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Abstract

Although significant advances in the treatment of breast cancer have been made, in particular in 

the use of endocrine therapy, de novo and aquired resistance to therapy, and metastatic recurrence 

continue to be major clinical problems. Given the high prevalence of breast cancer, new life-style 

or chemotherapeutic approaches are required. In this regard, cholesterol has emerged as a risk 

factor for the onset of breast cancer, and elevated cholesterol is associated with a poor prognosis. 

While treatment with cholesterol lowering medication is not associated with breast cancer risk, it 

does appear to be protective against recurrence. Importantly, the cholesterol axis represents a 

potential target for both life-style and pharmacological intervention. This review will outline the 

clinical and preclinical data supporting a role for cholesterol in breast cancer pathophysiology. 

Specific focus is given to 27-hydroxycholesterol (27-OHC; (3β,25R)-Cholest-5-ene-3,26-diol)), a 

primary metabolite of cholesterol that has recently been defined as an endogenous Selective 

Estrogen Receptor Modulator. Future perspectives and directions are discussed.
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Introduction

With an estimated incidence of one in eight women, breast cancer continues to be the most 

commonly diagnosed cancer in women (American Cancer Society) [1]1 (1). It can be 

subdivided based on the presence or absence of the estrogen receptor alpha (ERα), the 
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progesterone receptor (PR) or the epidermal growth factor receptor 2 (HER2). The advent of 

endocrine therapy such as ER antagonists (for example, tamoxifen) or aromatase inhibitors 

(for example, exemestane or letrozole) or HER2 based therapy (such as trastuzumab or 

Lepatinib) has significantly increased survivorship. However, breast cancer remains the 

second most common cause of cancer-related mortality among women (American Cancer 

Society). Metastatic spread of endocrine therapy-refractory disease is the major cause of 

mortality, and there is a growing population of women living with stage IV disease 

(Mariotto, Etzioni, Hurlbert et al., 2017). Therefore, there is significant interest in 

identifying those risk and prognostic factors that may also be amenable to therapeutic 

intervention.

Accounting for ~5–10% of all cases are those breast cancers with mutations in the BCRA1 

or BCRA2 genes (Cancer Genome Atlas, 2012,Hall, Lee, Newman et al., 1990) (Shah, 

Rosso and Nathanson, 2014). Mutations in other genes such as ATM, CHEK2, and PALB2 

have also been implicated, but with a low frequency (Michailidou, Hall, Gonzalez-Neira et 

al., 2013). Other risk factors include previous occurrence of cancer, age of menarche, age of 

menopause, parity, age of first child, and lifestyle (Colditz and Rosner, 2000,Collaborative 

Group on Hormonal Factors in Breast, 2012,Endogenous, Breast Cancer Collaborative, Key 

et al., 2013,Lord, Bernstein, Johnson et al., 2008,McPherson, Steel and Dixon, 

2000,Petracci, Decarli, Schairer et al., 2011,Singletary, 2003). It is becoming increasingly 

recognized that lifestyle is a significant risk and prognostic factor. While exercise regimens 

appear protective, the metabolic syndrome, obesity, dyslipidemia and type II diabetes 

mellitus are all associated with increased risk and poor prognosis (Bianchini, Kaaks and 

Vainio, 2002,Capasso, Esposito, Pentimalli et al., 2011,Ha, Sung and Song, 2009,Hu, La 

Vecchia, de Groh et al., 2012,Jones and Alfano, 2013,Kitahara, Berrington de Gonzalez, 

Freedman et al., 2011,Michels, Solomon, Hu et al., 2003,Ronco, De Stefani and Stoll, 2010) 

(Berrino, Villarini, Traina et al., 2014,Ewertz, Jensen, Gunnarsdottir et al., 2011,Llaverias, 

Danilo, Mercier et al., 2011,Pasanisi, Berrino, De Petris et al., 2006). Of these risk/

prognostic factors, the cholesterol axis is highly amenable to drug intervention, and therefore 

might offer a therapeutically tractable mechanism for the treatment of breast cancer. This 

review will highlight recent work investigating the roles of cholesterol and its metabolism in 

breast cancer pathophysiology, with specific focus on 27-hydroxychoelesterol (27-OHC; 

(3β,25R)-Cholest-5-ene-3,26-diol)) a primary metabolite which has been found to modulate 

the activities of the estrogen receptors and liver X receptors (ERs and LXRs respectively).

