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Abstract

Background: Experimental and epidemiological studies demonstrate a role for 27-hydroxycholesterol (27HC) in
breast cancer development, though results are conflicting. Cholesterol 27-hydroxylase (CYP27A1) and oxysterol 7-
alpha-hydroxylase (CYP7B1) regulate 27HC concentrations, while differential expression of the liver X receptor (LXR)
and estrogen receptor beta (ERβ) may impact the association between 27HC and breast cancer risk.

Methods: We evaluated correlates of tumor tissue expression of CYP27A1, CYP7B1, LXR-β, and ERβ and the association
between circulating prediagnostic 27HC concentrations and breast cancer risk by marker expression in a nested case-
control study within the European Prospective Investigation into Cancer and Nutrition (EPIC)-Heidelberg cohort
including 287 breast cancer cases with tumor tissue available. Tumor protein expression was evaluated using
immunohistochemistry, and serum 27HC concentrations quantified using liquid chromatography–mass spectrometry.
Conditional logistic regression models were used to estimate odds ratios (ORs) and 95% confidence intervals (CIs).

Results: A higher proportion of CYP7B1-positive cases were progesterone receptor (PR)-positive, relative to CYP7B1-
negative cases, whereas a higher proportion of ERβ-positive cases were Bcl-2 low, relative to ERβ-negative cases. No
differences in tumor tissue marker positivity were observed by reproductive and lifestyle factors. We observed limited
evidence of heterogeneity in associations between circulating 27HC and breast cancer risk by tumor tissue expression
of CYP27A1, CYP7B1, LXR-β, and ERβ, with the exception of statistically significant heterogeneity by LXR-β status in the
subgroup of women perimenopausal at blood collection (p = 0.02).

Conclusion: This exploratory study suggests limited associations between tumor marker status and epidemiologic or
breast cancer characteristics. Furthermore, the association between circulating 27HC and breast cancer risk may not
vary by tumor expression of CYP27A1, CYP7B1, LXR-β, or ERβ.
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Introduction
27-Hydroxycholesterol (27HC) is an abundant oxysterol
in blood and plays an intermediate role in cholesterol
catabolism to bile acids. Two key enzymes produced
from cytochrome P450 genes are involved in 27HC
regulation: cholesterol 27-hydroxylase (CYP27A1) and
oxysterol 7-alpha-hydroxylase (CYP7B1). CYP27A1 is re-
sponsible for conversion of cholesterol into 27HC
whereas CYP7B1 catabolizes 27HC toward bile acid syn-
thesis [1]. Experimental studies identified 27HC as an
endogenous selective estrogen receptor modulator
(SERM) [2]. 27HC binds to both the estrogen receptor
alpha (ERα) and estrogen receptor beta (ERβ) [2, 3],
though with greater affinity for ERβ [3]. Although the
precise roles of ERβ in breast cancer remain to be delin-
eated [4], ERβ was demonstrated to be expressed in a
majority of breast cancers, including those lacking ERα
expression. Independent from estrogen receptor (ER)-
mediated actions, 27HC is a liver X receptor (LXR) lig-
and [5] and has been implicated in breast cancer metas-
tasis via the LXR in experimental animal models [6].
The role of 27HC in the etiology and progression of

breast cancer has been investigated in experimental ani-
mal models [6, 7], with limited data in epidemiologic
studies and patient populations to date [8–10]. In ex-
perimental cell-line models, 27HC induced cell prolifera-
tion through ER activation, though administration of
27HC reduced estradiol-induced proliferation [2].
Higher 27HC was associated with disease progression in
experimental animal models [6, 7]. One prospective trial
in breast cancer patients reported a significant increase
of 27HC in response to aromatase inhibitor but not to
tamoxifen treatment [9]. Our group previously published
on prediagnosis circulating 27HC and breast cancer risk,
reporting an inverse association between circulating
27HC and breast cancer risk in postmenopausal women
and no significant heterogeneity by tumor ERα status
(clinically measured) [8]. Higher tumor CYP27A1 mRNA
expression has been associated with better prognosis in
women 50 or younger and with ERα-positive breast can-
cer [10], though other studies have not observed an as-
sociation in a broader population [6, 7]. CYP7B1
expression has been shown to be lower in ERα-positive
breast tumors, relative to normal breast tissue [7], and
associated with better prognosis [6, 7]. Correlates of
tumor protein expression of CYP27A1 and CYP7B1 with
cancer characteristics, reproductive and lifestyle factors
are not well established in cancer [6, 10, 11], including
breast cancer [6, 10].
In the context of recent evidence linking circulating

