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Abstract

Cholesterol is a risk factor for breast cancer although the mechanisms by which this occurs are not 

well understood. One hypothesis is that dyslipidemia results in increased cholesterol content in 

cell membranes thus impacting membrane fluidity and subsequent signaling. Additionally, studies 

demonstrate that the metabolite, 27-hydroxycholesterol (27HC), can function as an estrogen, 

increasing the proliferation of estrogen receptor positive breast cancer cells. This was unexpected 

as 27HC and other oxysterols activate the liver X receptors resulting in the reduction of 

intracellular cholesterol. Resolution of this paradox will require a dissection of the molecular 

mechanisms by which ER and LXR converge in breast cancer cells. Regardless, the observation 

that 27HC influences breast cancer provides rationale for strategies that target cholesterol 

metabolism.

Breast Cancer Risk Factors

Breast cancer continues to be the most commonly diagnosed cancer in women, and is the 

second highest cause of cancer deaths [1]. Thus, notwithstanding the importance of 

developing new and effective therapeutics, there is significant interest in defining breast 

cancer risk factors and exploiting this information to develop chemopreventative and 

lifestyle modification strategies that can help reduce the burden of this disease. Among the 

best-studied risk factors for breast cancer are loss of function mutations in the gene coding 

for the tumor suppressor proteins BRCA1 and BRCA2 (breast cancer 1 and 2, early onset), 

and while they account for less than 10% of cases, their identification has had a significant 

impact on patient care [2]. Less well defined, although supported by a wealth of 

epidemiological data, are other risk factors, primarily associated with the development of 

estrogen receptor (ER) positive breast cancers, such as early thelarche, early menarche, and 

later age of first pregnancy, all of which may be related to increased exposure to estrogens 
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[3]. More recently, however, obesity and the metabolic syndrome have emerged as 

particularly important risk factors for breast cancer, an association of significance given the 

current obesity epidemic [4, 5]. Although the mechanisms linking obesity and breast cancer 

are complex, it is likely that increases in circulating insulin and insulin-like growth factors, 

local production of estrogens in adipose tissue, and the influence of adipokines and 

inflammatory cytokines, are involved in disease pathogenesis [6]. Interestingly, there is a 

wealth of data linking these factors to the estrogen receptor (ER), and thus it is not 

surprising that obesity-related breast cancer is most prevalent in postmenopausal women, 

where ER-positive tumors are most common [4]. Finally, it has also become apparent that 

elevated cholesterol, LDL- and VLDL-cholesterol being a comorbidity of obesity [7–10], 

may be an independent risk factor for breast cancer, and it is only relatively recently that the 

mechanisms underlying this pathology have been defined.

Cholesterol as a Breast Cancer Risk Factor

One of the first observations linking cholesterol and cancer was made in 1909 in a study 

which noted the presence of crystals of a “fatty nature” in tumor sections prepared without 

alcohol fixation [11]. However, over a hundred years later the cause and effect relationships 

between cholesterol and increased cancer risk remain unclear. This issue has been addressed 

in a large number of retrospective clinical studies although these have yielded equivocal 

results, with many finding no relationship, some indicating a protective effect, while others 

implicating cholesterol as a significant risk factor [12]. Some of these discrepancies may 

relate to the differences in the impact of cholesterol on different subtypes of cancer; a 

possibility that needs to be explored further. Among the most interesting results are those 

from a recent cohort study in which it was demonstrated that patients with established breast 

cancer had higher LDL-cholesterol and VLDL-cholesterol, although no association with 

HDL or total cholesterol and breast cancer was evident [13]. It was also demonstrated, in 

another study, that when adjusted for obesity, dietary consumption of cholesterol was 

strongly associated with increased breast cancer risk in postmenopausal but not in 

premenopausal women [14]. These observations have been corroborated by other 

epidemiological studies and a large prospective study that suggest a link between dietary 

cholesterol consumption and breast cancer risk [15, 16]. Of note, elevated cholesterol has 

also been associated with other cancers, such as prostate cancer [17].

