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Abstract

Purpose 27-hydroxycholesterol (27HC), an endogenous
selective estrogen receptor modulator (SERM), drives the
growth of estrogen receptor-positive (ER+) breast can-
cer. 1,25-dihydroxyvitamin D (1,25(0OH),D), the active
metabolite of vitamin D, is known to inhibit expression of
CYP27B1, which is very similar in structure and function to
CYP27A1, the synthesizing enzyme of 27HC. Therefore, we
hypothesized that 1,25(OH),D may also inhibit expression
of CYP27A1, thereby reducing 27HC concentrations in the
blood and tissues that express CYP27A1, including breast
cancer tissue.

Methods 27THC, 25-hydroxyvitamin D (250HD), and
1,25(0OH),D were measured in sera from 29 breast cancer
patients before and after supplementation with low-dose
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(400 IU/day) or high-dose (10,000 IU/day) vitamin D in the
interval between biopsy and surgery.

Results A significant increase (p = 4.3E—5) in 250HD and
a decrease (p = 1.7E—1) in 27HC was observed in high-dose
versus low-dose vitamin D subjects. Excluding two statisti-
cal outliers, 250HD and 27HC levels were inversely cor-
related (p = 7.0E-3).

Conclusions Vitamin D supplementation can decrease cir-
culating 27HC of breast cancer patients, likely by CYP27A1
inhibition. This suggests a new and additional modality by
which vitamin D can inhibit ER+ breast cancer growth,
though a larger study is needed for verification.
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Abbreviations

1,25(OH),D  1,25-Dihydroxyvitamin D

250HD 25-Hydroxyvitamin D

27HC 27-Hydroxycholesterol

ER+ Estrogen receptor-positive

LC-MS/MS Liquid chromatography tandem mass
spectrometry

SERM Selective estrogen receptor modulator

SRM Selected reaction monitoring

Introduction

Recently, an endogenous selective estrogen receptor modu-
lator (SERM), 27-hydroxycholesterol (27HC) [1, 2], was
discovered to have agonist activity on estrogen receptor-
positive (ER+) breast cancer [2—4] and to promote tumor
growth and metastasis [4]. The concentration of 27HC is
elevated in ER+ breast cancer tissue compared to normal
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breast tissue due to decreased expression of CYP7BI1, the
degrading enzyme of 27HC [3]. In animal models, knocking
down the synthesizing enzyme of 27HC, CYP27A1, reduces
cancer rates and ER+ breast cancer tumor sizes in mice [5].
Despite the accumulating evidence for the role of 27HC
in ER+ breast cancer stimulation, no therapies have been
developed to target specifically the 27HC metabolic path-
way, although it has been hypothesized that the presumed
benefit of statins on cancer risk may be due to an effect of
lowering 27HC production by reducing cholesterol synthesis
[5]. In one study, atorvastatin was shown to decrease serum
27HC and increase CYP27A1 protein expression in breast
cancer tissue in a small cohort of 42 breast cancer patients,
and higher expression of CYP27A1 in ER+ breast cancer
tumors was shown to correlate with longer recurrence-free
and overall survival [6]. These data demonstrate the impor-
tance of targeting the 27HC pathway in the treatment of
ER+ breast cancer.

