cholesterol. Whereas an analogous
upregulation of SULT2B1 was not observed in breast cancer cells, the results of the studies
in T-cells suggest that these cells may possess other mechanisms that enable them to
circumvent the regulatory activities of LXR. Interestingly, several studies have implicated a
role for ATP-binding cassette transporter Al in cancer pathogenesis putting in context our
observation that its expression in ER-positive breast cancer cells is dramatically
downregulated by 17p-estradiol (22,23). Thus, we consider it likely that the mitogenic
actions of estrogens may rely in part on the ability of ER to suppress the expression of LXR
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target genes, such as ATP-binding cassette transporter A1, that are involved in cholesterol
efflux.

The oxysterol paradox in breast cancer

Considering the discussion above it is not surprising that synthetic LXR (and RXR) ligands
have been shown in many different studies to inhibit the growth of breast tumors (12,24).
However, perplexing was the observation that the oxysterol LXR-ligand, 27HC, actually
increased the proliferation of ER-positive breast cancer cells in vitro and increased the
growth of breast tumor xenografts (12,25,26). Further, in the MMTV-PyMT mouse model
of breast cancer it was shown that administration of 27HC decreased tumor latency and
increased tumor growth. The importance of this oxysterol was confirmed by showing that
mammary tumor growth in the MMTV-PyMT model was (a) increased in mice in which the
enzyme responsible for metabolizing 27HC, CYP7B1 (cytochrome P450, family 7,
subfamily B, polypeptide 1), was ablated and (b) dramatically decreased when evaluated in
the background of a mouse in which the enzyme responsible for production of 27HC from
cholesterol, CYP27AL, was deleted (12). The relevance of these findings was highlighted by
the observation that CYP27AL1 is highly expressed in macrophages within human breast
tumors and was also expressed within the epithelial cells of tumors in patients with
advanced disease (12). Conversely, it was determined that higher levels of CYP7B1
expression in breast tumors correlated with a better outcome (12,26). Most important,
however, were the data indicating that the intratumoral levels of 27HC in ER-positive breast
tumors were up to 6-fold higher than that found in adjacent normal tissue and in breast tissue
from disease-free individuals (26). Thus, despite its ability to activate LXR, and the
protective responses generally associated with this activity, 27HC has a profoundly adverse
effect on the pathology of ER-positive breast tumors.

The oxysterol 27-hydroxycholesterol is an endogenous Selective Estrogen Receptor
Modulator (SERM)

The first clues as to the mechanisms underlying the pathogenicity of 27HC in breast cancer
came from the observation that in addition to LXR, this oxysterol could interact with and
regulate the transcriptional activities of both estrogen receptor-alpha (ERa) and estrogen
receptor-beta (ERf) (27,28). More specifically, evaluation of its pharmacological activity on
ERa in different systems revealed that 27HC was in fact an endogenous Selective Estrogen
Receptor Modulator (SERM); a member of a class of drugs whose relative agonist/
antagonist activity can differ between cells (29). Most studies have focused on the role of
ERa in breast cancer biology, however, there is accumulating evidence to suggest that ERf
may, under certain circumstances, be important in modulating cellular response to estrogens
(30). In this review, unless otherwise indicated, the term “ER” is used to describe actions
common to both subtypes, or where the specific roles of one receptor over the other have not
been defined. Importantly, 27HC exhibited sufficient estrogenic activity to support the
growth of ER-dependent breast cancer xenografts in mice (12,26). However,
notwithstanding its ability to activate ER, it remains to be resolved how, given that it is also
a canonical LXR ligand, 27HC can exhibit such a dramatic effect on cell proliferation. One
possibility is that ER may interfere with LXR signaling much in the same way as TCR
activation does in T-cells (31). In support of this model we have shown that knockdown of
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ERa expression enhances 27HC-dependent induction of LXR target genes expression (12).
These data highlight the potential importance of ER/LXR crosstalk and reveal a regulatory
node where cholesterol biology and estrogen signaling interface.