Statins (see glossary) are a class of drugs that inhibit HMG-CoA reductase (HMGCR), the 

rate-limiting enzyme in cholesterol biosynthesis, and thus lower the de novo synthesis of 

cholesterol. These drugs are widely used in the treatment of hypercholesterolemia and 

although their impact on breast cancer incidence has been investigated, no clear 

relationships have emerged [18]. Indeed, a recent meta-analyses suggested that statins can 

have either a positive or a negative effect on breast cancer incidence [19]. However, given 

the patient demographics of most of the studies where statins have been evaluated (patients 

at risk for cardiovascular disease, better access to healthcare, more likely to be screened) and 

considering that breast cancer was not a primary endpoint in any of these studies it is not 

clear if a significant impact on breast cancer risk would be observable. A placebo-controlled 

study evaluating the impact of statins on cancer incidence in women who are at elevated risk 

of ER-positive breast cancer is definitely warranted. Indeed, this type of study should model 
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that of the Selective Estrogen Receptor Modulator (SERM) prevention trials for tamoxifen 

and raloxifene, in which the chemoprotective activity of these drugs were evaluated in 

women at high risk of breast cancer. There are compelling data, however, that statin use is 

associated with a decreased risk of recurrence in patients with breast cancer [20–22]. The 

reader is directed to a recently published perspective that addresses this issue and which 

concludes that much of the noted discrepancy can be attributed to differences in the 

pharmacological activities of the statins been studied. These authors build a very compelling 

argument for future studies in breast cancer patients using simvastatin (Zocor) over other 

statins; a position that is supported by a considerable amount of clinical and preclinical data 

[23].

Cholesterol is implicated as a breast cancer risk factor in animal models

It was first noted in the early 1950s that obesity and elevated total cholesterol increase tumor 

incidence in mouse models of breast cancer [24]. More recently, however, it was shown that 

a high fat, high cholesterol (HFHC, Western) diet decreases the latency and increases the 

growth and metastasis of tumors in the murine MMTV-PyMT model of mammary cancer 

[25]. MMTV-PyMT mice are transgenic for the viral polyoma middle T-antigen under the 

control of the mouse mammary tumor virus (MMTV) promoter. They develop spontaneous 

tumors of the mammary gland and are a model of luminal ER+ cancer making them an 

appropriate choice for the study of the impact of obesity on breast cancer [26, 27]. The role 

of dyslipidemia in breast cancer growth and metastasis has also been explored in severely 

hypercholesterolemic mice lacking apolipoprotein E (ApoE−/−), a protein essential for the 

transport of lipoprotein particles and therefore lipid homeostasis. It was shown that 

mammary tumors grew at a significantly enhanced rate and exhibited increased metastasis, 

when propagated in ApoE−/− mice fed a HFHC diet, compared to their wild type 

counterparts [28]. MMTV-PyMT mice deficient in adiponectin, an adipose derived insulin 

sensitizing hormone, on a HFHC diet, also exhibit increased tumor growth [29]. However, in 

these studies a diet high in both fat and cholesterol was used making it difficult to assess the 

specific contributions of cholesterol on tumor growth and metastasis. To address this issue, 

the impact of elevated cholesterol on breast tumor pathogenesis was recently evaluated in 

the MMTV-PyMT mouse model [30]. In this study, it was noted that a diet high in 

cholesterol but normal in fat content (HCD) significantly decreased tumor latency and 

increased tumor growth, supporting the idea that cholesterol itself can impact tumor 

pathophysiology. Furthermore, using a humanized transgenic mouse model, where the 

mouse ApoE gene was replaced with a human homologue, ApoE3 [31], thus recapitulating 

high-fat diet (HFD) induced hypercholesterolemia seen in humans, statin treatment blocked 

de novo cholesterol synthesis and attenuated tumor growth [30]. Further, it was also 

demonstrated that the effects of a HFHC diet on the growth of breast cancer xenografts, in 

mice, was completely negated after administration of the intestinal cholesterol uptake 

inhibitor, Ezetimibe [32]. Together these studies implicate cholesterol as a pathogenic agent 

in breast cancer and suggest that at least some of the impact of HFD on breast cancer risk 

can be attributed to cholesterol.
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Mechanisms underlying the pathological actions of cholesterol in breast 

cancer

Free cholesterol in most cells is maintained at a very constant level by a series of 

homeostatic processes that regulate (a) partitioning into the plasma and endoplasmic 

membranes, (b) efflux, uptake, and de novo synthesis, and (c) esterification by acyl-