Vitamin D is a prohormone for the steroid hormone cal-
citriol (1,25-dihydroxyvitamin D5, 1,25(0OH),D;), which is
estimated to be responsible for the transcriptional regula-
tion of 0.5-5% of the total human genome [7], including
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Fig. 1 Metabolic pathways of 1,25(OH),D and 27HC synthesis.
Vitamin D is converted to 25-hydroxyvitamin D (250HD) by the
cytochrome P450s CYP2RI1 and, to a lesser extent, CYP27Al in
the liver. 250HD is the primary metabolite of vitamin D found in
the circulation and is clinically used as the best indicator of vitamin
D status. 250HD can be 1-a-hydroxylated by CYP27B1 to form
1,25(0OH),D in the kidney as part of maintaining blood mineral
homeostasis, or locally in many tissues, including breast cancer cells.
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those known to influence pathways associated with can-
cer growth and progression [8—10]. Calcitriol can reduce
its own activation of target genes by inhibiting expres-
sion of CYP27B1 [11, 12], the enzyme responsible for
1-a-hydroxylation of 25-hydroxyvitamin D (250HD) to
form calcitriol (Fig. 1), as well as stimulating the calci-
triol and 250HD degrading enzyme CYP24A1 [8, 13].
CYP27A1 has 40% sequence homology with CYP27BI1,
and CYP27A1 also has 1-a-hydroxylase activity toward
250HD [13-15]. Given the similarity between CYP27B1
and CYP27A1 [13], we hypothesized that vitamin D might
inhibit 27HC production by calcitriol-mediated inhibition
of CYP27A1 expression, providing an additional means by
which vitamin D inhibits ER+ breast cancer and a novel
way to target the 27HC pathway. Previous data on the rela-
tionship between vitamin D and 27HC have been ambigu-
ous [16, 17]. Here we show in an interventional trial of 29
women with breast cancer, a sub-study of a larger trial,
that raising serum 250HD levels with vitamin D supple-
ments can lower the concentration of circulating 27HC in
most subjects. The findings of this pilot study will require
verification in a larger study.
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ER+ BC growth
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1,25(0OH),D acts as an anti-cancer agent via regulation of multiple
pathways associated with cancer growth and progression. One such
pathway may be that of cholesterol metabolism into 27-hydroxy-
cholesterol (27HC), a selective estrogen receptor modulator that
promotes ER+ breast cancer growth and metastasis. 1,25(OH),D
inhibits its synthesizing enzyme, CYP27B1, and we hypothesize that
1,25(0OH),D may also inhibit CYP27A1 (*), the synthesizing enzyme
of 27HC, which is similar in structure and function to CYP27B1
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Materials and methods

This paper describes an ancillary study of a breast cancer
trial (NCT01472445), the full details of which are currently
being prepared for publication. Briefly, this trial was a ran-
domized, controlled, and blinded trial in women with core
needle biopsies positive for breast cancer, but without the
presence of metastatic lesions. Subjects with a history of
parathyroid disease, hypercalcemia, kidney stones, SERM
or aromatase inhibitor therapy, or renal failure, and patients
taking metformin or more than 2000 IU of vitamin D per day
were excluded from the trial. The protocol was approved by
the Stanford Institutional Review Board for Protection of
Human Subjects, and all women provided informed written
consent. Serum was collected from 29 women with breast
cancer at the time of biopsy and again before surgery prior
to any subsequent therapy. This study comprised a subgroup
of all subjects in the trial limited by available sera for the
required assays. All patients discontinued the use of any
vitamin D supplements taken before the start of the trial, and
the women were treated with a daily supplement of high-
dose (10,000 IU) or similar appearing capsules of low-dose
(400 IU) vitamin D5 (Vital Nutrients, Middletown, CT) in a
2:1 ratio in the interval between biopsy and surgery. The low
dose was shown to have a negligible effect on 250HD levels
in the short interval of supplementation and functioned as
a placebo in our study as well as the full trial. Women who
had surgery prior to 7 days were excluded so that capsules
were taken for a minimum of 7 days, and the longest interval
of supplementation for a subject was 41 days. Remaining
capsules were counted to validate compliance. The concen-
tration of total 250HD (the sum of 250HD, and 250HD;,
abundances) was measured at the Stanford Clinical Lab, and
the concentration of 1,25(OH),D (the sum of 1,25(OH),D,
and 1,25(0OH),D; (calcitriol) abundances) was measured at
Mayo Clinic Labs by liquid chromatography tandem mass
spectrometry (LC-MS/MS), both in a blinded fashion.

The concentration of 27HC was measured by LC-MS/
MS and selected reaction monitoring (SRM) using an
adapted method [18]—please see Supplementary Informa-
tion for further details. The change in 250HD (A250HD),
1,25(0OH),D (A1,25(0OH),D), and 27HC (A27HC) for each
patient was calculated as the difference between pre- and
post-treatment concentrations. A Wilcoxon unpaired, two-
sample ¢ test (Mann—Whitney) was performed to compare
changes in metabolite concentrations for the low-dose and
high-dose groups.

