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Abstract

Purpose Breast cancer is a significant global public health
issue. It is the leading cause of death among women around
the world, with an incidence increasing annually. In recent
years, there has been more and more information in the lit-
erature regarding a protective role of vitamin D in cancer.
Increasingly preclinical and clinical studies suggest that
vitamin D optimal levels can reduce the risk of breast can-
cer development and regulate cancer-related pathways.
Method In this review, we focus on the importance of vita-
min D in breast cancers, discussing especially the influence
of vitamin D signaling on estrogen receptor and human
epidermal growth factor receptor 2 (HER?2), two major bio-
markers of breast cancer today.

Conclusion We discuss the possibility of actual and future
targeted therapeutic approaches for vitamin D signaling in
breast cancer.
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RXRs Retinoid X receptors

SAM Selective aromatase modulators

STAT3 Signal transducer and activator of transcrip-
tion 3

TGF-8 Transforming growth factor-8

TNF-a Tumor necrosis factor-o

SERMs Selective ER modulators
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SNPs Germline single nucleotide polymorphisms
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VDR Vitamin D receptor

VDREs Vitamin D response elements
VEGF Vascular endothelial growth factor
Introduction

Important predictors of disease-free survival (DFS)
and overall survival (OS) for breast cancer (BC) are the
patient’s and tumor’s clinicopathological features includ-
ing tumor size, histological grade, axillary lymph node
metastasis and tumor expression of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2) (also known as ErbB2). How-
ever, BC is a complex and extremely heterogeneous disease
(Cadoo et al. 2013). Even though many therapies for BC
including chemotherapy, endocrine therapy, and target ther-
apies have made a significant contribution to the decrease
in BC mortality in the past two decades, resistance to treat-
ment such as anti-estrogen agents is a major clinical prob-
lem in current BC treatment. For example, about 25% of
the patients with ERa-positive tumors receiving 5-year
adjuvant tamoxifen therapy develop recurrent disease
within 10 years, and 30-40% of the patients in advanced
stage with ERa-positive primary tumors do not respond to
anti-estrogen therapy (Lundqvist et al. 2014). Therefore,
the key point to significantly increase the survival of the
BC patients is the development of more specific biomark-
ers and the identification of new therapeutic targets to over-
come the therapy resistance and metastasis process. It has
been suggested that ER mutations and the activation of the
bidirectional cross talk between the nuclear receptor ERa
and tyrosine kinase receptor signaling pathways play an
important role in the endocrine resistance (Hart et al. 2015;
Jeselsohn et al. 2015; Milani et al. 2014; Montemurro et al.
2013). Consequently, the growth of most anti-estrogen-
resistant cells can be stimulated via estrogen-independent
mechanisms, such as the activation of the human epider-
mal growth factor receptor (HER) family, the insulin-like
growth factor (IGF), and the nuclear factor-«B (NFkB)
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signaling (Musgrove and Sutherland 2009; Voudouri et al.
2015). In addition to receptors for classic steroid hormones
such as estrogen and progesterone, some nuclear recep-
tors as members of the thyroid-retinoid receptor family of
ligand-activated transcription factors also exert profound
and complex effects in the etiology of BC (Ditsch et al.
2013; Narvaez et al. 2014). The nuclear vitamin D receptor
(VDR), which is found in normal breast tissue and in breast
tumors (Welsh 2007a), interacts with its ligand calcitriol,
the active form of vitamin D, to modulate the normal mam-
mary epithelial cell genome and subsequent phenotype
(Welsh 2011). Based on the literature that will be discussed
below, VDR signaling analysis can probably be the basis
for optimal vitamin D control and the development of new
targeted therapy to escape resistance mechanisms.

Vitamin D and vitamin D receptor

The most important sources of vitamin D originate from vari-
ous dietary sources and from cutaneous synthesis with sun-
light exposure (Fig. 1). UVB-catalyzed cutaneous reaction
contributes approximately to 90% of vitamin D production
in a vitamin D-sufficient individual (Tian et al. 1993). It then
undergoes hydroxylation in the liver to become the circu-
lating prohormone 25-hydroxyvitamin D; (250H-D), also
called calcidiol, by the 25a-hydroxylase (CYP27A1) and
probably also by other enzymes (CYP2R1) (Cheng et al.
2004). 250H-D is the major circulating form of vitamin D.
Its concentration in the serum has served as one of the most
reliable biomarkers of vitamin D status (Heaney et al. 2009).
Then, conversion of 25-hydroxyvitamin D5 to 1,25-dihydrox-
yvitamin D5 (1,25(0OH),D) catalyzed by the la-hydroxylase
(CYP27B1) encoded by the CYP27BI gene in humans is
accomplished essentially in the kidneys and in other extra-
renal sites (Takeyama et al. 1997), such as placenta, breast,
ovaries, lung, stomach, and tumor-derived cells as well (Cross
2007; Jones 2007; Liu and Hewison 2012; Radermacher et al.
2006; Zehnder et al. 2001). The 1,25(OH),Dj, also called cal-
citriol, can then act within the cells where it is produced (in
the case of the kidney), or it can be released into the tissue
microenvironment and/or the systemic circulation.