CoA:cholesterol acyltransferase (ACAT) [33]. One of the key regulators of intracellular 

cholesterol levels is Sterol Regulatory Element Binding Protein-2 (SREBP2), a transcription 

factor that functions as a sensor for cholesterol and whose activity is negatively regulated by 

free cholesterol [34]. SREBP2 is maintained in an inactive state as part of a large 

multiprotein complex associated with the endoplasmic reticulum. When cholesterol levels 

fall, the integrity of this complex is disturbed, and SREBP2, facilitated by the chaperone 

SREBP cleavage activating protein (SCAP), migrates to the Golgi where it undergoes a 

series of proteolytic processing events that results in its activation. Upon entering the 

nucleus, SREBP2 upregulates the expression of genes responsible for cholesterol synthesis 

such as HMGCR and for cholesterol import (i.e. low density lipoprotein receptor, LDLR) 

[34–36]. In addition to SREBP2, the liver X receptors (LXRs) are also involved in 

maintaining intracellular cholesterol homeostasis. The LXRs are members of the nuclear 

receptor superfamily of ligand-regulated transcription factors whose activity is positively 

regulated by oxysterol ligands that are derived from cholesterol within cells [37]. LXR 

activation returns cells to normo-cholesterol conditions by increasing the expression of 

genes (A) regulating cholesterol uptake such as inducible degrader of the low-density 

lipoprotein receptor (IDOL) which is an E3 ubiquitin ligase that triggers the lysosomal 

degradation of LDLR, and (B) involved in cholesterol reverse transport; ATP-binding 

cassette subfamily A1 (ABCA1) and ATP-binding cassette subfamily G member 1 

(ABCG1) [38, 39].

Given the complexity and redundancy of the mechanisms that regulate intracellular 

cholesterol homeostasis, it has been difficult to understand how increases in circulating 

cholesterol can impact cancer pathogenesis. However, it is clear that under conditions of 

high cholesterol demand, as occurs during rapid proliferation, cells must be able to 

disengage the processes that function to maintain cholesterol homeostasis. Insight into how 

this may occur has come from studies of cholesterol biology in activated T lymphocytes (T-

cells), cells crucial in immunity. Specifically, it has been demonstrated that activation of the 

T-cell receptor (TCR), results in increased expression of SULT2B1, an enzyme that sulfates 

and inactivates the oxysterol ligands of LXR. The resultant loss of LXRs activity enables the 

cells to accumulate the cholesterol needed for new membrane synthesis [40]. It will be 

interesting to see whether breast cancer cells, or cancer cells in general, have adopted a 

similar mechanism to accumulate the cholesterol needed for cell proliferation. Along these 

lines, it is important to note that agonist-activated ER inhibits LXR mediated gene 

transcription with a particularly striking effect on ABCA1 expression in ER+ breast cancer 

cells [30]. It will be important to elucidate the mechanisms that enable this cross-talk 

between the ER and LXR and determine how cholesterol homeostasis is disrupted in rapidly 

proliferating breast cancer cells.
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Whereas it is clear that cholesterol is required for membrane synthesis in dividing cells and 

may be a limiting factor, it is unlikely that this activity per se is pathogenic (Figure 1). 

However, there is some evidence that in knockout mice lacking homeostatic control of 

cholesterol (LXR knockout mice), high cholesterol diets can lead to prostatic intra-epithelial 

neoplasia secondary to increases in the expression of the methyl transferase EZH2 and 

subsequent down–regulation of tumor suppressors [41]. A HFHC diet was used in these 

studies making it difficult to attribute the carcinogenic activities noted to cholesterol. On the 

other hand, there are data suggesting that increased cholesterol content alters the biophysical 

properties of membranes, facilitating the formation of lipid rafts and increasing the activity 

of signaling events that initiate at the membrane.