There has been considerable interest of late in defining the mechanism(s) by which ERa
modulates LXR signaling. In trying to address how estrogens suppress LXR- mediated
increases in lipogenesis in liver, Han et al observed that agonist-activated ERa physically
interacts with and inhibits LXR on LXRE-containing promoters (32). However, the extent to
which this mechanism is employed on other genes is unclear. An analysis of the LXR
cistrome in ER-expressing cells upon addition of estradiol has not yet been accomplished
and such a study will clearly be instructive in this regard.

Endocrine, paracrine, and intracrine actions of 27-hydroxycholesterol contribute to breast
cancer pathogenesis

Cholesterol,

Serum levels of 27HC and total cholesterol are strongly correlated (33). Indeed, genetic or
pharmacological manipulation of serum cholesterol results in a commensurate change in
circulating levels of 27HC in both humans and in animal models. Whereas most cells can
produce 27HC it is likely, given that they express high levels of CYP27AL1, that
macrophages and hepatocytes are the most significant contributors to circulating 27HC
(12,34,35). Considering these data we have proposed that 27HC produced in macrophages
(and other CYP27AL1 expressing cells) can function in an endocrine manner to activate ER
in target tissues (Figure 1). We have also noted that CYP27ALl is expressed within tumor
cells in advanced disease suggesting that 27HC may exhibit some of its actions in an
autocrine or intracrine manner. Within ER-positive tumors, 27HC functions as an estrogen
and induces the expression of genes required for proliferation. In addition, the 27HC-
activated ER can suppress LXR function potentially insulating tumor cells from the
protective antiproliferative effects of this oxysterol (12). It has been reported that 27HC
induces the expression of chemokines, such as CCL2 and SDF-1, which facilitate
macrophage recruitment to tumors (36). Furthermore, 27HC and other oxysterols can
facilitate the migration/mobilization of myeloid-derived cells independent of LXR (or ER),
but rather by CXCR2 (CXC chemokine receptor 2) and can be inhibited by SB225002, a
highly selective CXCR2 antagonist (37, and unpublished data). This latter receptor is
expressed on various myeloid-derived cell types and mediates the activities of the
chemokines 1-7 on these cells. It will be important to establish whether CXCR2 is a normal
physiological target of 27HC or if it is only engaged when hypercholesterolemia
overwhelms cholesterol homeostasis and circulating 27HC rises. Regardless, whereas the
inflammatory cytokines produced by the recruited macrophages contribute to tumor growth
and progression, it is likely that the intratumoral production of 27HC by these cells and
resultant paracrine activation of ER is also of importance in tumor progression.

oxysterols, and metastasis of breast cancer

Most studies that have looked at the impact of hypercholesterolemia on breast cancer
pathology have focused on the primary tumor. However, it is now clear that cholesterol and
oxysterols also impact metastasis. A causal relationship between hyperlipidemia and
metastasis was suggested by LeRoith and colleagues in a study where increased lung
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metastasis of an MvT-tumor, propagated syngenically, was observed in ApoE™ vs. Wi.
control mice (10). This was attributed to the ability of cholesterol to increase AKT activity
and indeed it was observed that the metastatic lesions could be reduced by administration of
an AKT inhibitor in the MvT/ApoE~ model. More recently, using the MMTV-PyMT model
we demonstrated that tumor metastasis is dramatically (a) increased in a Cyp7b1”-
background (high 27HC) and (b) decreased in a Cyp27a1™- background (low 27HC).
Further, the number of metastatic lesions in the latter model could be restored by
administration of exogenous 27HC (12). What was somewhat surprising, given what was
observed in the primary tumor studies, was that estradiol had no effect on metastasis and
that a pure LXR agonist was not as effective as 27HC. Thus, of the three ligands tested
27HC had the most dramatic impact on metastasis. This activity of 27HC may relate to its
ability to induce the expression of genes required for epithelial-mesenchymal transition
within tumor cells (12,38). However, our preliminary studies also indicate that 27HC
exhibits tumor cell extrinsic activities that contribute to metastasis.