As shown in Fig. 2, 1,25(0OH),D, or calcitriol, the most
active vitamin D metabolite, acts similarly to classical ster-
oid hormones via specific binding to an intracellular recep-
tor VDR, interacting with specific nucleotide sequences
(hormone response elements) of target genes and functions
via both genomic and non-genomic pathways to regulate
around 60 target genes expression and produce a variety
of biological effects (Krishnan and Feldman 2011). Clas-
sically, the action of calcitriol has been well established
as part of the endocrine system that maintains extracellu-
lar calcium levels by regulating calcium absorption in the
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Fig.1 Vitamin D metabolism. Vitamin D; (cholecalciferol) is
derived from the diet or synthesized in the skin via the energy of sun-
light (ultraviolet B rays) from the precursor 7-dehydrocholesterol.
Cholecalciferol is transported to the liver where it is hydroxylated
by 25-hydroxylase to form 25-hydroxyvitamin D, also called cal-
cidiol (250HD), the most abundant and stable vitamin D metabolite.
Calcidiol is hydroxylated by 1-a-hydroxylase to 1, 25-dihydroxy-

gut and bone turnover. However, the action of calcitriol is
not limited to its endocrine function in bone metabolism.
The active metabolite behaves as a hormone and binds to
the VDR which is present in nearly all tissues of the human
body. In addition, the final enzyme that allows vitamin D

vitamin D or calcitriol (1, 25(OH) ,D), the most active vitamin D
metabolite. The enzyme 1-a-hydroxylase is the cytochrome p450
27B1 (CYP27B1), encoded by the CYP27B1 gene in humans, and is
present in the kidneys and in other extrarenal sites including tumors.
Calcitriol actions as a steroid hormone are mediated through the vita-
min D receptor (VDR), which is a high affinity ligand-activated tran-
scription factor

activation, the CYP27B1, is present not only in the kidneys
but also in many other organs. Both vitamin and enzyme
exert their biological effects via paracrine/autocrine actions
related to cardiovascular disease, diabetes, cancer, and the
immune system (Stocklin and Eggersdorfer 2013).
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Fig. 2 Mechanism of VDR action at target cells. Intracellular calci-
triol binds to the VDR, thereby causing its dimerization with the reti-
noid X receptor (RXR). The ligand-bound VDR-RXR complex binds
to structurally distinct vitamin D response elements (VDREs) in mul-

The human VDR (hVDR) gene is localized in chromo-
some 12q12-14 (Fig. 3) and consists of multiple promoter
regions (A-C) followed by the coding region spanning
exons 2 through 9 (Khan et al. 2014; Zella et al. 2007).
The hVDR (containing 427 amino acids) is a 48-kDa pro-
tein with a short N-terminal extension, a DNA-binding
domain (DBD) including two zinc finger motifs, each of
which contains a single zinc atom in a tetrahedral arrange-
ment with four invariant cysteine residues (DeLuca 2008),
a hinge region which allows conformational flexibility, a
ligand-binding domain (LBD) that binds 1,25(OH),D, and
an AF-2 domain for transcriptional cofactors to bind to
(Christakos et al. 2016; Rochel et al. 2000; Welsh 2007b).
VDR belongs to the nuclear hormone receptors (NRs) fam-
ily. The NRs, active as homodimers, have been classified
as type 1 NRs, whereas the VDR that bind as heterodimers
with another NR, the retinoic X receptor, are known as type
2 NRs (Yen 2015). The type 1 NRs include the estrogen,
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tiple, widely spaced vitamin D-responsive regions, and this causes
a change in the recruitment of co-activators or co-repressors, which
leads to positive or negative transcriptional regulation of gene expres-
sion

androgen, progesterone, and mineralocorticoid receptors,
and the type 2 NRs include VDR, retinoic acid receptors
(RARs), retinoid X receptors (RXRs), thyroid hormone
receptors (TRs), peroxisome proliferator-activated recep-
tors (PPARs), liver X receptors (LXRs), and farnesoid X
receptor (FXR). RXR plays a pivotal role in mediating the
functions of these receptors by acting as their obligate part-
ner. Ligand-bound VDR-calcitriol heterodimerizes with its
cognate co-receptor RXR to control expression of genes
involved in different functions. Recently, the structure of
the ligand-bound VDR-RXR DNA complex was charac-
terized using cryo-electron microscopy (Orlov et al. 2012),
suggesting cooperative and allosteric effects between the
LBD and the DBD in VDR-mediated regulation of gene
expression. The RXR-VDR heterodimer, in contrast to
other members of the type 2 NR subfamily, is non-per-
missive when RXR does not bind its cognate ligand, and
its role in VDR-mediated transactivation by liganded
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Fig.3 Human VDR gene structure and VDR protein. The VDR
gene is evolutionarily conserved among fish, birds, and mammals.
The human VDR gene is localized on chromosomes 12, which is
composed of multiple promoter regions (A-C) and eight coding
exons. The two core functional domains of the VDR are the highly
conserved NH2-terminal DNA-binding domain (DBD) and the more

RXR-VDR has not been fully characterized. However,
the scope of calcitriol and VDR biology has expanded to
include a wide range of physiological cellular responses
(Bettoun et al. 2003; Carson et al. 2014).

Vitamin D signaling and breast cancer

The ligand-bound VDR-RXR complex binds to vitamin D
response elements (VDRESs) in multiple regulatory regions
inducing positive or negative transcriptional regulation of
gene expression. These target genes are involved in diverse
molecular pathways, thereby resulting in a wide range of
calcitriol-mediated anticancer actions via autocrine and
paracrine including anti-proliferation, anti-inflammation,
induction of apoptosis, stimulation of differentiation, inhi-
bition of invasion, metastasis and angiogenesis on various
malignant cells (Christakos et al. 2016; Diaz et al. 2015;
Feldman et al. 2014) (Fig. 4). While the small intestines,
bones, and kidneys are the primary organs responsive to
calcitriol due to their central role in calcium homeostasis,
VDR has been shown to be present in other tissues and
organs (Colston 2008), including mammary cells (Diaz
et al. 2015).