27HC to breast cancer risk, prior data on 27HC and
breast cancer progression, and relationships between cir-
culating 27HC and CYP27A1, CYP7B1, LXR-β, and ERβ,
the aims of the present study were to investigate the

associations between (i) protein expression of these
markers in the breast tumor tissue and breast cancer
case characteristics, (ii) protein expression of these
markers in the breast tumor tissue and epidemiological
factors and circulating sex steroids and lipids, and (iii)
prediagnostic 27HC concentrations in blood and breast
cancer risk by these markers. This was an exploratory
study in which we hypothesized potential differential
protein expression by case characteristics (e.g., CYP27A1
associated with favorable prognostic characteristics such
as tumor grade), and heterogeneity in associations be-
tween 27HC and breast cancer risk by tumor protein ex-
pression (e.g., stronger association between 27HC and
breast cancer among cases with CYP27A1-positive tu-
mors). This study was conducted within the Heidelberg,
Germany cohort of the European Investigation into Can-
cer and Nutrition (EPIC).

Materials and methods
Study population: the EPIC-Heidelberg cohort
The EPIC-Heidelberg cohort includes 25,540 study par-
ticipants (13,611 women) recruited between 1994 and
1998 with between ages 35 and 65 years. Blood samples,
anthropometric, reproductive, and epidemiologic factors
including diet and lifestyle behavior were collected at
baseline and described previously [12, 13]. Blood sam-
ples are stored under liquid nitrogen (− 196 °C) at the
German Cancer Research Center (DKFZ, Heidelberg,
Germany).

Case identification
All incident cases of invasive breast cancer were identi-
fied and verified by study physicians during prospective
follow-up (through January 2013), by active follow-up
with study participants or derived from hospital records,
or cancer and mortality registries. Each participant case
was free of any previous invasive cancer (with the excep-
tion of non-melanoma skin cancer) or in situ breast can-
cer history prior to invasive breast cancer diagnosis, and
had a blood sample available collected at baseline. Over-
all, 530 cases met these criteria, including 287 (54.1%)
for which tumor blocks were available and who were in-
cluded on a tissue microarray (TMA).

Nested case-control study
Up to two matched controls per case were selected from
female participants in EPIC-Heidelberg with a blood
sample collected at baseline and who remained cancer
free (with the exception of non-melanoma skin cancer)
to the time of diagnosis of their matched case. Controls
were matched to cases based on age (± 3 months), meno-
pausal status, exogenous hormones use, fasting status (<
3; 3–6; > 6 h), and time of the day (±1 h) at blood dona-
tion. Premenopausal women were also matched for
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phase of menstrual cycle (early follicular, late follicular,
peri-ovulatory, early luteal, mid luteal, late luteal). The
287 cases included in this study were matched to 563
controls (11 cases were matched to one control only);
however, all 1036 controls from the parent study were
included in the current study, with statistical analyses
adjusting for the matching factors. All participants pro-
vided informed consent and the study was approved by
the ethics commission of the Heidelberg University
Medical Faculty (reference numbers: 13/94, S-551/2014).

Data collection
Tumor characteristics such as clinically measured estro-
gen (ER) and progesterone (PR) receptor status, breast
cancer stage, grade, and morphology were extracted
from clinical records by trained study physicians. Base-
line information on reproductive and lifestyle factors
was obtained from standardized self-administered ques-
tionnaires and computer-assisted interview at recruit-
ment. Ever full-term pregnancy (FTP; no, yes), number
of FTPs (0, 1, 2, ≥ 3), use of oral contraceptives (OC) or
postmenopausal hormone therapy (HT), menopausal
status (premenopausal, perimenopausal, postmenopausal
(includes surgical menopause, n = 6)), ever breast-
feeding (no, yes), smoking status (never, former,
current), and lifetime alcohol use at recruitment (never
users, former users, and lifetime users with an average
intake ≥ 6, > 6–12, > 12–24, > 24–60 g/d) were available
from the baseline questionnaire. Lifetime alcohol use
was assessed based on the alcoholic beverage consump-
tion during the 12months before recruitment and the
consumption reported for ages 20, 30, 40, and 50 years.
Anthropometric factors were measured and recorded at
baseline by trained personnel [13]. Body mass index
(BMI) was categorized according to the World Health
Organization definition (kg/m2: thin < 18.5, normal
18.5–25; overweight 25–30; obese ≥ 30) based on height
and weight. The two lowest categories were combined,
as only one participant had BMI < 18.5. The Cambridge
Index of physical activity was used; this index combines
occupational and recreational physical activity and is cat-
egorized into four groups (active, moderately active,
moderately inactive, and inactive). Additional details on
baseline data collection have been described previously
[12, 13].