Indeed, an analysis of the molecular mechanisms involved in tumor growth of the above 

mentioned ApoE−/− mice fed a HFHC diet, revealed increased PI3K activation and AKT 

phosphorylation [28]. Furthermore, treatment of these mice with the PI3K inhibitor, 

BKM120, attenuated breast tumor growth, implicating the PI3K/AKT signaling pathway in 

the pathological actions of cholesterol in tumors. However, the relevance of this finding is 

unclear, given that the plasma cholesterol levels in this mouse model exceed 2000mg/dL, far 

greater than what would be considered “hypercholesterolemic” in humans (~240 mg/dL). It 

has also been demonstrated in vitro that the level of exogenous cholesterol needed to 

stimulate cell proliferation is far lower than that required for lipid raft formation and AKT 

phosphorylation [28]. These latter data would argue against the hypothesis that cholesterol 

impacts tumor pathology by increasing lipid raft formation and membrane signaling, and are 

more compatible with the idea that cholesterol, or a derivative, is functioning as a signaling 

molecule in cancer cells. Along these lines, the cholesterol metabolite 27-

hydroxycholesterol (27HC) becomes relevant, as it was found to act as an endogenous ER 

modulator (SERM) as well as an LXR agonist [42, 43]. Specifically, while 27HC functions 

as an antagonist blocking ER activation in the cardiovascular system, it acts as an agonist, 

and activates ER in osteoblasts and ER-positive breast cancer [42–46]. Therefore, it is 

reasonable to expect that some of the pathogenic actions of cholesterol in ER-positive 

tumors may require its conversion to 27HC.

27-hydroxycholesterol and breast cancer

The synthesis of 27HC from cholesterol is catalyzed by the enzyme CYP27A1, in what is 

called the ‘alternative’ or ‘acidic’ pathway for bile acid synthesis. It has been observed, both 

in humans and in animals, that the circulating levels of 27HC closely mirror those of 

cholesterol, and that hypercholesterolemia results in commensurately high levels of 27HC 

[47]. It has also been demonstrated that 27HC is an LXR agonist and as such serves to limit 

cholesterol accumulation in cells [45, 48, 49]. Further, there are data suggesting that this 

oxysterol can inhibit HMGCR activity in an indirect fashion, although the mechanism 

behind this activity is unclear [50]. Based on this established biology it was expected that 

27HC would inhibit the growth of cancer cells, as has been observed for other LXR agonists 

[51–53]. However, recent studies have shown that 27HC actually promotes the proliferation 

of ER-positive breast cancer cell lines, in vitro [42, 54]. This paradox was somewhat 

resolved by the finding that 27HC can function as an ER-agonist in the cellular models of 

breast cancer examined. It was also demonstrated that activated ER could, by an as yet to be 
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determined mechanism, inhibit LXR signaling, thus negating the protective effects of LXR 

[30].

The pro-tumor effects of 27HC have now been confirmed in several preclinical in vivo 

models of breast cancer, including MCF7 cell derived xenografts, and MMTV-PyMT 

transgenic mice [30, 55]. The ability to reverse the growth promoting effects of 27HC by co-

administration of an ER-antagonist confirmed that ER is the primary target of this oxysterol, 

in tumors. Notable also is the observation that in the MMTV-PyMT mouse model, deletion 

of the enzyme responsible for the catabolism of 27HC (CYP7B1−/−) increased circulating 

levels of 27HC, and this was associated with increased tumor growth in the CYP7B1−/− 

mice [30]. The data suggest that cholesterol needs to be converted to its metabolite 27HC, in 

order to have an effect on tumor growth. This hypothesis was confirmed in the MMTV-

PyMT mouse model by showing that although a HCD increased mammary tumor growth, it 

was without effect in this mouse model when CYP27A1, the enzyme responsible for the 

conversion of cholesterol to 27HC was ablated [30].

Oxysterols have also been shown to activate the hedgehog pathway by binding to the 

oncoprotein smoothened [56]. This may have direct effects on cancer cells, although the 

impact of oxysterols on breast cancer via this pathway has not yet been formally tested. 

While activation of the LXRs by oxysterols would reduce cholesterol content of cells and 

thus reduces cellular proliferation of cancer cells, it has been found that in dendritic cells, 

LXR activation inhibits the expression of chemokine receptor 7 (CCR7) thereby dampening 

their antitumor activity [57]. Thus, 27HC is likely to influence tumor biology by allowing 

cancer cells to escape host immune surveillance and through its ability to activate ER.