Although epidemiological and early clinical trials are
inconsistent, recent meta-analyses of all relevant, pub-
lished epidemiological data support the concept that opti-
mal vitamin D status has a protective effect against devel-
opment of BC (Chen et al. 2010). For instance, large
epidemiologic studies have demonstrated that vitamin

- 3’

VDR protein N hinge

e I

variable COOH-terminal ligand-binding domain (LBD). The DBD
is a cysteine-rich zinc finger region, and the LBD is composed of at
least 12 a-helices (H1-H12; the ligand-dependent activation function
(AF2) corresponds to H12 and 3 B-sheets (S1-3)). The DBD and the
LBD are connected through a hinge region

D deficiency is associated with more aggressive tumors,
increased rates of BC recurrence, and a decrease in can-
cer-specific OS (Abbas et al. 2008; Bertone-Johnson et al.
2005; Lowe et al. 2005). It has been postulated that more
than 220,000 new cases of breast and colorectal cancers
would be prevented annually worldwide simply by raising
serum 250H-D concentrations to approximately 40-60 ng/
mL (Garland et al. 2009). Studies in VDR knockout mice
provide evidence that vitamin D signaling through the VDR
opposes estrogen-driven proliferation of mammary epithe-
lial cells and maintains normal differentiation (Welsh et al.
2003). Kim et al. (2011) later reported that serum 250H-D
levels were related to BC survival, particularly in the lumi-
nal subtype. In our clinic, we analyzed the relationship
between VDR expression and survival in 82 BC patients,
the result of which indicates high VDR expression in breast
tumors is associated with better survival (Ditsch et al.
2012). Meanwhile, a meta-analyses of 8 studies including
5691 BC patients support that there is an association of low
levels of vitamin D with increased risk of recurrence and
death in early stage BC patients (Rose et al. 2013). Mean-
while, the other four meta-analyses identified a significant
inverse relationship between the circulating concentra-
tions of vitamin D and BC (Chen et al. 2013; Gandini et al.
2011; Kim and Je 2014; Yin et al. 2010). Given calcitriol
exerts its anticancer activity by binding to VDR, VDR gene
polymorphism should be associated with BC risk. As dis-
cussed above, many population-based reports conclude
that BC risk was associated with specific vitamin D-related
germline single nucleotide polymorphisms (SNPs) (e.g.,
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Fig. 4 Anticancer effect of calcitriol. The actions of up-regulating or down-regulating different molecular targets result in a wide range of calci-

triol-mediated anticancer actions, as summarized in this figure

Cdx-2, Fokl, Bsml, Apal, and Taql), supporting the bio-
logical plausibility of a relationship between vitamin D and
BC risk (Mun et al. 2015; Nemengqani et al. 2015; Reimers
et al. 2015; Zhang and Song 2014). Since different sub-
types exhibit distinct patterns of disease progression, it is
likely that VDR expression or function, and thus sensitivity
to changes in vitamin D status, may be subtype specific, yet
this has not rigorously been explored. For the purpose of
this review, we will focus from a new angle on the influ-
ence of vitamin D signaling on the 3 broad phenotypes of
BC commonly used in clinical practice: estrogen receptor
(ER) positive, human epidermal growth factor receptor
2 (HER?2) positive, and triple negative (TNBC, character-
ized by lack of expression of ER, PR, and HER?2). Clearly,
specific distinct signaling pathways can inhibit BC growth
through calcitriol.
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Vitamin D signaling in ER-positive breast cancers

The role of estrogen in breast carcinogenesis and cancer
progression has been already clearly established as early as
in 1896 since Beatson’s (1896) first clinical observation of
the anti-tumor effect of ovariectomy in a BC patient. The
effects of estrogen on proliferation are mainly mediated by
their interaction with the estrogen receptor (ER). Estrogens
drive the proliferation of mammary epithelial cells and
therefore promote the growth of ER-positive BC. At the
gene expression level, ER-positive BC mainly composes
luminal A and luminal B subtypes. Approximately 75% of
BCs express nuclear staining of ER and 55% of PR (Ander-
son et al. 2002; Nadji et al. 2005). PR positivity can be con-
sidered as a surrogate for ER positivity due to the expres-
sion of the PR requiring functioning ER (Cadoo et al.
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2013). Some epidemiologic studies have suggested that
intake of vitamin D reduced risk of ER-positive BC (Black-
more et al. 2008; Kawase et al. 2010; McCullough et al.
2005; Rollison et al. 2012) while vitamin D deficiency is
associated with poor outcomes in luminal type BC patients
(Kim et al. 2011). Notably, ER-positive cells tend to
express higher levels of VDR than ER-negative cells (Buras
et al. 1994). Therefore, calcitriol mediates actions that are
especially effective in ER-positive BC.

Calcitriol suppresses the expression of aromatase,
reducing estrogen synthesis, via direct and indirect
pathways

Aromatase, encoded by the CYPI9AI gene, is the enzyme
that catalyzes estrogen synthesis from androgenic precur-
sors. It is mainly expressed in the ovaries of premenopausal
women, and therefore, inhibition of aromatase is now one
of the key strategies in BC treatment. Circulating estrogen
levels from the ovaries dramatically decline after meno-
pause but estrogen is still synthesized within extragonadal
organs particularly in adipose tissue including breast, bone,
and brain (Lumachi et al. 2015). Adipose tissue is the major
site of estrogen biosynthesis in postmenopausal women,
with the local production of estrogen in breast adipose tis-
sue implicated in the development of BC and aromatase
expression being higher in human BC than in normal breast
tissue (Chen 1998). In human adipose tissue, aromatase is
primarily expressed in the mesenchymal stromal cells and
is a marker of the undifferentiated pre-adipocyte phenotype
(Rubin et al. 2000). In a vitamin D-relevant study (Krishnan
et al. 2010a, b), authors demonstrated new mechanisms by
which calcitriol can suppress the expression of aromatase,
thereby reducing estrogen synthesis via direct and indirect
pathways. Firstly, calcitriol significantly decreases aro-
matase expression in both ER-positive (MCF-7, ZR-75-1,
and T47-D) and ER-negative (MDA-MB-231) human BC
cell lines and reduces total aromatase mRNA levels and
aromatase enzymatic activity, in a cell model of pre-adipo-
cyte. Then, the authors showed that aromatase expression
decreases after calcitriol administration to nude mice carry-
ing MCF-7 xenografts, as well as in the mammary adipose
tissue surrounding the xenograft tumors. Interestingly, this
calcitriol inhibition of aromatase expression is tissue selec-
tive, as the authors described a parallel significant increase
of the aromatase mRNA level in human osteosarcoma cells,
confirming earlier reports of calcitriol-mediated up-reg-
ulation of aromatase in osteoblasts (Enjuanes et al. 2003;
Tanaka et al. 1996; Yanase et al. 2003). Besides, a mod-
est increase in aromatase mRNA was observed in human
ovarian cancer cells after calcitriol treatment, whereas in
mice bearing MCF-7 xenografts, calcitriol administration