Tissue collection and immunohistochemistry
Collection of tumor tissue has been previously described
[14]. For the current study, formalin-fixed paraffin-
embedded (FFPE) breast tumor tissue material was avail-
able for 287 cases. Overall, cases included on the tissue
microarrays (TMAs) were younger at diagnosis (59.1
versus 61.9 years, p < 0.01) and were more likely to have
been diagnosed with higher-grade tumor (p = 0.008) and

ductal morphology (p < 0.01), compared to cases not in-
cluded on the TMAs (Additional file 1: Table S1). There
were no significant differences regarding reproductive,
anthropometric, and lifestyle factors, or for blood bio-
markers, including circulating 27HC concentration.
TMA slides were prepared by taking two cores of 1

mm from a representative section of tumor for each
case. Immunohistochemistry (IHC) staining was per-
formed on TMA slides at the Tissue Bank of the Na-
tional Center for Tumor Diseases (NCT), Heidelberg,
Germany. A single pathology resident (B.W.) evaluated
protein expression of CYP27A1, CYP7B1, LXR-β, and
ERβ. Each case had two cores on the TMA; the highest
score of the two cores was used to determine staining
positivity. Immunostaining was scored either for cyto-
plasmic (CYP27A1, CYP7B1) or nuclear (LXR-β, ERβ)
expression. Staining intensity in tumor cells was scored
as 0 (absent), 0.5 (borderline), 1 (weak), 2 (moderate), or
3 (strong). Tumor cells were considered positive for
CYP7B1 [15] and LXR-β when more than 10% of the
cells showed moderate or strong staining. ERβ was con-
sidered positive when moderate or strong staining was
observed for more than 50% of tumor cells [16]. For
CYP27A1, any moderate to strong tumor cell staining
was considered positive [6]. Table 1 shows antibodies
and dilutions used and the definitions applied to deter-
mine tumor marker positivity. Where a conclusive result
for a marker was not available, that marker was catego-
rized as missing (CYP27A1, 4.8%; CYP7B1, 15%). For
one slide, CYP7B1 staining failed, resulting in the exclu-
sion of 43 cases for that marker. Additionally, the ex-
pression of Ki67 proliferation activity (low, high), Bcl-2
(negative, positive), and p53 (negative, positive) were
also assessed in these cases, as previously described [14].
Pathology personnel were blinded to biomarker status.

Laboratory assays
Serum 27HC concentrations were quantified using liquid
chromatography–mass spectrometry (LC-MS) at Biocrates
Life Sciences (Innsbruck, Austria); lipid biomarkers (chol-
esterol, triglycerides, high-density lipoproteins, and low-
density lipoproteins) were quantified by Synlab MVZ Hei-
delberg GmbH (Eppelheim, Germany); and sex steroids
(testosterone, progesterone, estradiol, estrone, and dehy-
droepiandrosterone sulfate (DHEAS)) were measured in
the Division of Cancer Epidemiology labs at the DKFZ.
Case and control sets were analyzed together within the
analytic batch, with case and control position randomized
within the set. Laboratory personnel were blinded to case
or control status, and two blinded pooled quality control
(QC) samples were included to monitor the assay preci-
sion. Details on the measurement of the blood-based bio-
markers have been described previously [8].
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Statistical analysis
Blood biomarkers (27HC, lipids, and sex steroids) were
log2-transformed to better fit a normal distribution. Fish-
er’s exact test (categorical variables) and Welch’s t-test
(continuous variables) were used to compare tumor char-
acteristics, reproductive, anthropometric, and lifestyle fac-
tors, as well as circulating lipid and sex steroid levels by
CYP27A1, CYP7B1, LXR-β, and ERβ tumor marker status
(positive, negative). Analyses of sex steroid hormones were
stratified by menopausal status and by HT use among
woman postmenopausal at blood collection. We used
menstrual cycle phase-specific residuals for estrone, estra-
diol, and progesterone to account for within-person vari-
ability in these hormones across the menstrual
cycle among postmenopaual women. Odds ratios (ORs)
and 95% confidence intervals (CIs) were estimated using
unconditional logistic regression models, adjusted for the
study matching factors, stratified by tumor marker status.
Additionally, ORs were adjusted for age at first menstrual
period, BMI, age at first full-term pregnancy, and number
of FTP since adjustment for additional variables had min-
imal impact on the ORs in the parent study [8]. A total of
8 women had missing values for both fasting status and
time at blood draw (1 case and 7 controls). These women
were excluded from the risk analyses; thus, the sample
used for these analyses included 286 cases and 1029 con-
trols. Further, analyses were stratified by menopausal sta-
tus given significant heterogeneity in associations between
circulating 27HC and breast cancer risk by menopausal
status was previously observed [8]. Heterogeneity by
tumor marker status (positive vs. negative) was assessed
using polytomous logistic regression models comparing
models assuming the same association versus different as-
sociations in breast cancer in subgroups [17]; models were
compared using a likelihood ratio test. We evaluated het-
erogeneity by menopausal status at blood collection by in-
cluding an interaction term and evaluating the Wald test.
Statistical analyses were conducted using SAS software,
version 9.3 (SAS Institute, Cary, NC, USA). P values are

two-sided, and p < 0.05 was considered statistically
significant.