Clinical evidence supporting a role for cholesterol in the pathophysiology 

of breast cancer

Evidence for elevated circulating cholesterol concentrations as a risk factor for breast cancer 

onset are conflicting. It is not clear whether total, LDL or HDL cholesterol impact risk 

(Danilo and Frank, 2012,Kuzu, Noory and Robertson, 2016,Nelson, Chang and McDonnell, 

2014,Silvente-Poirot and Poirot, 2014). However, when adjusted for body-mass-index, it 

was found that elevated dietary cholesterol was significantly associated with an increased 

likelihood of being diagnosed with breast cancer in postmenopausal but not in 

premenopausal women (Hu, La Vecchia, de Groh et al., 2012). The association with 
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increased cholesterol in the diet was confirmed in a separate study of a distinct cohort of 

women (Ronco, De Stefani and Stoll, 2010). Finally, a recent prospective trial has found that 

total circulating cholesterol is associated with the onset of breast cancer (Ha, Sung and 

Song, 2009,Kitahara, Berrington de Gonzalez, Freedman et al., 2011).

Statins, inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR), are 

widely prescribed and have proven to be very effective at lowering circulating cholesterol 

levels and preventing cardiovascular disease (Chou, Dana, Blazina et al., 2016). 

Retrospective studies have provided contradictory evidence regarding associations between 

statin use and breast cancer onset, with some studies reporting statin use as a risk modulator 

while others report no significant correlations (Beck, Wysowski, Downey et al., 2003,Blais, 

Desgagne and LeLorier, 2000,Boudreau, Gardner, Malone et al., 2004,Cauley, McTiernan, 

Rodabough et al., 2006,Cauley, Zmuda, Lui et al., 2003,Desai, Chlebowski, Cauley et al., 

2013,Friis, Poulsen, Johnsen et al., 2005,Graaf, Beiderbeck, Egberts et al., 2004,Kaye and 

Jick, 2004). The largest meta-analysis to date found that there is no significant relationship 

between statin use and breast cancer onset (Undela, Srikanth and Bansal, 2012). Finally, 

more recent data from the Nurses’ Health Study indicate that statin use was not associated 

with the risk of breast cancer onset, a study that investigated 79,518 participants over 12 

years (Borgquist, Tamimi, Chen et al., 2016). However, the retrospective nature of these 

studies presents several potentially confounding factors that may not have been specifically 

controlled for, such as body-mass-index, baseline cholesterol levels, breast cancer subtype, 

or even access to primary care and thus the potential for earlier detection (Baek and Nelson, 

2016). Future prospective trials in at-risk populations are warranted, in order to definitively 

assess the impact of cholesterol lowering medication on breast cancer onset.

In terms of breast cancer recurrence however, cholesterol and statin use have emerged as 

clear prognostic markers. For example, it has been found that elevated circulating cholesterol 

levels correlate with decreased time to recurrence (Bahl, Ennis, Tannock et al., 2005). 

Several retrospective studies involving distinct populations have found that recurrence free 

survival time is significantly extended in breast cancer patients on statin therapy (Ahern, 

Pedersen, Tarp et al., 2011,Kwan, Habel, Flick et al., 2008,Nielsen, Nordestgaard and 

Bojesen, 2012). A recent meta-analysis supports the protective role of statin use (Zhong, 

Zhang, Chen et al., 2015). Furthermore, an analysis of a recent prospective trial aimed at 

determining outcome differences between patients treated with tamoxifen or letrozole, 

revealed that statin use increased recurrence free survival time (Borgquist, Giobbie-Hurder, 

Ahern et al., 2017). In summary, whether cholesterol plays a role in the onset of breast 

cancer is unclear, while there are clear associations between cholesterol or cholesterol 

lowering drugs and increased recurrence free survival time.

Preclinical evidence in support of a role for cholesterol in the 

pathophysiology of breast cancer

It was first hypothesized that cholesterol played a role in tumor progression with a report in 

1909 indicating that tumors contained waxy crystals, later determined to be cholesterol 

(White, 1909). Early studies showed that when C3H mice were made experimentally obese 
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and hyperchoelsterolemic by injection of gold thioglucose, they developed tumors sooner 

than control injected (lean) mice (Waxler, Tabar and Melcher, 1953). Several studies 

utilizing in vitro models demonstrate the proliferation-inhibitory effects of choelsterol 

synthesis inhibitors – either statins or oxidosqualene cyclase inhibitors (Campbell, 

Esserman, Zhou et al., 2006,Mafuvadze, Liang and Hyder, 2014). Numerous reports 

utilizing different animal models of breast cancer indicate that when placed on diets 

containing both high-fat and high-choelsterol (otherwise known as the common ‘Western’ 

diet), there is decreased time to tumor onset, increased tumor growth rate and increased 

metastasis (Alikhani, Ferguson, Novosyadlyy et al., 2013,Liu, Xu, Lam et al., 2013, and 

many others, Llaverias, Danilo, Mercier et al., 2011). Due to the nature of the Western diet, 

many of these studies have not specifically controlled for the potentially confounding effects 

of dietary fat on outcome. Furthermore two of the studies cited above make use of ApoE−/− 

mice which, when placed on a Western diet, exhibit circulating cholesterol levels far above 

those observed in humans.