did not alter ovarian aromatase mRNA. Previously, Kinuta
et al. (2000) reported that VDR null mutant mice have
a decreased aromatase activity in the ovary, testis, and
epididymis. Using different promoters distributed over
a regulatory region upstream of the CYP19A1 gene, the
expression of CYP19A1 was shown to be regulated in a
tissue-selective manner (Bulun and Simpson 2008). The
promoters that drive CYP19A1 gene expression may dif-
fer between tissues, but also between normal and cancer
tissues. For example, aromatase transcription switches
from promoter 1.4 of CYP19A1 in normal breast adipose
tissue to predominantly promoter 1.3 and promoter II both
in the tumor epithelial cells and in the surrounding breast
adipose fibroblasts (BAFs) (Bulun et al. 2009; Krishnan
et al. 2010a, b; Simpson et al. 2002; Zhou and Chen 1999).
Aromatase promoter 1.3/1 is a cyclic adenosine monophos-
phate (cAMP)-responsive promoter, with a cAMP-respon-
sive element (CRE) that overlaps the proximal VDRE
(Krishnan et al. 2010b; Zhou and Chen 1999). It is possi-
ble that the occupancy of the VDRE by a VDR-RXR het-
erodimer may competitively inhibit the positive regulator
CRE-binding protein-1 from binding to the CRE, leading
to a decrease in aromatase transcription. The promoter-
reporter assay and ChIP analysis performed by Krishnan
et al. support this hypothesis and concluded that calcitriol
directly represses aromatase transcription in the promoter
IT of CYP19A1 in BC cells, through 2 putative VDREs: a
distal VDRE (at —373 to —358 bp) and a proximal VDRE
(at —299 to —284 bp) (promoter II transcriptional start site
as —1), identified in this promoter. Therefore, the tissue-
specific regulation of aromatase expression by calcitriol in
BC could be explained by either the differential use of aro-
matase promoters induced by calcitriol treatment of the dif-
ferent cell types, and/or by the differences in factors such
as the various co-modulators recruited by calcitriol-bound
VDR to the aromatase promoter.

Furthermore, Lundqvist et al. (2013) showed that
EB1089, a vitamin D analogue with less pronounced
hypercalcemic effect, is able to decrease the aromatase
gene expression and enzyme activity, as well as inhibits
aromatase-dependent cell growth. The molecular mecha-
nism for this effect of EB1089 was investigated and found
to be mediated by VDR, vitamin D receptor interacting
repressor (VDIR), and Williams syndrome transcription
factor (WSTF). The data generated by ChIP and Re-ChIP
assays revealed that EB1089 leads to an altered binding
of nuclear receptors/co-modulators to the CYP19A1 gene
promoter, where VDR is recruited to the promoter, while
WSTF is dissociated and therefore decreases the gene
expression. These results also support the hypothesis that
WSTF might act as an activator of CYP19A1 gene expres-
sion. This publication reported a new mechanism with the
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regulation of the aromatase expression via an interaction
between the CYP19A1 promoter and the co-modulators
WSTF and VDIR.

Above all, the repression of aromatase transcription via
CYP19A1 promoter through VDREs identified in the pro-
moter is a direct pathway to reduce estrogen synthesis.

Meanwhile, Krishnan’s study also proved indirect effect
decreasing aromatase transcription by reducing the levels
of prostaglandins (PGs), which are known stimulators of
aromatase transcription in BC cells (Krishnan et al. 2010b).
PGs secreted by BC cells or other infiltrating inflammatory
cells at the tumor sites stimulate local estrogen synthesis
within the breast and thus promote cancer cell proliferation
by autocrine/paracrine actions. Cyclooxygenase-2 (COX-
2) is the key enzyme required to convert arachidonic acid
(AA) to PGs and 15-hydroxyprostaglandin dehydrogenase
(15-PGDH) initiates PGs inactivation (Brodie et al. 2001;
Brueggemeier et al. 1999; Davies et al. 2002; Davies 2003).
The authors showed that calcitriol reduces the levels of bio-
logically active PGs in BC cells by decreasing COX-2 and
increasing 15-PGDH expression (Krishnan et al. 2010a,
2012). However, the mechanism for vitamin D-mediated
suppression of gene expression by VDR remains unclear. It
should be pointed out that PGs are pro-inflammatory mol-
ecules that play an important role in the development and
progression of BC (Krishnan and Feldman 2011; Thill et al.
2015). An elevated expression of COX-2 in BC is associ-
ated with larger tumor size, high histological grade, and
poor prognosis (Ristimaki et al. 2002; Harris et al. 2014).
In both ER-positive and ER-negative human BC cells,
calcitriol can then decrease the expression of COX-2 and
increases that of 15-PGDH, thereby limiting the synthesis
and biological actions of pro-inflammatory PGs.