One question that has arisen from the studies completed thus far is why synthetic agonists of
LXR do not exactly phenocopy 27HC with respect to their ability to promote metastasis.
Notwithstanding issues related to the pharmacokinetics of the drugs used, the data indicate
that 27HC is indeed pharmacologically distinct from the synthetic LXR ligands. It has been
shown in a variety of systems that the biological activity of oxysterols, the presumed
endogenous ligands of LXR, are not the same as synthetic agonists. This is analogous to the
way in which SERMs differ from 17B-estradiol. Studies to probe the conformation and
cofactor interaction profiles of LXR when treated with 27HC vs. the synthetic ligands will
help to resolve this issue. However, we have not as yet ruled out the possibility that in
addition to LXR there may be other targets, such as CXCR2, whose activation also
contributes to metastasis.

Clinical implications

It is unclear if 27HC has any role as an ER ligand under normal physiological
circumstances. Some have provided an anthropological argument that it is an ancestral
estrogen whose importance was relegated upon the appearance of the steroidal estrogens
(39). Given its likely function as an LXR ligand, involved in cholesterol homeostasis, its
production would not have been selected against and thus it could be argued that 27HC is a
vestigial estrogen that only impacts ER action in hypoestrogenic women (or in males).
Interestingly, upon cessation of ovarian function, most women experience a significant rise
in total cholesterol (and 27HC) providing another potential explanation as to why obesity
and cholesterol may impact breast cancer risk in post-menopausal women (40). However, in
addition to post-menopausal breast cancer, hypercholesterolemia is associated with other
cancers that are ER-negative e.g. esophageal cancer (6). Moreover, low HDL-C
accompanying obesity may favor higher cellular cholesterol content and thus production of
27HC (41). It is possible that 27HC influences the function of other cells in the tumor
microenvironment that impact cancer pathogenesis e.g. macrophages. Whereas the latter is
speculative, it is clear that activation of LXRs by 27HC increases the metastatic potential of
breast cancer cells and this is not influenced by ER status. Thus, although we have not
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evaluated the impact of 27HC on ER-negative cancers in vivo, most cancers do express LXR
and are thus poised to respond to 27HC.

Given the relationship between total serum cholesterol and 27HC it initially seemed obvious
to us that dietary or pharmacological lowering of cholesterol would be beneficial and indeed
there is some data, although somewhat controversial, indicating that statins decrease breast
cancer risk. We have shown that oral statins reduce the growth of ER-positive breast tumors
propagated in APOE3 mice fed a HFD. However, two pieces of recent data have tempered
enthusiasm about the efficacy of oral statin usage in cancer (1) treatment of breast cancer
patients with oral statins results in a very rapid upregulation of HMGCR expression in
tumors which would likely increase intratumoral cholesterol production (42) and (2) the
levels of 27HC are much higher in tumors compared to normal breast tissue (43). These data
highlight both the importance of inhibiting intratumoral production of 27HC and the
difficulty in achieving this objective using statins, drugs that have limited post-hepatic
exposure (44,45). Therefore, it will be important to compare the effectiveness of oral statins
vs. other means of cholesterol lowering in preclinical or window of opportunity clinical
trials.

In animal models we have shown that CYP27A1 inhibitors can inhibit the effect of
hypercholesterolemia on breast tumor growth (12). Initially, considering the neurological
phenotypes of patients with CYP27A1 deficiency (cerebrotendinous xanthomatosis) we
were concerned that this approach would be too toxic to consider as a therapeutic
intervention. However, this class of drugs appears to be surprisingly well tolerated in
animals. Considering the dramatic inhibition of mammary tumor growth in the Cyp27a1™-
mice this seems to be a viable approach and its continued exploration is justified.