To our knowledge, only one study to date has specifically controlled for dietary fat intake 

while manipulating cholesterol. In this study, it was found that placing mice transgenic for 

MMTV-PyMT on a diet containing 2% cholesterol displayed decreased time to the detection 

of a tumor and increased tumor growth (Nelson, Wardell, Jasper et al., 2013). In order to 

better model human cholesterol biology, the authors then utilized mice where the murine 

Apoe gene had been replaced with the human APOE3 allele. When placed on a high fat diet, 

E0771 murine mammary cancer grafts grew faster compared to mice on a control diet. For 

these studies, dietary cholesterol was controlled for. Importantly, oral administration of a 

statin (atorvastatin) attenuated the growth-promoting effects of a high fat diet, further 

supporting a direct role for cholesterol in breast cancer pathophysiology (Nelson, Wardell, 

Jasper et al., 2013). In a separate study, the tumor promoting effects of a Western diet on 

human xenografts were reduced when Ezetimibe was used to inhibit intestinal uptake of 

cholesterol (Pelton, Coticchia, Curatolo et al., 2014). Collectively, the preclinical studies 

support the clinical evidence indicating that cholesterol promotes the progression of breast 

cancer.

Mechanisms: cholesterol and breast cancer

Intracellular cholesterol metabolism is normally tightly regulated through the combined 

actions of sterol regulatory element-binding proteins (SREBPs, in particular SREBP 1c) and 

the liver x receptors (LXRs) (Baek and Nelson, 2016). When cholesterol levels drop, SREBP 

1c undergoes proteolytic cleavage to become an active transcription factor which increases 

the expression of HMGCR and thus cholesterol synthesis. On the other hand, certain 

precursors and metabolites of cholesterol are agonists of the LXRs. Thus, when cholesterol 

levels rise, so too do concentrations of LXR agonists such as oxysterols. LXR activation 

leads to a transcriptional program which ultimately results in decreased cholesterol synthesis 

and increased cholesterol efflux (Hong and Tontonoz, 2014). Therefore, considering these 

homeostatic mechanisms, it was at first unclear how cholesterol might promote cancer 

progression.
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Lessons from T-cell biology

A simple hypothesis as to how cholesterol might impact cancer is that, as a critical 

component of cellular membranes its presence may be a limiting factor for rapidly 

proliferating cells. However, due to the SREBP and LXR regulatory control of intracellular 

cholesterol homeostasis that is normally in place, it was unclear whether excess extracellular 

cholesterol could be utilized in membrane synthesis (Das, Brown, Anderson et al., 2014).

However, it has been recently shown that antigen-activated T cells have a mechanism in 

place to uncouple their normal cholesterol homeostasis from the increased cellular demand 

for cholesterol as they rapidly divide. Specifically, upon T-cell activation, the expression of 

SULT2B1 is robustly increased. This enzyme acts on oxysterols by adding a sulfating 

moiety, rendering them inactive in terms of being LXR agonists. Therefore, cholesterol 

effulux is not initiated as intracellular cholesterol and its metabolites increase within the cell 

(Bensinger, Bradley, Joseph et al., 2008). While a similar mechanism has not yet been 

described in cancer cells, it is possible that dysregulated cholesterol homeostasis allows 

cancer cells to utilize excess extracellular cholesterol as a source for membrane synthesis.

Lipid Rafts and Membrane Initiated Signaling

Cellular membranes are heterogeneous in nature. The lipid raft hypothesis proposes that 

interactions between cholesterol, saturated lipids and glycosylated lipids form ordered 

membrane regions that provide functional support for the accumulation of other lipids and 

proteins; all of which being important for subsequent signal transduction cascades (Sezgin, 

Levental, Mayor et al., 2017). Since cholesterol is an integral component of lipid rafts, and 

notwithstanding the normal cholesterol homeostatic mechanisms, it is possible that excess 

cholesterol within the membrane can drive the formation of additional lipid raft units 

thereby stimulating signaling events such as through the PI3K cascade. Evidence for this 

comes from a study where mammary tumors were grown in APOE−/− mice on a Western 

diet, and thus were severely hyperlipidemic and hypercholesterolemic compared to their 

wildtype counterparts. Tumors from these mice showed increased PI3K activation as well as 

phosphorylation of its downstream mediator, AKT (Alikhani, Ferguson, Novosyadlyy et al., 

2013). This activity was shown to be pathologically relevant as treatment of these mice with 

BKM120, a PI3K inhibitor, decreased the tumor growth observed in APOE−/− mice. 