Calcitriol also down-regulates ERx expression

Downstream the aromatase, ERa is the other key protein
for the proliferative response to estrogens, implicated in
promoting growth and survival of breast epithelial cells
(Chan et al. 2015). Earlier literatures (James et al. 1994;
Simboli-Campbell et al. 1997; Stoica et al. 1999; Swami
et al. 2000) have revealed that calcitriol down-regulates
ERa expression in BC cells. Stoica et al. (1999) and Swami
et al. (2000) both showed that the negative regulation of
ER expression by calcitriol occurred at the transcriptional
level and this transcriptional repression is probably directly
mediated through the binding of the VDR to one or more
negative VDREs (nVDREs) present in the ER promoter.
The study (Swami et al. 2013) analyzed the functional
activities of 2 nVDRE:s sites within the ~3.5 kb promoter
region of the ERa gene and demonstrated presence of
these 2 potential nVDREs. One of these sites, the proxi-
mal nVDRE identified previously by Stoica et al. (1999),
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is an imperfect palindromic sequence located at —94 to
—70 bp of the ER gene with reference to the P1 start site,
the major start site in ER BC cells (deConinck et al. 1995).
The other putative nVDRE was newly identified at —2488
to —2473 bp (distal nVDRE). In this study, transactivation
analysis revealed that both nVDREs functioned to mediate
calcitriol transrepression. Using an electrophoretic mobility
shift assay (EMSA), VDR showed strong binding to both
nVDRE:s in the presence of calcitriol, and ChIP experi-
ment demonstrated the recruitment of the VDR to the distal
nVDRE site. In conclusion, the ER promoter region was
characterized as containing 2 negative VDREs that act in
concert to bind to the VDR and both nVDREs are required
for the maximal inhibition of ER expression by calcitriol.

Consequently, by both actions, reducing estrogen syn-
thesis and down-regulating ERa levels, calcitriol attenuates
the stimulus of estrogen on BC cells, leading to significant
inhibition of BC cells proliferation.

Calcitriol as enhancer of endocrine therapy

Approximately 75% of BC are ER positive and are sup-
posed to be responsive to endocrine therapy. The hormone
therapies used to treat ER-positive BC are designed to
antagonize the mitogenic effects of estrogens and include:
selective ER modulators (SERMs) such as tamoxifen
(TAM) and raloxifene that bind to ER and act as antago-
nists in the breast (Frasor et al. 2004); selective ER down-
regulators (SERDs) such as fulvestrant that bind to and tar-
get ER for degradation in any tissues (Woode et al. 2012);
and aromatase inhibitors (Als) that inhibit the activity of
aromatase (CYP19A1) (Johnston and Dowsett 2003).
TAM, as a first generation breast cancer drug treat-
ment, is the main adjuvant endocrine therapy for premeno-
pausal and postmenopausal ER-positive BC. It undergoes
hepatic bioactivation by cytochrome P450 (CYP) enzymes,
CYP3A4/5 and CYP2D6, to produce primary metabo-
lites N-desmethyl tamoxifen (NDT) and 4-OH-tamoxifen
(HDT) and the active metabolite endoxifen (EDF) (Brauch
et al. 2009; Higgins and Stearns 2011; Zembutsu 2015).
Teft et al. (2013) indicated for the first time that environ-
mental factors such as sunlight exposure and vitamin D
status may impact tamoxifen metabolism in their prospec-
tive study of 196 breast cancer patients on tamoxifen over
a 24-month periods: EDT levels were 20% lower during
winter months than mean levels across seasons, which
was also associated with lower vitamin D levels. Marina
V. Antunes’s group also found concentrations of EDF and
HTF in summer were 24 and 42% higher compared with
winter, which means vitamin D is involved in TAM metab-
olism, but they pointed that vitamin D level does not inter-
fere tamoxifen biotransformation through CYP3A4, but
maybe through other mechanisms (Antunes et al. 2015).
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Although the importance of vitamin D deficiency is recog-
nized in the BC treatment, much less is known about how
vitamin D levels can be changed during cancer treatment.
Studies have found that during chemotherapy, serum vita-
min D levels are low and cannot be corrected by supple-
mentation (Crew et al. 2009; Kailajarvi et al. 2004; Santini
et al. 2010). Kim’s study showed this consistent result that
vitamin D levels decrease during chemotherapy but recover
after treatment ends. And his research is also one of the first
studies to examine the effect of tamoxifen treatment on
serum 250H-D levels in BC patients: Unlike chemother-
apy, anti-hormone therapy with tamoxifen causes serum
vitamin D levels to increase. Whether the increased serum
vitamin D affects the anti-tumor effect of the tamoxifen
has yet to be determined (Kim et al. 2014). Escaleira et al.
(1993) for the first time reported that VDR content was up-
regulated in a dose-dependent fashion by TAM treatment
in BC cell line (T47D) alone. However, there are still lim-
ited studies to establish the influence on vitamin D levels
changes during TAM treatment.

Currently, Als are the first-line therapy to prevent BC
progression in postmenopausal women following primary
surgery/radiotherapy therapies (Riemsma et al. 2010). The
treatment is associated with adverse effects due to inhi-
bition of aromatase in bone cells, and a large group of
patients develop resistance to the Al. High-dose vitamin D
supplementation can reduce aromatase inhibitor-induced
arthralgia (Khan et al. 2010). With administration of the
combinations of calcitriol and Als, David Feldman et al.
observed enhanced growth inhibitory effects in cell culture
(MCF-7) and statistically significant increases in xenograft
tumor shrinkage in nude mice compared to the individual
agents at the doses tested (Krishnan et al. 2010b). Besides,
Lundqvist et al. (2013) combined a low dose of a vitamin D
analogue commercialized by Tocris Biosciences (Minneap-
olis, MN), EB1089, with low doses of clinically used Als.
The authors demonstrated that the combination was able
to effectively inhibit aromatase-dependent growth of BC
cells. In addition, a study using an induced estrogen recep-
tor (ER)-positive mammary tumor and an ER-negative
mammary tumor models from Lee et al. (2008) suggested
that Gemini vitamin D analogues may be potent agents for
the prevention and treatment of both ER-positive and ER-
negative BC without hypercalcemia toxicity. Based on their
respective studies, it can be concluded that calcitriol or its
analogue can act as selective aromatase modulators (SAM),
selectively decreasing aromatase expression in breast, but
allowing estrogen synthesis at other desirable sites such as
bones. Therefore, patients should be given vitamin D sup-
plements not only to overcome therapeutic adverse effects
like musculoskeletal symptoms, osteoporosis, and arthral-
gia but also function as an enhancer of endocrine therapy.