Results
All descriptive analyses were made on the 287 breast
cancer cases for whom tumor tissue was available. The
average age at recruitment for cases was 51.4 years
(standard deviation ± 7.9) and 51.2 years (± 7.9) for con-
trols, and blood samples were collected in average 8
years [range 0.06–15.95] before breast cancer diagnosis.

Associations between CYP27A1, CYP7B1, ERβ, and LXR-β
expression with tumor and epidemiologic characteristics
A total of 26.4% of the cases were classified as positive for
CYP27A1, 35.4% were classified as positive for CYP7B1,
57.1% were classified as positive for LXR-β, and 70.7% were
classified as positive for ERβ. A higher proportion of
CYP27A1-positive tumors and LXR-β-positive tumors were
also ERβ-positive (p < 0.01) (Additional file 2: Table S2),
relative to those negative for the respective markers. No
other statistically significant associations between the four
evaluated markers were observed (p ≥ 0.16).
No significant associations was observed between

CYP27A1 or LXR-β expression and case characteristics
(Table 2), though the proportion of cases with high ex-
pression of p53 was suggestively higher in CYP27A1-
positive vs. CYP27A1-negative tumors (88.4% vs. 77.6%,
p = 0.05). Differences in tumor characteristics by
CYP7B1 and ERβ expression were minimal. A higher
proportion of PR-positive (p = 0.04) tumors was ob-
served in CYP7B1-positive tumors, in comparison with
CYP7B1-negative tumors (PR-positive: 83.7% vs. 72.0%,
respectively). A higher proportion of Bcl2low expression
(66.7% vs. 49.3%, p = 0.01) was observed in ERβ-positive
compared to ERβ-negative tumors. No associations were
observed between the investigated markers and other
breast cancer characteristics (p ≥ 0.06), including age at
diagnosis and cancer stage, grade, or morphology, or
with any of the investigated epidemiologic factors (p ≥

Table 1 Immunohistochemistry (IHC) of breast tumor marker expression distribution: EPIC-Heidelberg nested case-control study

Marker Antibody Dilution Defined as: N = 287 %

CYP27A1 Abcam Positive =moderate or strong (2 or 3) intensity in cytoplasm;
otherwise negative

– 201 73.6

(EPR7529) 1:50 + 72 26.4

CYP7B1 Abcam (ab19043) 1:500 Positive =moderate or strong (2 or 3) intensity in cytoplasm
of ≥ 10% of cells; otherwise negative

– 157 64.6

+ 86 35.4

LXR-β Abcam (ab24361) 1:25 Positive =moderate or strong (2 or 3) intensity in nucleus
of ≥ 10% of cells; otherwise negative

– 123 42.9

+ 164 57.1

ERβ Serotec (PPG5/10) 1:500 Positive =moderate or strong intensity (2 or 3) nuclear staining
in > 50% tumor cells; otherwise negative

– 84 29.3

+ 203 70.7

Missing due to inconclusive staining: 44 for CYP7B1, 14 for CYP27A1
287 matched pairs of cases and controls have been used for the analysis (243 breast cancer cases have no tumor blocks available)
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0.07, e.g., BMI, number of term pregnancies, menopausal
status (Additional file 3: Table S3)). No associations be-
tween the tumor markers and serum 27HC were ob-
served (Additional file 4: Table S4). Circulating high-
density lipoproteins differed significantly by tumor
CYP27A1 expression (p = 0.04; geometric means,
CYP27A1-positive 64.3 mg/dl, CYP27A1-negative 68.8
mg/dl) and triglycerides differed significantly by tumor
CYP7B1 expression (p = 0.02; geometric means,

CYP7B1-positive 106.4 mg/dl, CYP7B1-negative 123.1
mg/dl). No consistent patterns were observed for sex
steroid hormones, though higher circulating premeno-
pausal DHEAS was observed among women with
CYP27A1-positive compared to CYP27A1-negative tu-
mors (p = 0.04), and higher circulating premenopausal
estradiol (p = 0.02) and lower perimenopausal testoster-
one (p = 0.03) were observed among women with
CYP7B1-positive compared to CYP7B1-negative tumors.

Table 2 Breast cancer characteristics by tumor marker status: EPIC-Heidelberg nested case-control study
All
cases

CYP27A1 CYP7B1 LXR-β ERβ

Negative Positive pa Negative Positive pa Negative Positive pa Negative Positive pa

N 287 201 72 157 86 123 164 84 203

Age at diagnosis 58.84 ± 7.69 59.35 ± 8.81 0.71 59.22 ± 8.23 60.51 ± 7.66 0.28 58.76 ± 8.08 59.39 ± 8.01 0.57 60.12 ± 7.59 58.68 ± 8.20 0.22