Therefore, under situations of cholesterol excess, it is possible that cholesterol promotes 

tumor growth by formation of lipid rafts and stimulation of PI3K signaling. However, since 

cholesterol concentrations in these mice were super-physiologic, it remains to be seen 

whether cholesterol exerts these activities under cholesterol concentrations normally 

observed in breast cancer patients (normo- or hypercholesterolemic).

27-Hydroxychoelsterol, a Selective Estrogen Receptor Modulator

In 2007 and 2008, two reports emerged which described the oxysterol, 27-

hydroxycholesterol (27-OHC) as having properties of a Selective Estrogen Receptor 

Modulator (SERM) (DuSell, Umetani, Shaul et al., 2008,Umetani, Domoto, Gormley et al., 

2007a). 27-OHC ((3β,25R)-Cholest-5-ene-3,26-diol) is a primary metabolite of cholesterol, 

being a product of the secondary bile acid pathway where cholesterol is hydroxylated 

through the enzymatic activity of CYP27A1. 27-OHC can then compete with cholesterol for 
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re-entry into the active site of CYP27A1, where it is further converted into an aldehyde and 

then into 3β-hydroxy-5-cholesteoic acid (Pikuleva, Babiker, Waterman et al., 1998). 27-

OHC is also catabolized by CYP7B1 into the bile acid precursor 7α, 25-hydroxycholesterol 

(Nelson, Wardell and McDonnell, 2013). Of all the oxysterols, 27-OHC circulates at 

comparable or slightly higher concentrations compared to 7β-OHC, both of which 

circulating at higher levels than other oxysterols (Karuna, Holleboom, Motazacker et al., 

2011,Prunet, Petit, Ecarnot-Laubriet et al., 2006).

SERMs are defined as a class of compounds that possess activity which differentially 

modulate the activity of ER in a context specific manner (Wardell, Nelson and McDonnell, 

2014). The best described SERM is tamoxifen which behaves as an ER antagonist in the 

breast and breast cancer, but as an ER agonist in the bone or uterus (reviewed by Nelson, 

Wardell and McDonnell, 2013). The diverse signaling of SERMs has been attributed to the 

unique pharmacology of nuclear receptors. Upon ligand binding, the receptor undergoes a 

conformational change allowing it to associate with specific co-regulatory proteins, either 

co-activators or co-repressors. It turns out that even subtle changes in ligand structure can 

result in unique conformational changes of nuclear receptors, and thus the recruitment of a 

specific set of co-regulatory proteins (Norris, Joseph, Sherk et al., 2009,Norris, Paige, 

Christensen et al., 1999). Thus, it is thought that the presence and/or abundance of different 

co-regulatory proteins in different tissues drives the tissue-specific activities of SERMs. 

Indeed, the agonist activity of tamoxifen could be modulated by the artificial expression of 

Steroid Receptor Coactivator 1 (SRC-1, also known as Nuclear Receptor Coactivator 1) 

(Smith, Nawaz and 239 O'Malley, 1997).

By using a Gal4-ER co-transfection assay, Umetani et al. screened a library of oxysterols for 

their ability to stimulate ERα and ERβ activity (Umetani, Domoto, Gormley et al., 2007a). 

They found that 24S-hydroxycholesterol, 25-hydroxycholesterol and 27-OHC significantly 

inhibited the effects of estradiol in this system, with IC50 values ranging from 1–5µM. 

However, 27-OHC was the most potent (IC50 of ~1µM), and was the only oxysterol that 

circulates at values approaching its IC50 (range of ~0.2–0.9µM in normocholesterolemic 

people) (Karuna, Holleboom, Motazacker et al., 2011,Pataj, Liebisch, Schmitz et al., 2016). 

27-OHC was demonstrated to shift the ER into a conformation unique from that of estradiol 

or tamoxifen (DuSell, Umetani, Shaul et al., 2008). In models of cardiovascular disease, 27-

OHC behaves as an ER antagonist blocking the estradiol mediated increase in nitric oxide 

and vasodilation, while in osteoblasts and cellular models of ER+ breast cancer it behaves as 

a partial ER agonist (DuSell, Nelson, Wang et al., 2010,DuSell, Umetani, Shaul et al., 

2008,Nelson, DuSell, Wang et al., 2011,Umetani, Domoto, Gormley et al., 2007b). Based on 

these reports, 27-OHC is now considered an endogenously produced SERM.