In addition to CYP27A1 inhibitors there are additional approved drugs the activities of
which suggest that they could reduce the impact of cholesterol/27HC on breast tumor
biology. Niacin (vitamin Bg), for instance, has been used for over 60 years for the
pharmacological management of dyslipidemia and hypercholesterolemia (46). However,
until its receptor, GPR109A, was identified, relatively little was known about its mechanism
of action (46,47). 1t has now been shown that GPR109A is abundantly expressed on
macrophages and that its activation induces the expression of ATP-binding cassette
transporter G1 with a resulting increase in cholesterol efflux (48). It would be expected that
this activity would result in a decrease in the production of 27HC by tumor-associated
macrophages. Another drug worth considering is zoledronic acid (ZA), a very safe, potent
N-bisphosphonate that is widely used to attenuate the impact of bone metastasis in human
cancer (49). It has recently been shown that ZA has anti-tumor activity in mouse and human
breast cancer distinct from its ability to reduce bone metastasis (50). Whereas the
mechanisms underlying these beneficial effects are not understood, there is consensus that
they relate in part to the ability of this drug to inhibit farnesyl disphosphate synthase, a key
enzyme in the cholesterol synthetic pathway. What makes this option so appealing is that the
action of this drug is largely restricted to phagocytic cells (such as tumor-associated
macrophages and osteoclasts) (51,52). Based on these findings it is reasonable to expect that
ZA will lower intratumoral cholesterol and subsequent production of 27HC.
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In primary breast tumors it is clear that 27HC is an ER-ligand and exhibits mitogenic
activities. Thus in addition to estrogens produced by peripheral aromatization of adrenal
androgens, it is highly likely that ER-positive tumor growth will be stimulated by 27HC.
Thus, although it is generally accepted that the efficacy of SERMs as breast cancer
therapeutics relates to their ability to inhibit the activity of residual low levels of steroidal
estrogens in women, it is likely that their ability to inhibit the interaction of 27HC with ER
is also important (53). In that regard, the local concentrations of 27HC may decrease the
efficacy of endocrine therapy. This may be especially important in the case of aromatase
inhibitors, as the synthesis of 27HC is aromatase independent. Furthermore, we have shown
invitro that inhibition of ER activity by SERMs such as Fulvestrant increases LXR action.
Hence, it is reasonable to expect that SERMs will accentuate the positive impact of LXR
activation on tumor pathology. In contrast however, LXR activation increases metastasis and
it will be important to determine how this activity is influenced by estrogens, SERMs and
pure antagonists (12). Interestingly there is old, often forgotten data, suggesting that whereas
estrogen stimulates primary tumor growth it likely reduces metastasis (54). It is possible that
some of the anti-metastatic actions of estrogens relates to their ability to suppress LXR-
mediated effects on metastasis.

Final comments

The mechanisms by which cholesterol impact tumor pathogenesis are complex and
multifactorial. However, considering the results of studies performed in relevant animal
models of breast cancer and epidemiological data in humans, it appears that the cholesterol
metabolite 27HC is an important biochemical link between cholesterol (and obesity) and
breast cancer risk. Fortunately the pathways involved in the synthesis of 27HC and those
that enable cells to respond to its hormonal activities are well documented. Notwithstanding
the potential impact of additional targets of this oxysterol on tumor pathogenesis, the
approaches to evaluate the impact of manipulating these axes on tumor pathology are primed
for testing.
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Figure 1. The cholesterol metabolite 27-hydroxycholester ol influences breast cancer cell biology
through its actions on the Estrogen Receptor and the Liver X Receptors

CYP27A1, the enzyme that catalyzes the synthesis of 27-hydroxycholesterol (27HC) from
cholesterol, has been shown to be highly expressed in the liver, macrophages and stromal
cells within breast tumors. Under normal physiological circumstances this oxysterol can be
converted to polar bile acids by the actions of CYP7B1 and/or can act as an agonist ligand of
LXR to regulate cholesterol homeostasis in cells. Further, in breast cancer cells, it has been
shown that LXR activation inhibits cell proliferation likely as a consequence of its ability to
decrease intracellular cholesterol below that which is required for cell division. However,
27HC is also an estrogen, and in cells expressing ER, it can stimulate cell proliferation.
Interestingly, we and others have shown that ER inhibits the protective effects of LXR in
breast cancer cells and thus it is likely that in a similar manner 27HC, acting through ER,
neutralizes the beneficial effects of 27HC activation of LXR. Thus, by virtue of its ability to
interact with ER, 27HC is able to manifest robust protumorgenic actions in ER-positive
breast cancers.

Cancer Res. Author manuscript; available in PMC 2015 September 15.



