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Epigenetic mechanisms play a crucial role in regulating gene expression. The main
mechanisms involve methylation of DNA and covalent modifications of histones by
methylation, acetylation, phosphorylation, or ubiquitination. The complex interplay of
different epigenetic mechanisms is mediated by enzymes acting in the nucleus.
Modifications in DNA methylation are performed mainly by DNA methyltransferases
(DNMTs) and ten-eleven translocation (TET) proteins, while a plethora of enzymes,
such as histone acetyltransferases (HATs), histone deacetylases (HDACs), histone
methyltransferases (HMTs), and histone demethylases (HDMs) regulate covalent histone
modifications. In many diseases, such as cancer, the epigenetic regulatory system is often
disturbed. Vitamin D interacts with the epigenome on multiple levels. Firstly, critical genes
in the vitamin D signaling system, such as those coding for vitamin D receptor (VDR) and
the enzymes 25-hydroxylase (CYP2RT), 1a-hydroxylase (CYP27B1), and 24-hydroxylase
(CYP24AT) have large CpG islands in their promoter regions and therefore can be silenced
by DNA methylation. Secondly, VDR protein physically interacts with coactivator and
corepressor proteins, which in turn are in contact with chromatin modifiers, such as HATSs,
HDACs, HMTs, and with chromatin remodelers. Thirdly, a number of genes encoding for
chromatin modifiers and remodelers, such as HDMs of the Jumonji C (JmjC)-domain
containing proteins and lysine-specific demethylase (LSD) families are primary targets
of VDR and its ligands. Finally, there is evidence that certain VDR ligands have DNA
demethylating effects. In this review we will discuss regulation of the vitamin D system
by epigenetic modifications and how vitamin D contributes to the maintenance of the
epigenome, and evaluate its impact in health and disease.

Reviewed by:

Patsie Polly, The University of New
South Wales, Australia

Moray J. Campbell, Roswell Park
Cancer Institute, USA

*Correspondence:

Eniké Kéllay, Department of
Pathophysiology and Allergy
Research, Medical University of
Vienna, Waéhringer Glrtel 18-20,
A-1090 Vienna, Austria

e-mail: enikoe.kallay@
meduniwien.ac.at

Keywords: VDR, VDRE, 1,25-dihydroxyvitamin D3, CYP27B1, CYP24A1, DNA methylation, histone modifications,
CpG island

INTRODUCTION

inactivation of chromosome X in females (Bird, 2002; Meissner

The role of vitamin D in regulating gene expression has become
increasingly evident since the discovery of the transcription fac-
tor vitamin D receptor (VDR), a member of the steroid nuclear
receptor superfamily. The effect of liganded VDR depends on
the epigenetic landscape of the target gene. Genome wide anal-
ysis in the human leukemia cell line THP-1 showed that VDR
binds mainly at loci of open chromatin. Upon treatment with
the VDR ligand 1,25-dihydroxyvitamin D3 (1,25-D3), chromatin
accessibility further increases in more than 30% of these loci
(Seuter et al., 2013). The mechanism of action of the liganded
VDR is dependent on binding and action of histone acetyltrans-
ferases (HATs) and histone methyltransferases (HMTs). It has
been shown that co-treatment of cells with 1,25-D3, and his-
tone deacetylase or DNA methyltransferase inhibitors often have
synergistic effects (Pan et al., 2010).

Many common diseases have both genetic and epigenetic
components, which communicate in an intricate and multilay-
ered manner. Currently, it is not clear to what extent epigenetic
alterations contribute to onset and progress of common dis-
eases, such as cancer. Epigenetics refers to processes that alter
gene activity without changing the DNA sequence. They play an
important role in regulating key processes during development,
including embryonic developmental events, gene imprinting, and

et al., 2008; Tsai and Baylin, 2011). Maintenance of normal func-
tioning of these biological processes is dependent on the intricate
interaction between several epigenetic mechanisms, such as DNA
methylation, histone modifications, and non-coding RNAs (Jones
and Baylin, 2007). Therefore, at a given promoter the marks
arising from DNA methylation and histone modifications deter-
mine whether the chromatin is in an open (active) or a closed
(repressed) state. Deregulation of the epigenetic mechanisms can
lead to aberrant DNA methylation patterns and chromatin archi-
tecture, which is a common feature in cancer (Baylin and Jones,
2011; Tsai and Baylin, 2011; Helin and Dhanak, 2013).