27-Hydroxycholesterol, a key biochemical mediator of the tumor promoting effects of 
cholesterol

27-OHC is a SERM and behaves as a partial agonist in cellular models of ER+ breast cancer, 

stimulating their proliferation (DuSell, Umetani, Shaul et al., 2008). However, 27-OHC is 

also a LXR agonist and LXR activation typically results in inhibition of cellular 

proliferation, secondary to cellular loss of cholesterol through efflux (Baek and Nelson, 
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2016). This presents an apparent ‘competition’ between the signaling of the ERs versus 

LXRs. Evidence for this cross-modulation comes from experiments where 27-OHC is 

administered to cells that have had their LXRs knocked down or antagonized. In these 

scenarios the induction of ER-target genes is enhanced. On the other hand, when ERs are 

knocked down or antagonized, 27-OHC treatment results in significant increases in LXR 

target gene expression (Nelson, DuSell, Wang et al., 2011,Nelson, Wardell, Jasper et al., 

2013). Therefore, it appears that in ER+ breast cancer cells, the ‘ER-activity’ of 27-OHC is 

predominant over the growth inhibitory actions of the LXRs, but the extent of this may be 

modulated by cellular and microenvironment factors impinging on either the LXR or ER 

axes. Other reports indicate that 27-OHC reduces P53 transcriptional activity in an ER 

dependent manner, 27-OHC results in increased reactive oxygen species which activate the 

STAT-3 pathway in an ER-independent fashion, and that oxysterols may also lead to the 

activation of CXCR2, all mechanisms that may explain the proliferative activity in the face 

of LXR activation (Raccosta, Fontana, Maggioni et al., 2013,Raza, Ohm, Dhasarathy et al., 

2015,Zhu, Shen, Liu et al., 2016).

Regardless, due to its ability to stimulate the proliferation of ER+ breast cancer cell lines, it 

was hypothesized that the tumor growth-promoting effects of cholesterol may be mediated 

through this metabolite. Two independent studies found that administration of exogenous 

27-OHC was sufficient to promote the growth of MCF7 xenografts (Nelson, Wardell, Jasper 

et al., 2013,Wu, Ishikawa, Sirianni et al., 2013). This stimulatory effect could be inhibited 

when mice were co-treated with the ER antagonist Fulvestrant (ICI 182,780). 27-OHC 

treatment also increased the tumor growth in transgenic MMTV-PyMT mice and syngeneic 

grafts of murine E0771 cells. Furthermore, tumors grew faster in MMTV-PyMT mice 

lacking the expression of CYP7B1, the enzyme responsible for the catabolism of 27-OHC. 

Importantly, the tumor promoting effects of cholesterol were attenuated in MMTV mice 

lacking the expression of CYP27A1. Therefore, the growth promoting effects of cholesterol 

required its conversion to 27-OHC, at least in the MMTV-PyMT model. When human 

transgenic replacement APOE3 mice were placed on a high fat diet, treatment with a small 

molecule CYP27A1 inhibitor modestly reduced E0771 tumor growth, again suggesting that 

27-OHC is an important mediator of cholesterol action (Nelson, Wardell, Jasper et al., 

2013).

Treatment with 27-OHC was also found to increase markers of epithelial to mesenchymal 

transition (EMT) and subsequent lung metastases in MMTV-PyMT mice (Nelson, Wardell, 

Jasper et al., 2013,Torres, Ramirez, Cruz et al., 2011). Interestingly however, treatment with 

estradiol did not increase metastasis in this model (Nelson, Wardell, Jasper et al., 2013). On 

the other hand, since 27-OHC is an oxysterol it can also activate the LXRs. Indeed, 

treatment with the synthetic LXR agonist did induce EMT-like changes and some metastasis, 

but failed to recapitulate the robust increase in metastasis observed in mice treated with 27-

OHC. Identifying the precise mechanisms by which 27-OHC promotes metastasis continues 

to be an active area of research.
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Clinical evidence for a role of 27-OHC in breast cancer pathophysiology

Several lines of evidence support a pathologic role for 27-OHC in breast cancer. First, it has 

been found that elevated tumoral mRNA expression of CYP7B1, the enzyme responsible for 

the catabolism of 27-OHC, is associated with increased recurrence free survival. This 

protective effect of CYP7B1 has been found to be consistent across several distinct 

databases, and appears to be most pronounced in luminal A (Nelson, Wardell, Jasper et al., 

2013,Wu, Ishikawa, Sirianni et al., 2013). A more recent analysis of all subtypes of tumor 

samples within those databases included in the online Kaplan-Meier Plotter tool (GEO 

(Affymetrix microarrays only), EGA and TCGA) (Gyorffy, Lanczky, Eklund et al., 2010) 

continues to support the elevated expression of CYP7B1 mRNA being a beneficial 

prognostic indicator for breast cancer patients (Fig. 1a). The first rate limiting enzyme in the 

classic bile acid synthesis pathway is CYP7A1. The actions of CYP7A1 would remove 

cholesterol from the pool available for 27-OHC synthesis. Interestingly, similar analysis of 

CYP7A1 expression indicates that elevated expression of this enzyme may also be 

protective, but not significantly so 311 (P=0.089, N=3951, not shown).