Receptor subtype

ER+ 236 166 (83.0) 58 (80.6) 0.72 129 (82.2) 74 (86.0) 0.47 102 (82.9) 134 (82.2) 1.00 68 (81.0) 168 (83.2) 0.73

ER− 50 34 (17.0) 14 (19.4) 28 (17.8) 12 (14.0) 21 (17.1) 29 (17.8) 16 (19.0) 34 (16.8)

ER+/PR+ 206 142 (82.6) 52 (81.3) 0.85 111 (81.0) 69 (88.5) 0.18 87 (82.9) 119 (82.6) 1.00 59 (80.8) 147 (83.5) 0.59

ER−/PR− 43 30 (17.4) 12 (18.8) 26 (19.0) 9 (11.5) 18 (17.1) 25 (17.4) 14 (19.2) 29 (16.5)

PR+ 213 146 (73.0) 54 (75.0) 0.88 113 (72.0) 72 (83.7) 0.04 90 (73.2) 123 (75.5) 0.68 61 (72.6) 152 (75.2) 0.66

PR− 73 54 (27.0) 18 (25.0) 44 (28.0) 14 (16.3) 33 (26.8) 40 (24.5) 23 (27.4) 50 (24.8)

HER2+ 46 36 (18.0) 9 (12.5) 0.36 26 (16.6) 14 (16.3) 1.00 19 (15.4) 27 (16.6) 0.87 14 (16.7) 32 (15.8) 0.86

HER2− 240 164 (82.0) 63 (87.5) 131 (83.4) 72 (83.7) 104 (84.6) 136 (83.4) 70 (83.3) 170 (84.2)

ER−/PR−/
HER2−

31 19 (9.5) 11 (15.3) 0.19 17 (10.8) 6 (7.0) 0.21 12 (9.8) 19 (11.7) 0.70 9 (10.7) 22 (10.9) 1.00

ER+ or PR+
or HER2+

255 181 (90.5) 61 (84.7) 140 (89.2) 80 (93.0) 111 (90.2) 144 (88.3) 75 (89.3) 180 (89.1)

Ki67

Low 46 34 (17.7) 12 (18.5) 0.85 23 (16.3) 8 (9.6) 0.23 15 (14.0) 31 (19.6) 0.25 11 (15.1) 35 (18.2) 0.59

High 219 158 (82.3) 53 (81.5) 118 (83.7) 75 (90.4) 92 (86.0) 127 (80.4) 62 (84.9) 157 (81.8)

bcl2

Low 165 121 (62.7) 40 (59.7) 0.66 79 (56.4) 54 (64.3) 0.26 71 (64.5) 94 (60.3) 0.52 35 (49.3) 130 (66.7) 0.01

High 101 72 (37.3) 27 (40.3) 61 (43.6) 30 (35.7) 39 (35.5) 62 (39.7) 36 (50.7) 65 (33.3)

p53

Low 52 43 (22.4) 8 (11.6) 0.05 31 (22.0) 12 (14.3) 0.17 19 (17.6) 33 (20.9) 0.53 13 (18.3) 39 (20.0) 0.86

High 214 149 (77.6) 61 (88.4) 110 (78.0) 72 (85.7) 89 (82.4) 125 (79.1) 58 (81.7) 156 (80.0)

Breast cancer stage

Local 175 119 (61.0) 44 (61.1) 0.46 94 (60.6) 56 (68.3) 0.53 82 (67.2) 93 (58.5) 0.12 43 (53.1) 132 (66.0) 0.07

Regional 100 73 (37.4) 25 (34.7) 57 (36.8) 25 (30.5) 36 (29.5) 64 (40.3) 35 (43.2) 65 (32.5)

Metastasis 6 3 (1.5) 3 (4.2) 4 (2.6) 1 (1.2) 4 (3.3) 2 (1.3) 3 (3.7) 3 (1.5)

Breast cancer grade

Grade I 38 30 (15.0) 7 (9.9) 0.41 21 (13.4) 15 (17.6) 0.64 18 (14.8) 20 (12.3) 0.06 7 (8.3) 31 (15.4) 0.28

Grade II 163 114 (57.0) 39 (54.9) 87 (55.4) 43 (50.6) 77 (63.1) 86 (52.8) 50 (59.5) 113 (56.2)

Grade III 84 56 (28.0) 25 (35.2) 49 (31.2) 27 (31.8) 27 (22.1) 57 (35.0) 27 (32.1) 57 (28.4)

Breast cancer morphology

Ductal 202 142 (70.6) 54 (75) 0.19 109 (69.4) 59 (68.6) 0.68 83 (67.5) 119 (72.6) 0.21 61 (72.6) 141 (69.5) 0.48

Lobular 56 36 (17.9) 15 (20.8) 29 (18.5) 19 (22.1) 23 (18.7) 33 (20.1) 13 (15.5) 43 (21.2)