27HC as an autocrine/paracrine modulator of tumor growth

It is clear that the circulating levels of 27HC mirror those of cholesterol, suggesting that 

strategies to lower cholesterol will have a commensurate effect on 27HC [47]. However, it 

has also become apparent that the development of approaches to mitigate the impact of 

27HC on tumor pathogenesis will also have to address how best to reduce local production 

of this oxysterol. It is likely that the majority of circulating 27HC is derived from the liver, a 

tissue where CYP27A1 is highly expressed. However, this enzyme is also highly expressed 

in macrophages [58], and most importantly, it is abundantly expressed in tumor associated 

macrophages in breast cancer [30]. It is well established that breast tumor infiltration by 

macrophages is associated with a poor prognosis [59]. Therefore, while macrophages 

contribute to the pathophysiology of breast cancer in several ways, it is possible that they 

also provide a local source of 27HC which might activate ER in these cells, and bypass the 

need for the synthesis of 17β-estradiol. In addition to macrophages, cancer cells themselves, 

can also express CYP27A1 [30]. Importantly, the expression level of the CYP27A1 enzyme 

is associated with the grade of the tumor; the higher the expression, the more likely that the 

biopsied tumor will be classified as a higher grade [30]. Conversely, expression of the 27HC 

catabolic enzyme Cyp7b1, is decreased in breast cancer, compared to normal tissue [55]. 

Furthermore, Cyp7b1 expression is associated with an increased time to relapse in patients 

with the luminal A subtype of breast cancer [30, 55]. This indicates that 27HC metabolism 

(both anabolism and catabolism), and resulting local concentrations of 27HC play important 
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roles in breast tumor pathophysiology. It is significant, therefore, that human breast cancer 

tumors have been shown to have significantly higher 27HC concentrations than normal 

breast tissue [55]. These data highlight the likely importance of both circulating and intra-

tumoral 27HC in ER-positive breast cancers.

Linking obesity, high fat diet, 27HC and cancer biology

As mentioned, obesity is a risk factor for several types of cancer, and this association is 

particularly apparent when looking at the incidence of ER-positive breast cancers in post-

menopausal women [4, 5]. While several biochemical mechanisms have been identified that 

link obesity and breast cancer [6], the specific contribution of cholesterol, a comorbidity of 

obesity, in cancer pathogenesis, has been underappreciated. We believe that this may be due 

in part to the fact that mice do not exhibit elevated cholesterol in response to a HFD. To 

address this, ApoE3 humanized mice were fed a HFD and circulating cholesterol levels were 

measured [30]. Unlike previous studies that compared mice on a low fat low cholesterol diet 

to mice on a HFHC diet, this study controlled for cholesterol content thereby isolating the 

effects of fat on tumor pathophysiology. Thus, the observed increase in circulating 

cholesterol in HFD fed mice result from increased de novo synthesis. Importantly, the effect 

of a HFD on tumor growth was attenuated by statin treatment or by inhibition of CYP27A1 

[30]. These observations confirm the importance of cholesterol and dyslipidemia in breast 

cancer, and highlight the importance of 27HC, and ER, as a mediator of these effects (Figure 

2).

27-hydroxycholesterol and breast cancer metastasis

Several epidemiological studies have identified a positive association between either obesity 

or cholesterol, and breast cancer metastases (relapse-free survival) [60, 61]. Based on the 

ability of 27HC to activate the ER and promote tumor growth an obvious hypothesis is that 

the effects of cholesterol on metastasis were mediated in a similar manner. However, when 

investigating the effects of 27HC on metastasis, it was determined that the ER ligand, 17β-

estradiol did not increase the metastatic tumor burden in the MMTV-PyMT mouse model 

[30]. While several mechanisms may be at play, such as increased lipid raft formation and 

subsequent downstream signaling, it also appears that LXR activation may be important. In 

support of this idea are data indicating that treatment of MMTV-PyMT mice with the 

synthetic LXR agonist, GW3965, also increased metastatic burden [30]. However, GW3965 

was far less robust in promoting metastasis, compared to 27HC. This unexpected finding 

suggests that 27HC and synthetic LXR agonists may be selective LXR modulators, eliciting 

unique gene transcriptional profiles. This would be similar to the well-established actions of 