Results

The concentrations of 250HD, 1,25(0OH),D, and 27HC
were measured in serum samples collected from the breast

cancer subjects at the time of biopsy and at the time of sur-
gery, corresponding to pre- and post-vitamin D treatment,
respectively. Changes in pre- to post-treatment levels of
these metabolites (A250HD and A27HC) are plotted for
each subject in Fig. 2a, and a summary of these data compar-
ing the low-dose (400 IU/day) to the high-dose (10,000 IU/
day) Vitamin D group is shown in Fig. 2b. As expected,
minimal changes in 250HD concentration were observed
on average in the low-dose group (— 1 + 6 ng/mL), and
there was no correlation between A250HD and the number
of capsules taken, indicating that the low-dose, 400 IU/day
vitamin D supplement effectively acted as a placebo in the
trial. By contrast, serum 250HD concentrations increased
significantly by 21 + 14 ng/mL on average in the high-dose
group, and subjects treated over a longer period of time, who
therefore ingested a greater number of high-dose capsules,
showed a greater increase in 250HD. Despite the significant
difference between the low-dose and high-dose groups in the
observed A250HD (p = 4.3E-5), there was no significant
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Fig. 2 Changes in the concentrations of 27HC and 250HD for indi-
vidual patients (a) and in the low-dose and high-dose groups as a
whole (b). Significance (p < 0.05) is indicated by *
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difference in A1,25(OH),D (p = 4.2E—1). This is expected
since the rise in 250HD inhibits a further rise in serum
1,25(0OH),D by stimulation of CYP24A1 and inhibition of
CYP27Bl1, as depicted in Fig. 1.

There is a decrease in median 27HC concentration
(p = 1.7E—1) in the high-dose group compared to the low-
dose group, with a change of 7 + 35 ng/mL on average
for the low-dose group and — 12 + 35 ng/mL on average
for the high-dose group. Although A27HC is not as sta-
tistically significant when comparing the low-dose to the
high-dose group as A250HD, a simple linear regression
between A27HC and A250HD in the high-dose group yields
a coefficient of — 1.7 (p = 7.0E—3), indicating a significant
decrease in 27HC with an increase in 250HD (Fig. 3) when
two high leverage outliers (Fig. 3, starred) are excluded. No
significant correlation (p < 0.05) was observed between
A27HC and A250HD in the low-dose group. These data
indicate that vitamin D supplements that raise the circulat-
ing 250HD concentration can be used to decrease serum
27HC concentrations. The two high leverage outliers, who
were exceptions to the inverse correlation between 27HC
and 250HD, were determined using Cook’s distance met-
ric. For these subjects, a large increase in 27HC concen-
tration was observed (+ 58 and + 36 ng/mL) despite large
increases in serum 250HD concentration (+ 49 and + 46 ng/
mL, respectively) (Fig. 2a, far right). No other characteristics
were extraordinary for these two patients compared to the
rest of the cohort, including cancer phenotype, tumor grade
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Fig. 3 Change in the concentration of 27HC plotted against change
in the concentration of 250HD for individual patients. A linear
regression of patients who received high-dose vitamin D supple-
ments, excluding starred outliers, shows an inverse correlation
between A250HD and A27HC
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or size, or BMI, a factor that has been associated with altered
vitamin D metabolism [19, 20].

Discussion

Whereas minimal changes were observed in 250HD con-
centrations in the low-dose vitamin D group, significant
increases in 250HD levels were observed in most subjects
in the high-dose group. The increases in 250HD in the high-
dose group correlated with decreases in 27HC, demonstrat-
ing that vitamin D supplements can decrease serum 27HC
concentrations. The mechanism of this effect is likely inhi-
bition of CYP27A1 by the active metabolite of vitamin D,
calcitriol (1,25(OH),D;), as calcitriol is known to inhibit
CYP27B1 [11, 12], which shares high structural and func-
tional similarity with CYP27A1 [13-15]. Although serum
levels of 1,25(OH),D did not increase during the high-
dose vitamin D supplementation, 250HD is converted to
1,25(0OH),D in renal and extra-renal tissues, including the
liver as well as breast cancer cells, where it is expected that
the elevated circulating 250HD results in increased con-
version to 1,25(OH),D [21]. Thus, the expected inhibition
of CYP27A1 by calcitriol likely occurs locally in tissue
after local 250HD to 1,25(OH),D conversion, resulting
in decreased 27HC concentrations in multiple organs and
decreased shedding of 27HC into the circulation and deliv-
ery to the breast. However, measurements of 27HC in tissues
are necessary to assess this definitively, and there was not
enough breast tissue from many subjects in this study to
measure this effect directly in the breast tumors.