On the other hand, tumoral mRNA expression of CYP27A1 was not initially found to 

correlate with clinical outcome (Nelson, Wardell, Jasper et al., 2013). However, current 

analysis with the online Kaplan-Meier Plotter tool found, somewhat counterintuitively, that 

elevated tumoral expression of CYP27A1 is actually associated with increased recurrence 

free survival time (Fig. 1b) (Gyorffy, Lanczky, Eklund et al., 2010). These results are 

confirmed by a recent study of 11 merged datasets available in GEO which found that 

elevated tumoral expression of CYP27A1 mRNA is associated with increased recurrence 

free- and overall- survival time. However, this association was only apparent in ERα+ cases 

and in women who were diagnosed at 50 years of age or younger (Kimbung, Chang, 

Bendahl et al., 2017). Importantly, women under 50 years of age are likely to be pre- or peri-

menopausal, with measurable circulating estrogens. It is worth speculating that the 

protective nature of CYP27A1 among these patients may be due to 27-OHC competing with 

estrogens for the ER, resulting in decreased ER activity. In support of this notion are 

findings that although CYP27A1 mRNA is expressed more highly in ER-negative breast 

tumors, it is not associated with recurrence free survival amongst these patients (Kimbung, 

Chang, Bendahl et al., 2017).

However, although yet to be formally tested, there is some evidence that CYP27A1 mRNA 

levels may not accurately reflect protein levels, one study showing an inverse relationship 

(Kimbung, Chang, Bendahl et al., 2017). When tumors were stained for CYP27A1 protein a 

positive association between high staining and increased tumor grade at diagnosis was 

observed (odds ratio of 6.7) (Nelson, Wardell, Jasper et al., 2013). A recent study of a cohort 

of 42 women treated a the Skåne University Hospital in Sweden showed that CYP27A1 was 

expressed in 91% of grade 3 tumors while only in 60% of grade 1 and 2 tumors, although 

this did not reach statistical significance in this small cohort (Kimbung, Chang, Bendahl et 

al., 2017). Furthermore, myeloid immune cells such as macrophages highly express 

CYP27A1, and it is well documented that tumor infiltration with these cells is a poor 

prognostic (Nelson, Wardell, Jasper et al., 2013).
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Collectively, expression data for enzymes involved in the metabolism of 27-OHC would 

suggest that 27-OHC plays an important pathological role in human breast cancer 

progression. In support of this are data indicating that 27-OHC concentrations within breast 

tumors are significantly higher than adjacent ‘normal’ breast tissue (Wu, Ishikawa, Sirianni 

et al., 2013). Interestingly, ‘normal’ adjacent tissue had higher 27-OHC concentrations than 

breast tissue donated from healthy volunteers. Furthermore, whereas the 27-OHC 

concentration within normal breast tissue correlated very well with serum 27-OHC levels, 

this correlation is not evident between tumor tissue and serum 27-OHC levels, likely 

indicating that in breast tumors there is a dysregulation of 27-OHC metabolism. However, 

this analysis included only a limited number of samples and thus caution must be taken 

when interpreting these results. Other cholesterol metabolites also appear to be dysregulated 

in breast cancer (Silvente-Poirot, de Medina, Record et al., 2016). Therefore, more 

comprehensive studies are now required to better characterize cholesterol metabolism within 

breast tumors.

Endocrine therapy such as tamoxifen or aromatase inhibition has dramatically improved 

survivorship for ERα+ breast cancer patients. However, de novo or development of 

resistance to therapy continues to be a significant problem. Using a clinically relevant model 

of MCF7 tumors resistant to tamoxifen therapy, it was demonstrated that 27-OHC 

administration at 40mg/kg stimulates their growth slightly more than estradiol pellet 

(0.72mg, 60 day release), which is in contrast to parental (tamoxifen-naïve) tumors where 

the estradiol pellet was significantly more growth-promoting than 27-OHC (Nelson, 

Wardell, Jasper et al., 2013). Clinically, it has been found that in tumors from patients that 

had relapsed on tamoxifen therapy, there was significantly more tumor associated 

macrophages, cells known to express high levels of CYP27A1 (Nelson, Wardell, Jasper et 

al., 2013,Xuan, Wang, Nanding et al., 2014). On the other hand, recent results from the 

OXYTAM prospective study found that while tamoxifen treatment reduced circulating levels 

of 24-hydroxychoelsterol, 7α-hydroxycholesterol and 25-hydroxychoelsterol, it had no 

effect on circulating 27-OHC concentrations (Dalenc, Iuliano, Filleron et al., 2016). 