EPIGENETIC CHANGES MEDIATED BY THE VITAMIN D
RECEPTOR AND ITS LIGANDS
The effect of nutrition on the methylation equilibrium of the
genome is already accepted as one of the mechanisms preventing
either promoter hyper- or global hypomethylation. Several nutri-
ents are renowned for their impact on DNA methylation, such as
folic acid, vitamin B, green tea, and alcohol (Arasaradnam et al,,
2008). The effect of vitamin D is currently under debate.
Primary epigenetic effects of vitamin D are linked to histone
modifications, mainly acetylation. The VDR/RXR dimer interacts
with HATSs to induce transcriptional activation (Karlic and Varga,
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2011). Several studies have suggested that vitamin D may affect
also DNA methylation. A recent study associated severe vitamin D
deficiency with methylation changes in leukocyte DNA, although
the observed differences were relatively small (Zhu et al., 2013).
This study suggested that subjects with vitamin D deficiency were
more likely to show reduced synthesis and increased catabolism
of active vitamin D. Whether this was the cause of the vitamin
D deficiency or the consequence thereof is not clear and needs
further studies.

EFFECT OF VITAMIN D ON DNA METHYLATION

DNA methylation is the most extensively studied epigenetic
mark (Esteller, 2008). In humans, DNA methylation occurs on
cytosines followed by guanine (CpG) (Bird, 1980; Gruenbaum
et al., 1981). Regions of DNA enriched in CpG clusters form
CpG islands (CGI) (Wang and Leung, 2004). DNA methylation
is necessary for regulating and orchestrating key biological pro-
cesses, including cell cycle, differentiation, as well as genomic
imprinting (Feinberg et al., 2002; Reik and Lewis, 2005; Jones
and Baylin, 2007). DNA hypermethylation is mainly found in
intergenic regions and repetitive genomic sequences to maintain
these in a transcriptionally inactive chromatin state (Herman and
Baylin, 2003).

DNA methyltransferases (DNMTs) mediate DNA methylation
(Robertson, 2005). DNMT1 encodes for a maintenance methyl-
transferase, whereas DNTM3A/3B encode for de novo methyl-
transferases, which are pivotal to maintain and establish genomic
methylation (Okano et al., 1998, 1999; Jin and Robertson, 2013).
However, in vivo studies suggest that all three DNMTs might
exert both de novo and maintenance functions (Rhee et al., 2000,
2002; Kim et al., 2002; Esteller, 2007a). Recently, a new group of
enzymes that induce active demethylation of the DNA was discov-
ered, the ten-eleven translocation (TET) enzyme family, which
plays an important role both in development and tumorigenesis
(Kriaucionis and Heintz, 2009; Ficz et al., 2011; Williams et al.,
2011; Yamaguchi et al., 2012; Hackett et al., 2013).

Alterations in the cancer epigenome are generally associ-
ated with loss of global DNA methylation and gain of methy-
lation in specific gene promoters (Ting et al., 2006). Loss of
global methylation may lead to chromosomal instability (Eden
et al., 2003), loss of imprinting (Cui et al., 2003; Bjornsson
et al.,, 2007), and activation of transposable elements, thereby
leading to disturbances in the genome (Bestor, 2005; Esteller,
2008). Conversely, hypermethylation of promoter regions of
tumor suppressor genes (Greger et al., 1989; Sakai et al., 1991;
Esteller, 2008) leads to loss of expression of key genes affect-
ing pathways involved in maintenance of cellular functions,
including cell cycle, apoptosis, and DNA repair (Esteller, 2007b).
Several bona fide tumor suppressor genes are silenced by pro-
moter hypermethylation in tumors. For instance, hypermethy-
lation of the promoter of the DNA repair gene hMLHI is
associated with early stages of endometrial and colon can-
cer, and microsatellite instability phenotype (Esteller et al,
1999). Epigenetically mediated silencing of cyclin-dependent
kinase inhibitor 2A, which is crucial for control of cell cycle
has been reported in several cancers (Brock et al., 2008; Liau
et al,, 2014). Additionally, pathways regulated by microRNAs

have been associated with DNA hypermethylation-dependent
silencing (Saito et al., 2006).