SERMs and the selective androgen receptor modulators. Alternatively, 27HC may signal 

through an as yet unidentified receptor. In support of the latter hypothesis is the observation 

that various oxysterols can facilitate the migration of cells within the myeloid lineage via a 

CXCR2 (chemokine receptor 2) mediated mechanism [62]. Studies determining whether 

CXCR2 is a bona fide target of 27HC, and whether 27HC interacts with any other receptors 

are warranted. Regardless, LXR activation itself does have the capacity to induce genes and 

morphological changes associated with the epithelial to mesenchymal transition (EMT), a 

typical requirement for cancer cells to metastasize [30]. As LXR activation has been 
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reported to have antimetastatic activities in models of melanoma [51], it is especially 

important that the downstream mechanisms by which LXR induces EMT and promotes 

metastases in breast cancer are further investigated. Finally, as cholesterol and 27HC are 

produced locally, the impact of cholesterol and/or 27HC on the tumor microenvironment 

requires evaluation.

Concluding remarks and future perspectives

In addition to increased insulin, IGFs, adipokines and local production of estrogens, there is 

clear evidence to support an independent role for cholesterol as a mediator of the effects of 

dyslipidemia and/or obesity on breast cancer pathogenesis. One major mechanism by which 

cholesterol imparts its effects on breast cancer is via its metabolite, 27HC, a molecule with 

SERM activity. Of the oxysterols, 27HC circulates at the highest concentrations. However, 

it has been shown that other oxysterols such as 25-hydroxychoelsterol can also activate ER 

and stimulate the proliferation of ER+ breast cancer cells [63]. Although the circulating 

concentrations of oxysterols other than 27HC are low, their production in the local tumor 

microenvironment has not yet been studied and their roles on breast cancer pathogenesis 

remain to be determined.

To date, studies of 27HC and breast cancer have largely been limited to murine models. 

However, as discussed above, it has been shown that CYP27A1 expression is associated 

with tumor grade, and CYP7B1 expression is associated with increased relapse free survival. 

Further, 27HC levels are elevated in breast tumor biopsies compared to normal breast tissue. 

Therefore, it is highly likely that 27HC plays a significant role in human disease. Moving 

forward, it will be very important to determine if associations exist between 27HC and 

breast cancer risk and prognosis; a study which is currently underway. Regardless, recent 

work on this axis highlights the immediate therapeutic potential of modulating cholesterol, 

either by diet or by chemical interventions such as statins, PCSK9 inhibitors, or niacin. In 

this regard, it has been shown that the statin pravastatin significantly reduces circulating 

27HC [64]. The effect of statins on circulating concentrations of 27HC in breast cancer 

patients as well as intra-tumoral concentrations are important studies to consider. Finally, 

controlled studies of the efficacy of statins in preventing breast cancer targeted to at risk 

women are warranted, as is an examination of the potential role of CYP27A1 inhibitors as 

breast cancer therapeutics.
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GLOSSARY

27-hydroxycholesterol 
(27HC)

a metabolite of cholesterol in the alternate or acidic bile acid 

synthesis pathway. 27HC is a ligand for the ERs and LXRs
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Apolipoprotein E a protein involved in the transport of lipoproteins and 

cholesterol in the blood and lymphatic systems. In mice there 

is only one allele (ApoE). In humans, the most common 

allele is ApoE3. Unlike wildtype mice, mice lacking APOE 

or transgenic for the human APOE3 develop 

hypercholesterolemia when fed a high fat normal cholesterol 

diet

ATP-binding cassette 
subfamily A1 (ABCA1) 
and ATP-binding 
cassette subfamily G 
member 1 (ABCG1)

proteins involved in the reverse transport of cholesterol

CYP27A1 cytochrome P450, family 27, subfamily A, polypeptide 1, 

also known as 27-hydroxylase, is the first enzyme in the 

acidic bile acid synthesis pathway and converts cholesterol 

into 27-hydroxycholesterol

CYP7B1 cytochrome P450, family 7, subfamily B, polypeptide 1 is an 

enzyme responsible for the catabolism of 27HC

Estrogen receptor (ER) a member of the nuclear receptor family of ligand inducible 