Other 29 23 (11.4) 3 (4.2) 19 (12.1) 8 (9.3) 17 (13.8) 12 (7.3) 10 (11.9) 19 (9.4)
aFisher’s exact tests for categorical variable [n (%)] or Welch’s t-test for continuous variable [mean ± std]; Missing: ER = 1, PR = 1, HER2 = 1, TNBC = 1, breast
cancer stage = 6, breast cancer grade = 2, Ki67 = 22, bcl2 = 21, p53 = 21, CYP7B1 = 44, CYP27A1 = 14
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Circulating 27HC and breast cancer risk by tumor markers
We observed no statistically significant heterogeneity in
associations between circulating 27HC and breast cancer
risk by tumor expression of CYP27A1, CYP7B1, LXR-β,
or ERβ (Table 3). Heterogeneity in associations between
circulating 27HC and breast cancer risk by menopausal
status at blood collection was only observed in tumor not
expressing LXR-β (phet = 0.02). This was driven by a sig-
nificant positive association observed among perimeno-
pausal women; however, sample size was limited in this
subgroup (n = 54 total perimenopausal cases). In postmen-
opausal women, higher 27HC concentrations were associ-
ated with lower risk of ERβ-negative breast cancer

(ORlog2:0.31; 95%CI 0.10, 0.92; phet by menopausal status
in ERβ-negative = 0.06), whereas no association was ob-
served among ERβ-positive cases (ORlog2: 0.72 (95% CI
0.36, 1.47); phet by ERβ status in postmenopausal = 0.12)
(n = 146 postmenopausal cases with ERβ data).

Discussion
Following our findings on circulating 27HC and breast
cancer risk [8], this exploratory study provides novel
data on associations between breast cancer case charac-
teristics and epidemiologic factors and 27HC-related
markers in breast tumor tissue, and is the first study on
circulating 27HC and breast cancer risk by CYP27A1,

Table 3 Prediagnosis circulating 27HC and breast cancer risk by breast tumor expression of select IHC markers: EPIC-Heidelberg
nested case-control study

Menopausal status at blood collection

All women Premenopausal Perimenopausal Postmenopausal phet
b

All women Cases/controls 286/1029 86/315 54/195 146/519

OR (95% CI)a 0.84 (0.54,1.30) 1.23 (0.53,2.87) 1.78 (0.61,5.19) 0.58 (0.31,1.08) 0.15

CYP27A1

Negative Cases/controls 201/1029 61/315 37/195 103/519

OR (95% CI)a 0.81 (0.48,1.35) 1.08 (0.39,2.96) 1.68 (0.45,6.27) 0.54 (0.26,1.11) 0.25

Positive Cases/controls 72/1029 22/315 14/195 36/519

OR (95% CI)a 1.31 (0.60,2.89) 2.01 (0.42,9.58) 2.30 (0.26,20.48) 1.07 (0.35,3.26) 0.79

phet 0.32 0.51 0.73 0.32

CYP7B1

Negative Cases/controls 156/1029 46/315 30/195 80/519

OR (95% CI)a 0.90 (0.51,1.59) 1.54 (0.49,4.84) 5.79 (1.22,27.4) 0.58 (0.26,1.29) 0.15

Positive Cases/controls 86/1029 29/315 19/195 38/519

OR (95% CI)a 0.74 (0.35,1.56) 1.10 (0.26,4.64) 0.53 (0.08,3.37) 0.37 (0.12,1.11) 0.17

phet 0.60 0.82 0.22 0.61

LXR-β

Negative Cases/controls 122/1029 38/315 22/195 62/519

OR (95% CI)a 0.85 (0.46,1.59) 1.15 (0.33,4.03) 16.64 (2.54,108.87) 0.44 (0.18,1.09) 0.02

Positive Cases/controls 164/1029 48/315 32/195 84/519

OR (95% CI)a 0.87 (0.50,1.53) 1.31 (0.43,4.01) 0.76 (0.18,3.14) 0.72 (0.33,1.58) 0.69

phet 0.91 0.70 0.02 0.34

ERβ

Negative Cases/controls 83/1029 24/315 18/195 41/519

OR (95% CI)a 0.73 (0.35,1.53) 1.24 (0.29,5.37) 6.66 (0.97,45.7) 0.31 (0.10, 0.92) 0.06

Positive Cases/controls 203/1029 62/315 36/195 105/519

OR (95% CI)a 0.86 (0.52,1.44) 1.27 (0.46,3.5) 0.93 (0.22,3.8) 0.72 (0.36,1.47) 0.66

phet
c 0.67 0.96 0.17 0.12

Missing: CYP7B1 = 44, CYP27A1 = 14. Also, 8 women have missing for date at blood draw and fasting status at blood collection: 1 case and 7 controls
aOdds ratios (ORs) per one-unit increase in log2 transformed 27HC; all ORs adjusted for matching factors plus age at first menstrual period, BMI, age at first full
term pregnancy, number of full term pregnancies, and matching factors, namely, age, time, and date at blood draw, menopausal status, exogenous hormone use,
and fasting status at blood collection, and additionally menstrual phase for premenopausal women
bComparing pre-, peri-, postmenopausal
cComparing tumor expression
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CYP7B1, LXR-β, or ERβ tumor markers. We observed
limited differences in the evaluated characteristics, and
limited statistically significant heterogeneity in the asso-
ciation between circulating 27HC and breast cancer risk
was observed by tumor tissue expression of the investi-
gated markers.
The literature to date on the role of 27HC in the eti-