Calcitriol and resistance to endocrine therapy

As mentioned above, TAM, as a successful ER antago-
nist for pre- and postmenopausal women of BC, fulves-
trant another ER antagonist especially for postmenopausal
women with metastatic BC, and Als, which show greater
efficacy than TAM for post-menopausal women, are the
best drugs available to combat BC. However, during treat-
ment, either de novo or acquired resistance is observed in
most patients. Various complex mechanisms support endo-
crine resistance such as ER variants; ER/aromatase muta-
tions; posttranscriptional/translational modifications of
aromatase; or non-genomic ER signaling pathways leading
to ER activation (Jeselsohn et al. 2015; Montemurro et al.
2013), but one of the key steps is activation of ER or change
in ER behavior (Chan et al. 2015). As already described,
VDR down-regulates ER expression and suppresses aro-
matase expression by independent mechanisms. Chris-
tensen et al. (2004) demonstrated a sequential treatment
with combination between anti-estrogens and EB1089 in
anti-estrogen and vitamin D-resistant BC cell lines, demon-
strating that vitamin D analogues such as EB1089 may be
a possible combinatory treatment option after development
of anti-estrogen resistance and that VDR can be a poten-
tial predictive marker for response to EB1089 treatment.
Yde et al. (2012) provided evidence that NFkB signaling
is enhanced in anti-estrogen-resistant BC cells and plays an
important role for anti-estrogen-resistant cell growth and
sensitivity to tamoxifen treatment in resistant cells. After-
ward, Lundqvist et al. (2014) demonstrated that calcitriol is
able to strongly decrease the growth of both tamoxifen-sen-
sitive and resistant BC cells and that this anti-proliferative
effect might be mediated via inhibition of the NF«B path-
way, reported as a key element for growth of anti-estrogen-
resistant BC cells and estrogen-independent growth stimu-
latory pathway. As such, we can hypothesize that VDR
determination can probably be a basis for the development
of new targeted therapy to escape some resistance to anti-
estrogen, as independent molecules or most presumably in
combination with other drugs.

Vitamin D signaling in HER2-positive breast
cancers

The epidermal growth factor receptor (EGFR) consists
of four closely related receptor tyrosine kinases (RTKs):
EGFR (ErbB-1), HER2/c-neu (ErbB-2), Her3 (ErbB-3),
and Her4 (ErbB-4) (Elster et al. 2015; Roskoski 2014).
This family of receptors functions primarily through a
process of signal transduction (Karunagaran et al. 1996):
the ligand-binding to the receptors induces homo- or
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hetero-dimerization, activates the kinase domain, and then
activates downstream signaling such as the Rass/MAPK and
PIBK/AKT signaling pathways (Hynes and Lane 2005).
Aberrant signal transduction through the EGFR family of
RTKSs is a common feature of many types of solid tumors
(Yarden and Sliwkowski 2001). HER2, a transmembrane
protein RTK, hetero-dimerizing with ErbB3 (Baselga and
Swain 2009) is an oncogenic driver of the growth of HER2-
positive BC. Either HER2 gene amplification or protein
overexpression was independent of all other prognostic
factors in BC (Ross et al. 2003). Approximately 15-20%
of breast carcinomas are HER2 positive (HER2+-), and
half are ER negative (Olson et al. 2013; Wolff et al. 2013)
which is generally considered to be a poor prognos-
tic marker associated with more aggressive disease and
a higher risk of metastasis. Nonetheless, the approval of
newer HER2-targeted agents, e.g., trastuzumab, succeeds
in the last 10 years in improving the prognosis of these
patients (Zurawska et al. 2013).

Beside many hypothesis based on cell model results,
Zeichner’ study was the first to report a significant improve-
ment in the DFS in a cohort of 308 HER2-positive patients.
Patients received vitamin D supplementation (10,472 TU/
week) concurrently with trastuzumab-based neoadjuvant
therapy for HER2-positive non-metastatic BC regardless
of ER status (Zeichner et al. 2015). In their one previous
study (Lee et al. 2010), using a MMTV-ErbB2 transgenic
mouse model (ER-negative/HER2-positive subtype of
BC), they demonstrated that a Gemini vitamin D analogue,
BXL0124 (commercialized by BioXell, Inc. (Nutley, NJ)),
reduced ErbB2-regulated downstream signaling in both
ErbB2-amplified mammary tumors in vitro and in vivo,
determined by down-regulation of the phosphorylation of
ErbB2, AKT, and ERK, and inhibited the expression of
cyclin D1 as a downstream molecular target of cell prolif-
eration. The specific mechanism for vitamin D-mediated
VDR signaling suppression is still unknown. Furthermore,
another study from them identified again that BXL0124
targeted multiple components of the ErbB2 signaling path-
way and delayed the development of ErbB2-overexpress-
ing mammary tumors. In this study, BXL0124 decreased
mammary tumor burden by 30%, although the effect was
lower than previously reported (54%). It has been noted
that MMTV-ErbB2/neu mice were previously administered
BXLO0124 by intraperitoneal injection, whereas identical
MMTV-ErbB/neu mice were given BXL0124 by oral gav-
age in the latter study (So et al. 2013).