However, based on a previous report indicating that circulating 27-OHC concentations were 

not necessarily a good indicator of intra-tumoral concentrations (Wu, Ishikawa, Sirianni et 

al., 2013), a role for 27-OHC in the development of tamoxifen resistance remains possible.

Intriguingly though, when patients were treated with an aromatase inhibitor (exemestane or 

letrozole) for one month, circulating concentrations of 27-OHC were elevated (Dalenc, 

Iuliano, Filleron et al., 2016). This is despite the fact that both of these drugs were found to 

also be weak inhibitors of CYP27A1 (Mast, Lin and Pikuleva, 2015). In culture, cells that 

model chronic exposure to aromatase inhibitiors (long term estrogen deprived cells) exhibit 

epigenetic reprogramming leading to an upregulation of cholesterol biosynthesis and 

metabolic pathways, including CYP27A1, ultimately leading to the constitutive activation of 

the ERα at least in part through 27-OHC (Nguyen, Barozzi, Faronato et al., 2015). 

Importantly, the reprogrammed epigenetic signature identified in this model was associated 

with a poor recurrence free survival among breast cancer patients. Intriguingly, the 

expression of certain genes within the signature (such as Squalene Epoxidase) could 

independently predict response to aromatase inhibitor therapy, but not tamoxifen therapy. 

The induction of genes associated with cholesterol homeostasis in cell lines deprived of 
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estrogens was confirmed in an independent study (Simigdala, Gao, Pancholi et al., 2016). 

Interestingly, in this study, some of the estrogen deprived lines lost ER expression, and in 

these lines the cholesterol biosynthesis pathway does not appear to be altered. Thus, altered 

cholesterol homeostasis in response to estrogen withdrawal continues to require ER 

expression. However, in this study, while estrogen-deprived cells were sensitized to 27-OHC 

and 25-OHC, the proliferative properties of these oxysterols on either wildtype or estrogen-

deprived cells were negligible compared to previous reports (DuSell, Umetani, Shaul et al., 

2008,Lappano, Recchia, De Francesco et al., 2011,Nelson, Wardell, Jasper et al., 2013,Wu, 

Ishikawa, Sirianni et al., 2013). The reasons behind this discrepancy are unclear. In 

summary, while more extensive studies are required, 27-OHC may be one mediator of 

resistance to anti-estrogen and aromatase inhibition therapies.

Future Perspectives and Conclusions

Based on the clear associations between elevated cholesterol and poor prognosis, and statin 

therapy and increased recurrence free survival (Bahl, Ennis, Tannock et al., 2005) (Zhong, 

Zhang, Chen et al., 2015), there is significant interest in developing prospective studies to 

investigate the potential beneficial effects of cholesterol lowering medication in breast 

cancer patients. The BIG 1–98 (Breast International Group 1–98) study was a double blind 

phase III trial comparing tamoxifen to letrozole, as well as tamoxifen for 2 years followed 

by letrozole for 3 years and letrozole for 2 years followed by tamoxifen for 3 years 

(Borgquist, Giobbie-Hurder, Ahern et al., 2017). Interestingly, patients under these arms 

who also initiated cholesterol lowering medications demonstrated an increased disease free 

survival time, breast cancer free interval and distant recurrence free interval, thereby 

demonstrating the potential use of statins in combination with standard endocrine therapy. 

Collectively, the robust retrospective associations between patients taking cholesterol 

lowering medication and recurrence free survival provide strong rationale for future, blinded 

prospective studies, which can control for potential confounding factors such as BMI and 

access to care.