ology of breast cancer is conflicting with potentially dif-
ferent roles for this oxysterol in risk and progression, for
example experimental models suggested a growth-
promotion role [6, 7], and epidemiologic studies showing
an inverse association between circulating 27HC and
breast cancer risk in postmenopausal women [8] and
CYP27A1 mRNA expression and death in breast cancer
patients age 50 years and younger [10]. 27HC and circu-
lating cholesterol are well correlated in our data (r =
0.45). On balance, prior studies do not support a strong
association between circulating cholesterol and breast
cancer risk [18] or survival [19, 20], with an inverse asso-
ciation reported between total and HDL cholesterol and
risk in a meta-analysis [18] and postmenopausal women
in the current study population [8]. Cholesterol-lowering
drug use and breast cancer risk (predominantly statins)
[21, 22] and survival [10, 23, 24] have been investigated
with cholesterol-lowering medications, again mainly sta-
tins, proposed as a strategy to improve prognosis [24].
However, the association between statins and prognosis
remains to be confirmed. Data on 27HC in the female
breast is limited, though an analysis evaluating 27HC in
the breast tissue of 40 breast cancer patients and 17 con-
trol women reported higher 27HC in the normal breast
tissue of women with breast cancer (3x higher vs. con-
trols) with elevated concentrations in the tumor tissue
itself (6.9x higher than controls) [7].
CYP27A1 and CYP7B1 are expressed in both normal

and malignant breast tissue, indicating capacity for local
27HC synthesis and catabolism. Differences in CYP27A1
and CYP7B1 in the normal breast as compared to malig-
nant tissue are not well established. However, one study
suggests similar expression of CYP27A1 but markedly
different CYP7B1 in normal vs. breast tumor tissue. Spe-
cifically, CYP7B1 was 50% lower in ER+ tumor tissue
relative to normal tissue [7] suggesting lower CYP7B1
may be responsible for the elevated 27HC observed in
breast tumors. We investigated CYP27A1 and CYP7B1
protein expression in the tumor as markers indicative of
local 27HC metabolism. Neither marker was associated
with circulating 27HC, in line with previous findings on
CYP27A1 [10] and a prior study reporting no association
between tumor and circulating 27HC [7]. Tumor
CYP27A1 protein expression was associated with lower
circulating HDL concentrations, while tumor CYP7B1
was associated with lower triglycerides. In premeno-
pausal women, tumor CYP27A1 protein expression was

associated with higher circulating DHEAS concentra-
tions, and in perimenopausal women, tumor CYP7B1
was associated with lower testosterone. To our know-
ledge, this has not previously been reported. One cell-
line study suggested a role of CYP7B1 in androgenic sig-
naling regulation [25] notably by converting androgen
receptor ligands into less active metabolites. This associ-
ation was also investigated in prostate cancer showing
correlation between CYP7B1 expression and androgen
signaling activity [26, 27].
We observed no associations between CYP27A1 ex-

pression and breast cancer case characteristics, whereas
CYP7B1-positive tumors were more likely to be PR-
positive than CYP7B1-negative tumors. Kimbung et al.
observed consistent differences in ER and nodal status,
molecular subtype, and histologic grade by CYP27A1
mRNA “low” vs. “high” [10]. Differences in grade, ER,
and PR status have previously been reported using IHC
[6]. We observed no significant heterogeneity in associa-
tions between circulating 27HC and breast cancer risk
by CYP27A1 or CYP7B1 tumor expression though a sta-
tistically significant positive association between peri-
menopausal circulating 27HC and CYP7B1-negative
breast cancer risk was observed.
The ERβ has been recognized for more than two de-