The complete efficacy of the ligands for VDR has then
not been reported in MMTV-ErbB2/neu mice model, which
may indicate that the natural calcitriol and classic syn-
thetic ligands alone have limited activity in ErbB2-positive
BC. However, Gemini vitamin D analogues, especially
BXL0124, used in combination, may be potent agents for
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prevention of different types of human BC without toxicity,
especially for the HER2 overexpressing one.

Vitamin D signaling in triple-negative breast
cancers

Triple-negative breast cancers (TNBCs) represent 15-20%
of all BCs (Kalimutho et al. 2015) and are defined by a lack
of ER, PR, and HER?2 expression, resulting in limited treat-
ment options. TNBCs are more aggressive, affect younger
women, than ER or HER2-positive BC, and are higher in
incidence among women of African descent. In addition,
TNBC have demonstrated both a higher rate of recurrence
and a worse clinical outcome compared to the other sub-
types of BC. Due to the lack of well-defined clinical tar-
gets, limited treatment options are offered and standard
chemotherapy, combined or not with radiation therapy, is
currently the only treatment option for women with TNBC,
and there are no available preventive drugs (den Hollander
et al. 2013). The TNBC phenotype appears as exhibiting
the lowest average vitamin D level (50 £ 20 nmol/L) and
the highest percentage (87%) of patients that are vitamin
D deficient (Rainville et al. 2009). Moreover, among pre-
menopausal BC women only, 250H-D concentrations were
significantly lower in women with tumors with poor prog-
nostic characteristics (high grade, ER negative, and triple
negative) than those with better prognostic features (Yao
etal. 2011).

Recently, separate pre-clinic studies raised the pos-
sibility of developing novel VDR-targeted therapies for
TNBC. Thakkar et al. (2016) previously discovered that
approximately two-thirds of TNBCs express VDR and
demonstrate that VDR agonist can be used in combina-
tion with chemotherapy to inhibit proliferation of TNBC
cell lines (BT-549, SUM-1315, BT-20, MDA-MB-468,
SUM-159PT, MFM-223, and CAL-148) by increased
apoptosis and G1/S arrest. In addition, this hormone inhib-
its TNBC cancer stem cells phenotype and induces dif-
ferentiation. Another research showed that both calcitriol
and MART-10, the newly synthesized calcitriol 3 analog,
could effectively attenuate TNBCs (MDA-MB-231 and
MDA-MB-453) metastatic potential through repression
of epithelial mesenchymal transition (EMT) process and
induction of cadherin switching (up-regulation of E-cad-
herin and down-regulation of N-cadherin) with MART-
10 much more potent than calcitriol (Chiang et al. 2016).
Another two reports also show that the SUM159-PT and
WT145 cell line are both triple negative and sensitive to
growth inhibition by calcitriol or vitamin D analogue (Fla-
nagan et al. 2003; LaPorta and Welsh 2014). Nonetheless,
Richards et al. (2015) showed quite an unexpected result
that three examples of TNBC cell lines (MDA-MB-157,
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MDA-MB-231 and MDA-MB-468) are resistant to the
anti-proliferative effects of vitamin D in their study. It is
possible that due to the p53 status of these cells with lack-
ing p53 (MDA-MB-157) or a mutant form (MDA-MB-231
and MDA-MB-468), non-function of p53 could turn vita-
min D from pro-apoptotic to anti-apoptotic, based on a
paper by Stambolsky et al. (2010). But most of TNBCs
are p53 mutant (Hirshfield and Ganesan 2014), so further
studies are needed to clarify the issue and make a compari-
son of growth inhibition with vitamin D between these cell
lines and TNBC cell lines with normal p53 status. Be that
as it may, vitamin D may not play a key role in the treat-
ment of TNBC on his own, but may contribute to improve
the efficacy of other targeted drugs in combination. In
addition, Santos-Martinez et al. (2014) demonstrated that
calcitriol induces the expression of ERa and restores the
response to anti-estrogens in both primary and established
ERa-negative BC cell lines (SUM-229PE) by a VDR-
dependent mechanism. The combined treatment with
calcitriol and anti-estrogens could then represent a new
therapeutic strategy in ERa-negative BC patients includ-
ing TNBC. It should be pointed that all the findings were
observed only in BC cell lines, so in vivo studies regarding
the application of calcitriol or its analogue to treat TNBC
are warranted.

Another major breakthrough in targeted therapy was the
finding that TNBCs are exquisitely sensitive to poly-ADP-
ribose polymerase inhibitors (PARPi), especially when
BRCA1/2 is mutated (Farmer et al. 2005; Helleday et al.
2005; Livraghi and Garber 2015).

Calcitriol and BRCA1

BRCA1-mutant cancers are a clearly identifiable subset of
TNBCs (Hirshfield and Ganesan 2014). BRCA proteins
including BRCATI and 2 have distinct functions in related
DNA repair processes; comparing to BRCA2, BRCAI
seems to have a relatively broad cellular role, having been
implicated in a range of cellular processes such as DNA
repair, transcriptional regulation, and chromatin remod-
eling (Romagnolo et al. 2015). BRCAL1 is the most fre-
quently mutated tumor suppressor gene in BC. Carriers of
germline mutations in the BRCA1 gene have a significant
increased lifetime risk of being diagnosed with BC (Frie-
bel et al. 2014). A report showed that two non-calcemic
analogues of calcitriol, EB1089 and QW-1624F2-2, col-
laborate with BRCAI in mediating growth inhibition
of BC cells and BC stem-like cells. EB1089 induces a
G1/S phase growth arrest that coincides with induction
of p2lwafl expression only in BRCAl-expressing cells.
Furthermore, BRCA1 associates with VDR and the com-
plex co-occupies VDRE at the CDKN1A promoter (encod-
ing p21wafl) and enhances acetylation of histone H3 and