transcription factors. Activation of ERs stimulate the 

proliferation of ER-positive breast cancer

ER-positive breast 
cancer

estrogen receptor positive breast cancer comprises the 65–

80% of all breast cancer cases. The majority of 

postmenopausal women with breast cancer present with ER-

positive disease

HMG-CoA reductase is the rate limiting enzyme in the synthesis of cholesterol, 

converting 3-hydroxy-3-methylglutaryl-CoA to mevalonic 

acid. Statins inhibit this enzyme and effectively reduce 

circulating cholesterol

Liver X Receptor (LXR) a member of the nuclear receptor family of ligand inducible 

transcription factors, are responsible for homeostatic 

regulation of cholesterol levels

Low-Density 
Lipoprotein Receptor 
(LDLR)

responsible for the endocytosis of cholesterol associated with 

LDL

MMTV-PyMT mouse 
model

these transgenic mice express the transforming oncogene 

polyoma middle T (PyMT) antigen under the control of the 

murine mammary tumor virus long terminal repeat promoter, 

which specifically directs expression to the mammary 

epithelium. Mice spontaneously develop mammary gland 
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tumors, that closely recapitulate human breast cancer 

progression

Oxysterol a hydroxylated cholesterol. These chemicals play important 

roles in cholesterol homeostasis by activating the LXRs. 

Some oxysterols such as 27HC also activate the ER

Selective Estrogen 
Receptor Modulator 
(SERM)

Chemicals such as tamoxifen or 27-hydroxycholesterol that 

have the ability to exert differential actions on the ER in a 

tissue and context specific manner. Tamoxifen has been 

extensively used to antagonize the ER and thereby treat 

breast cancer

Statins orally administered inhibitors of HMG-CoA reductase, 

effectively reducing circulating cholesterol

Sterol Regulatory 
Element Binding 
Protein-2 (SREBP2)

under low cholesterol levels this transcription factor initiates 

the expression of several genes involved in cholesterol 

synthesis and import
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BOX 1

OUTSTANDING QUESTIONS

• Do cholesterol lowering therapy (for example statins) result in decreased risk of 

breast cancer in at risk populations?

• What impact do other oxysterols have on breast cancer?

• How does 27HC circumvent the cholesterol homeostatic and thus anti-

proliferative properties of LXR activation in breast cancer cells?

• Would CYP27A1 inhibitors be effective anti-breast cancer therapeutics?
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Highlights

• Elevated cholesterol is associated with breast cancer risk

• Cholesterol promotes breast tumor growth and metastasis in murine models

• Cholesterol metabolite acts as an estrogen receptor agonist to promote tumor 

growth

• Novel strategies to target cholesterol/oxysterol metabolism
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Figure 1. Potential mechanisms by which cholesterol impacts breast cancer physiology
Cholesterol is central to multiple key cellular functions. It is a required component of 

membrane synthesis and may become a limiting agent in rapidly dividing cancer cells. 

Cholesterol is also required for lipid raft formation and subsequent signaling such as AKT 

signaling. Cholesterol is also the precursor for steroid synthesis. Recently, it has been shown 

that cholesterol metabolites such as 27-hydroxycholesterol have the capacity to signal 

through the estrogen receptor (ER) or liver x receptor (LXR), impacting breast cancer 

pathophysiology.
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Figure 2. 27-hydroxycholesterol biochemically links obesity and elevated cholesterol to breast 
cancer
Obesity leads to elevated cholesterol synthesis, primarily in the liver. This increase can be 

inhibited by HMGCoAR inhibitors (statins), PCSK9 inhibitors, or niacin. Cholesterol can be 

catabolized by CYP27A1 into 27-hydroxycholesterol (27HC). High CYP27A1 expression is 

found in the liver, tumor infiltrating macrophages, or the breast cancer cells themselves. 

Thus 27HC can originate from an endocrine, paracrine or autocrine source. The enzyme 

which catabolizes 27HC, CYP7B1, is also expressed in breast cancer cells, and its 

expression is associated with an increased relapse free survival of breast cancer patients. 

27HC acts on the estrogen receptors (ERs) to drive breast cancer tumor growth and the liver 

X receptors (LXRs) to influence metastasis.
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