It is important to note that the changes observed in serum
27HC concentrations due to the high-dose supplements rep-
resent contributions from all tissues in the body, with the
largest contribution likely deriving from the liver, where
CYP27A1 expression is the highest. Although it is unclear
to what degree the breast tissue contributes to the decrease in
serum 27HC, CYP27B1 and CYP27A1 are both expressed
in breast and breast cancer cells, and local conversion of
vitamin D or 250HD into 1,25(OH),D and cholesterol into
27HC is known to occur in breast tumors [5, 22, 23]. Thus,
the effect of high-dose vitamin D supplements to lower
serum 27HC is likely reflected in the breast cancer tumors
as well. Furthermore, decreasing circulating 27HC has been
shown to inhibit tumor growth [5]. Therefore, the data in
this work suggest that vitamin D supplementation may be a
simple way to suppress 27HC-mediated ER stimulation in
ER+ breast cancers by decreasing the 27HC concentration
in the circulation. This beneficial action of vitamin D would
be in addition to all of the other pathways by which vitamin
D has been shown to inhibit the progression of breast cancer
[8-10].
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Two subjects were exceptions to the inverse correlation
between 27HC and 250HD, suggesting that there may be
a more complex interaction between vitamin D and the
regulation of the 27HC pathway. It is possible that these
patients carry genetic variations affecting the vitamin D or
cholesterol metabolic pathways, resulting in an increase in
27THC production despite high doses of vitamin D. A larger
study is also needed to investigate the possibility that
beyond some threshold serum 250HD levels, increases
rather than decreases in 27HC are observed, negatively
impacting ER+ breast cancer patients.

No significant difference in circulating 1,25(0OH),D
was observed between the low-dose and high-dose
groups even though a significant increase in 250HD was
observed because the concentration of 1,25(0OH),D in the
blood is tightly regulated by serum calcium and phos-
phate levels and parathyroid hormone in order to main-
tain mineral homeostasis [9]. Because the local synthesis
of 1,25(0OH),D in the breast and in breast cancer tumors
depends primarily on serum 250HD levels [24], the effec-
tive 1,25(OH),D concentrations in the breast tumors and
other tissues of the high-dose group acting in a paracrine
manner were likely increased [20, 24, 25]. It should be
noted that the high dose of 10,000 IU of vitamin D was
used because of the very short interval of therapy—1 to
6 weeks—between diagnosis and surgery. The optimal
dose of vitamin D, or the 250HD concentration to be tar-
geted to elicit a decrease in 27HC, is not yet established
because dose-response studies were not carried out. Fur-
thermore, longer longitudinal studies are necessary to
determine the dose and time course of vitamin D therapy
required to reduce 27HC and to establish further whether
vitamin D supplementation contributes to a clinical out-
come benefit in ER+ breast cancer patients.

Although a larger study is needed to verify the findings
that vitamin D supplements can be used to reduce 27HC lev-
els in the circulation and that inhibition of 27HC production
via CYP27A1 inhibition is the mechanism by which 27HC
levels are reduced, the preliminary data presented here give
evidence for 27HC regulation by vitamin D. In practice, we
envision that vitamin D supplements that raise circulating
250HD levels can be used preventatively to suppress 27HC-
mediated ER+ breast cancer growth in patients who have
a high risk of developing ER+ breast cancer, and during
cancer treatment to contribute to other therapies to minimize
breast cancer growth before and after surgery. This effect to
reduce 27HC is in addition to the many previously described
actions of vitamin D to inhibit breast cancer growth and
progression [8—10, 26, 27]. Vitamin D supplements may be
particularly useful for those whose breast cancer treatment
includes aromatase inhibitors and who become resistant to
that therapy. In long-term estrogen-deprived breast cancer
cells, CYP27A1 is upregulated, suggesting that a dominant

driver of ER+ breast cancer may be 27HC in the cases of
patients who develop resistance to aromatase inhibitors [28].

In conclusion, this work suggests that vitamin D supple-
mentation targeting 27HC might be a useful addition to cur-
rent therapies for ER+ breast cancer. The finding requires
verification in a larger study. Also, we are suggesting only
that vitamin D supplementation be an adjunct to other indi-
cated therapies and that vitamin D deficiency be checked for
and treated in all breast cancer patients. However, because
for two subjects a rise in 27HC was observed during vitamin
D supplementation, 27HC levels should be monitored during
vitamin D supplementation to ensure that these supplements
are benefiting rather than hindering the treatment of breast
cancer patients.
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