Besides methylating cytosines, DNMTs may coordinate other
chromatin-mediated aspects of gene expression at sites of gene
promoters (Herman and Baylin, 2003). For example, hyper-
methylation of promoters of tumor suppressor genes is asso-
ciated with recruitment of proteins belonging to the methyl
CpG-binding domain (MBD) family, MeCP2, MBD1, MBD2,
MBD3, and MBD4 (Ballestar and Esteller, 2005). It has been
shown that MeCP2 represses transcription of methylated DNA
by recruiting histone deacetylases (HDACs), providing the first
evidence for interactions between DNA methylation and histone
modifications (Jones et al., 1998; Nan et al., 1998).

There is evidence that 1,25-Dj is able to induce DNA demethy-
lation, however, the mechanisms behind the effect of 1,25-Dj3
on DNA methylation are not clear. In most cases it is prob-
ably passive demethylation that happens over several cycles of
DNA replication. However, in some cases demethylation occurs
within 1-4 h, indicative of an active process (Doig et al., 2013).
The fact that vitamin D can alter methylation of DNA in the
promoter of certain genes is novel. Tapp and colleagues sug-
gested that in healthy subjects global, age-related CGI methyla-
tion of human rectal mucosa was influenced not only by gender,
folate availability, and selenium, but also by vitamin D sta-
tus (Tapp et al., 2013). The authors show negative association
between serum 25-Dj3 level and CGI methylation of the adenoma-
tous polyposis coli (APC) promoter region, a tumor suppressor
often inactive in colorectal cancer. Interestingly, they observed
a weak positive correlation of vitamin D level with methyla-
tion of LINE-1 (genomic long interspersed nuclear element-1),
a mammalian autonomous retrotransposon, increasing stability
of this region (Tapp et al., 2013). A recent study in colorectal
cancer patients investigating two Canadian populations (from
Newfoundland and Ontario) found that high dietary vitamin D
intake was associated with lower methylation of the two WNT
antagonists dickkopf 1 (DKKI1) and WNT5A (Rawson et al.,
2012). This relationship became even more significant in females
in the Newfoundland population, while in the Ontario pop-
ulation the association between vitamin D intake and lower
methylation was observed only in early stage tumors, but not
in late stage tumors (Rawson et al., 2012). These data con-
fer further insights in the mechanisms regulating the tran-
scriptional activating effect of vitamin D on DKKI expression
described in vitro (Aguilera et al., 2007; Pendas-Franco et al.,
2008).

Moreover, treatment of the triple negative breast cancer cell
line MDA-MB-231 with 1,25-D3 reduced DNA methylation of
the e-cadherin promoter (Lopes et al., 2012), while another
study showed that 1,25-D3 induced demethylation of the PDZ-
LIM domain-containing protein 2 promoter, leading to increased
expression (Vanoirbeek et al, 2014). In non-malignant and
malignant prostate epithelial cells, treatment with 1,25-D3 caused
clear changes in site-specific methylation of the p21 promoter, in
a cell line-specific manner (Doig et al., 2013).

An interesting interaction between vitamin D and DNA
methylation is induction of the expression of GADD45 (growth
arrest and DNA damage) protein by 1,25-D3 in several tumor
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cells (Jiang et al., 2003; Zhang et al., 2006; Bremmer et al., 2012).
GADD45A is one of the enzymes that promote epigenetic gene
activation by repair mediated DNA demethylation in Xenopus
laevis (Barreto et al., 2007).

In summary, alterations in DNA methylation lead to aberrant
gene expression and disruptions of genomic integrity, which con-
tribute to development and progression of diseases. Vitamin D
can regulate these processes; the mechanisms behind need further
investigations.