Although oral statin therapy significantly reduces circulating 27-OHC (Kimbung, Chang, 

Bendahl et al., 2017,Thelen, Lutjohann, Vesalainen et al., 2006) and will likely be beneficial 

in extending recurrence free survival, its main effects are inhibiting hepatic production of 

cholesterol, not synthesis in peripheral tissues. In fact, the post-hepatic steady state 

concentrations for statins are a log or more below their IC50 for HMGCR (Corsini, Maggi 

and Catapano, 1995,Lennernas, 2003). Thus, it is possible that local tumoral levels of 

cholesterol and/or 27-OHC remain unchanged by oral statin therapy. Indeed, in a recent 

‘window of opportunity’ trial, it was found that although tumoral expression of the 

proliferation marker Ki67 was decreased, HMGCR was upregulated in women after only 

two weeks of dose atorvastatin therapy (Bjarnadottir, Romero, Bendahl et al., 2013). In 

another study examining samples from the same cohort, it was found that statin therapy 

significantly increased intratumoral expression of CYP27A1 protein, although this increase 

was not associated with changes in ki67 (Kimbung, Chang, Bendahl et al., 2017). Therefore, 

while changes in CYP27A1 expression are unlikely to explain the altered Ki67 observed in 

these tumors, considering that both CYP27A1 and HMGCR are induced, tumoral adaptation 

to environments of low circulating cholesterol may decrease the long-term efficiency of 
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statin therapy. Orally administered statin therapy is fairly well tolerated with minimal side-

effects, likely due to their very low post-hepatic circulating concentrations. However, 

increasing the prescribed dose or administering statins systematically (to bypass first pass 

metabolism) may lead to increased toxicity. Thus, prospective trials investigating the impact 

of statin therapy on breast cancer outcomes are highly warranted. Furthermore, alternate 

approaches such as the use of PCSK9 inhibitors or the development of specific CYP27A1 

inhibitors should also be considered. To reiterate, prospective trials testing the impact of 

cholesterol lowering medication on recurrence free- and overall- survival are required to 

formally address the strong correlations emerging from retrospective analysis.

Clinical and preclinical evidence strongly suggest that cholesterol promotes breast cancer 

progression. One important mediator of the effects of cholesterol is its primary metabolite, 

27-OHC. 27-OHC increases the growth of ERα+ mammary tumors in several different 

preclinical models, and increases the metastatic burden in MMTV-PyMT mice. Clinical 

evidence in support of a role for 27-OHC include (1) increased intratumoral concentrations 

of 27-OHC compared to normal tissue, (2) higher CYP27A1 staining in high grade tumors, 

(3) increased CYP27A1 expression post-statin therapy, and (4) increased circulating 27-

OHC levels post aromatase inhibitor therapy. Moving forward, it is important to keep in 

mind that other metabolites of cholesterol may also impact breast cancer pathophysiology. 

For example, although they circulate at lower concentrations compared to 27-OHC, 24S-

hydroxycholesterol and 25-hydroxycholesterol can also activate the ER (Lappano, Recchia, 

De Francesco et al., 2011,Umetani, Domoto, Gormley et al., 2007a). On the other hand, 

tamoxifen has been shown to inhibit cholesterol-5,6-epoxide hydrolase while stimulating 

lipo-peroxidation, resulting in the accumulation of 5,6α- and 5,6β- epoxy-cholesterol, 

compounds that induce breast cancer cell differentiation and death (Segala, de Medina, 

Iuliano et al., 2013,Sola, Poirot, de Medina et al., 2013). Furthermore, 5,6α epoxy-

cholesterol has recently been found to react with histamine to form dendrogenin A, a process 

requiring an as yet to be identified enzyme. Dendrogenin A does not modulate the ER, but 

does behave as a selective inhibitor of cholesterol epoxide hydrolase resulting in tumor re-

differentiation and reduced growth (de Medina, Paillasse, Segala et al., 2013). Importantly, 

the concentrations of dendrogenin A are reduced in breast cancer tumors compared to 

normal tissue. Therefore, it appears that breast tumors display multiple levels of 

dysregulated cholesterol homeostasis and metabolism, all of which being ripe for therapeutic 

exploitation.
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1. elevated cholesterol is associated with poor prognosis in breast cancer patients

2. cholesterol lowering medication is associated with increased disease free 

survival

3. 27-hydroxycholesterol (27-OHC) behaves as a selective estrogen receptor 

modulator

4. 27-OHC promotes tumor growth

5. cholesterol homeostasis likely represents a potential therapeutic target
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Figure 1. 
Tumoral expression of enzymes involved in the metabolism of 27-hydroxychoelsterol (27-

OHC) are prognostic of time to recurrence. (a) Elevated mRNA expression of CYP7B1 

mRNA, the enzyme responsible for the catabolism of 27-OHC, is associated with an 

increased recurrence free survival time. (b) Elevated mRNA expression of CYP27A1, the 

enzyme responsible for conversion of cholesterol to 27-OHC is associated with increased 

recurrence free survival time. Analysis was performed by the online Kaplan Meier Plotter 

tool (Gyorffy, Lanczky, Eklund et al., 2010). Patients were parsed into tertiles based on 

mRNA expression, as indicated on the plots.
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