cades; however, the clinical significance of the ERβ, in
contrast to the clinically measured ERα, has not been
established. 27HC causes conformational change in both
the ERα and ERβ [2], and ERβ is known to be expressed
in both ERα-positive and ERα-negative tumors [16] as
observed in the current study (16.5% of ERβ-positive tu-
mors were ERα/PR-negative). A higher proportion of
ERβ-positive tumors were Bcl-2-low; prior studies have
evaluted associations between tumor hormone receptor
status and Bcl-2 expression, and expression of ERβ or
Bcl-2 as prognostic markers [28–32]. The lack of associ-
ation between other breast cancer characteristics ob-
served in the current study is in line with previous
studies [33, 34], though an association between ERβ ex-
pression and lower-tumor grade has been reported, as
have significant associations between ERβ and ERα, be-
tween ERβ and PR, and between ERβ and HER2 expres-
sion (all p < 0.01) [16]. We observed no statistically
significant heterogeneity in the association between cir-
culating 27HC and breast cancer risk by ERβ expression,
27HC was only significantly associated with lower breast
cancer risk among women postmenopausal at blood col-
lection and negative for the ERβ. To our knowledge, this
has not previously been described. In lung cancer, one
prior study showed that treatment with 27HC increased
cell proliferation in ERB-positive lung cancers [35]. No
heterogeneity by ERα was observed in our previous in-
vestigation [8]. 27HC has been shown to exert effects be-
yond the ER (e.g., immune pathway [36], LXR [6, 7]).
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In a previous experimental study, 27HC was shown to
increase the transcriptional activity of LXR and thus was
suggested to be an endogenous ligand for these recep-
tors [37]. 27HC appears to increase metastases through
the liver X receptor (LXR), and not the ER, notable given
LXR agonists are generally associated with inhibition of
breast cancer growth [38–40]. 27HC and LXR agonist
GW3965 induced an increase in lung metastases,
whereas estradiol had no effect [6]. This LXR-mediated
increase in metastases appeared to be independent of
the ER. We observed no heterogeneity in the associa-
tions between circulating 27HC and breast cancer by
LXR-β status except among perimenopausal women
where the risk of LXR-β-negative breast cancer was
higher with higher circulating 27HC concentrations.
These results are not in line with the above described lit-
erature, and we are unaware of any underlying biological
explanation for this association. These results should be
interpreted with caution given the limited sample size in
this subgroup (n = 54 total perimenopausal cases) and
wide confidence intervals associated with the ORs. Our
study measured LXR-β expression rather than using a
marker of LXR activity such as ABCA1 expression. LXR-
α has also been implicated in breast cancer pathogenesis
and in the 27HC-mediated response [36] and should
therefore be considered in future studies.
No association with tumor makers was observed for

reproductive and lifestyle factors in the current study.
The literature is sparse regarding factors associated with
circulating 27HC. Our cross-sectional study, which
aimed to characterize the association between dietary,
reproductive, lifestyle, and anthropometric factors and
circulating 27HC in a sample of women without cancer
[41], showed no or only a very modest impact of dietary
habits, reproductive factors, and lifestyle factors on cir-
culating 27HC concentrations.
27HC concentrations were measured in serum sam-

ples collected at study baseline, and repeat blood sam-
ples were not available; however, our prior study showed
a high within-person reproducibility for circulating
27HC over 1 year [42]. We had tumor blocks available
only for a subset of the cases, which may impact the
generalizability of our findings to a broader population
of breast cancer cases, given cases with tumor tissue
available and included on the TMAs were younger at
diagnosis, diagnosed with more advanced cancer (grade
II or III) and ductal morphology (p < 0.001), compared
to cases not included on the TMAs. Absolute differences
in age at blood collection were relatively small (e.g.,
cases having TMAs available were, on average, 2.8 years
younger than the cases not included in the analysis) and,
while menopausal status has a weak, but statistically sig-
nificant, impact on circulating 27HC (6.45% lower in
premenopausal vs. postmenopausal women [41]), the

proportion of postmenopausal women did not differ by
TMA availability (with 51% and without 50% TMA), and
the risk analyses were stratified by menopausal status.
Thus, it is unlikely that differences in epidemiologic
characteristics by TMA availability substantially impacted
our results. An additional limitation is that the
characterization of ERβ remains an issue due to its various
isoforms [16] and the lack of specificity [43] of IHC assays.
Thus, our results, as well as those in other studies using
ERβ IHC antibodies, should be considered in light of the
described issues with ERβ characterization using IHC.
The distribution of positive/negative status for the tumor
markers was comparable with distributions of ERβ [16, 33,
34], CYP27A1 [6], and CYP7B1 [15] previously reported.
In the interpretation of our results, it should also be noted
that preclinical studies implicate 27HC in breast cancer
progression, while our epidemiological study evaluated
circulating 27HC and breast cancer risk. Finally, we made
many statistical comparisons in this investigation and did
not adjust for multiple comparisons, thus we cannot rule
out chance as an explanation for our statistically signifi-
cant findings.

Conclusion
This exploratory study is the first prospective human
study investigating circulating 27HC and breast cancer
risk by breast tissue tumor markers, and the first evalu-
ation of 27HC-related tumor tissue markers and repro-
ductive, anthropometric, and lifestyle factors. We
observed limited associations between breast cancer case
characteristics and the investigated tumor markers, and
no significant heterogeneity in associations between cir-
culating 27HC and breast cancer risk by breast tumor
CYP27A1, CYP7B1, or ERβ expression, and limited het-
erogeneity by LXR-β. Larger-scale studies are required
to confirm these findings.
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