H4 at these sites. Thus, BRCA1 expression is critical for
mediating the biological impact of calcitriol in BC cells
(Pickholtz et al. 2014). Loss of BRCAI leads to activation
of cysteine protease cathepsin L (CTSL)-mediated degra-
dation of 53BP1 and that calcitriol via activation of VDR
can inactivate this pathway. CTSL-mediated degradation
of 53BP1 pathway will be discussed in the next paragraph.
For the moment, chemoprevention (risk-reducing medi-
cation) reducing BC incidence in high-risk populations
is potentially confined to ER-positive tumors (Jatoi and
Benson 2016). Referring women who carry BRCA muta-
tions for risk-reducing, bilateral prophylactic mastectomy
is the only safe option to save their life. Besides, preven-
tive agents can be considered with non-steroidal anti-
inflammatory drugs, including aspirin, COX-2 inhibitors,
retinoids, and rexinoids (Litzenburger and Brown 2014).
This suggests that targeting VDR signaling may represent
a plausible, non-surgical prevention option to evaluate for
BRCA mutation carriers.

Calcitriol and PARPi

The use of PARPI as single agents or in combination with
radiation and chemotherapy represents a leading strategy
for the management of BC, especially TNBC. However, a
significant fraction of these cancers acquires also resistance
to PARPi. One of the reasons is that loss of 53BP1 protein
induces resistance of BRCA1-deficient cells to PARPi (Jas-
pers et al. 2013). 53BP1 is a key factor in DNA double-
strand breaks (DSBs) repair, and its deficiency is associated
with genomic instability and cancer progression. Interest-
ing studies (Gonzalez-Suarez et al. 2011; Gonzalo 2014)
revealed that calcitriol can stabilize 53BP1 level and inhibit
CTSL-mediated degradation of 53BP1 pathway, in which
CTSL inhibits mechanisms of DNA repair, contributing
to BC with the poorest prognosis (Grotsky et al. 2013).
Consequently, a triple biomarker signature was introduced
(nuclear expression levels of VDR, CTSL, and 53BP1) for
the identification of patients that could benefit from the
treatment.

It is important to point out that calcitriol could induce
the de novo expression of the epithelial differentiation
marker E-cadherin by Cadherin 1 (CDH1) promoter dem-
ethylation in the highly metastatic, triple-negative MDA-
MB-231 breast cancer cell line (Lopes et al. 2012). This is
the first report of the de novo induction of E-cadherin in
BC by calcitriol due to promoter demethylation, thereby
revealing a novel mechanism for the action of calcitriol
in BC cells. The induction of differentiation promoted by
calcitriol in metastatic TNBC may decrease the aggressive-
ness of this subtype of mammary carcinomas and improve
patient outcome, but further studies are necessary to con-
firm this hypothesis.
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Vitamin D supplement and vitamin D analogues

Despite compelling data from experimental and obser-
vational studies, there is still insufficient data from clini-
cal trials to make recommendations for vitamin D supple-
mentation for BC prevention or treatment. Calcitriol and
its structural analogues have been evaluated as therapeutic
agents in cancer patients, but most of the clinical trials were
conducted in prostate cancer, with relatively few studies in
other malignancies, and none of them is currently used in
the clinic for the treatment of cancer (Crew 2013; Leyssens
et al. 2014). A large randomized clinical trial WHI showed
that administering 400 IU vitamin D and 1000 mg of cal-
cium versus placebo to women did not reduce the risk of
BC (Chlebowski et al. 2008). The Institute of Medicine
(IOM) concluded that for cancer and vitamin D, the evi-
dence was inconsistent and insufficient to inform nutri-
tional requirements (Ross et al. 2011). Therefore, vita-
min D supplementation for BC prevention or treatment is
uncertain. However, an inverse association between vita-
min D levels and BC risk was explicit in the majority of
studies (Abbas et al. 2008; Bertone-Johnson et al. 2005;
Chen et al. 2013; Gandini et al. 2011; Kim et al. 2011; Kim
and Je 2014; Lowe et al. 2005; Rose et al. 2013; Yin et al.
2010). Further investigation should focus on gaining a bet-
ter understanding of the biological effects of vitamin D in
breast tissue and better define the clinical impact of vita-
min supplementation in BC development, and then a more
accurate dosage of vitamin D for both prophylactic and
therapeutic purposes can be established. Several vitamin D
analogues have been approved for treating psoriasis, osteo-
porosis, and secondary hyperparathyroidism and are often
used as first- or second-line treatment option. Different
combinations of vitamin D analogues and standard cancer
therapies should be further explored as well as the correct
duration and timing of administration. There is a long way
to go but development of actual and new vitamin D ana-
logues may improve to be very important for new targeted
therapy in the future. In addition, vitamin D concentrations
should be measured regularly. With the low cost of supple-
ment and little adverse effects, vitamin D can be suggested
to apply for high-risk women and BC survivors as a modi-
fied risk factor (Crew 2013).

Conclusion

The mechanisms for vitamin D-mediated suppression of
BC-relevant gene expression appear as being complex
and have still to be deciphered. Nonetheless, it has been
reported that VDR can bind both to promoter regions and
within gene introns and exons in breast normal and cancer
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tissues and therefore alter the gene expression. In this com-
prehensive review, we outlined the potential therapeutically
influence of vitamin D signaling on ER and HER2 which
thus provide more possibilities and new approaches for
future research in BC: VDR can be new prognostic bio-
marker of BC, and VDR may be subtype specific in BC;
vitamin D and its analogues, combined with Als or TAM,
might improve therapy and decrease resistances.
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