INTERACTIONS OF VITAMIN D WITH CHROMATIN MODULATORS AND
REMODELERS

Nuclear receptors, such as the VDR contain DNA-binding
domains that mediate binding to the DNA, presuming the DNA
is available and is not wound tightly around nucleosomes. The
chromatin context determines nuclear receptor binding and
determines which epigenetic modifications will occur thereafter.
Upon binding to their genomic response elements, nuclear hor-
mone receptors will then recruit different regulatory cofactor
complexes (Lee et al., 2001). The unliganded VDR is able to
bind also genomic DNA, where it usually forms complexes with
corepressor proteins that either exert HDAC activity, e.g., ALIEN
(Polly et al., 2000), or are associated with HDACs, such as NCOR1
and SMRT. The corepressors dissociate upon binding of 1,25-D3,
and are replaced by coactivator complexes.

The chromatin environment dictates gene activity throughout
the genome. Post-translational modifications of the N-terminal
tails of histone proteins allow nucleosomes to shift, the chro-
matin to relax, and genes to become activated. Histone mod-
ifications change in response to environmental stimuli (Meyer
et al., 2013). Histones are major protein components of chro-
matin that undergo post-translational modifications, including
acetylation of lysines, methylation of lysines and arginines, and
phosphorylation of serine and threonine residues (Esteller, 2008).
In epigenetically silenced genes, hypermethylation of CGIs is
often associated with loss of acetylation on histone 3 and 4 (H3
and H4), loss of methylation of lysine (K) 4 on H3 (H3K4), and
gain of methylation of K9 and K27 on H3 (H3K9 and H3K27)
(Esteller, 2008).

Histone acetylation generally correlates with transcriptional
activation (Hebbes et al.,, 1988; Kouzarides, 2007) and is
dependent on a dynamic interaction between histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs) (Marks et al.,
2001). The balance between the actions of these enzymes is crucial
in controlling gene expression, and governs several developmen-
tal processes and disease states (Haberland et al., 2009). Generally,
HATSs are defined as activators of transcription, whereas HDACs
as transcription repressors (Parbin et al., 2014). In various cancer
types, including prostate, gastric, and breast cancers, overexpres-
sion of HDACI is often associated with poor clinical outcome
(Choi et al., 2001; Halkidou et al., 2004; Zhang et al., 2005). In
colorectal cancer patients HDACI, 2, and 3 are overexpressed,
and high HDAC1 and 2 expression is linked with reduced patient
survival (Zhu et al., 2004; Wilson et al., 2006). Overexpression of
HDACI plays a crucial role in regulating proliferation by repress-
ing the expression of the cyclin-dependent kinase inhibitor p21
(Lagger et al., 2003). Additionally, silencing of HDAC4 leads to
re-expression of p21, which in turn induces cell growth arrest and
tumor growth inhibition, both in vitro and in vivo in a human
glioblastoma model (Mottet et al., 2009). In addition to classical
HDAC:s, another group of enzymes, the sirtuins (silent informa-
tion regulator 2 proteins) are involved in histone deacetylation
(Schwer and Verdin, 2008). Sirtuins have been linked to metabolic
disorders, cancer, aging, and also regulation of the circadian
rhythm (Guarente, 2006; Longo and Kennedy, 2006; Jung-Hynes
et al., 2010).

Many of the coactivators recruited by the VDR, including
p160 steroid receptor coactivator proteins (SRCI, 2, and 3), p300,
or CBP have lysine acetyltransferase activity (Figure 1). Indeed,
treatment of THP-1 cells with 1,25-D3 increased H3K27ac at
the promoter of several early VDR target genes (Seuter et al.,
2013). In genetic hypercalciuric stone forming rats inhibition
of bone morphogenetic protein 2 (BMP2) by 1,25-D3, seems to
involve H3 deacetylation and H3K9 di-methylation (Fu et al,,
2013).

In MDA-MB453 breast cancer cells 1,25-D3 treatment reg-
ulates expression of p21 through a mechanism involving both
histone acetylation and methylation, probably by dynamic

HATSs
_—

b
HDACSs

FIGURE 1 | Simplified illustration of a two-step coregulator model.
The VDR/RXR complex in absence of the 1,25-Dz may bind
corepressors that would lead/maintain gene repression, partly by
attracting histone deacetylases (HDACs). Upon ligand binding to the

Coactivators

VDR/RXR complex, corepressors are replaced by coactivators, which
include histone acetyltransferases (HATs). Acetylation of histones
(indicated by the green stars) enables chromatin relaxation and gene
transcription.
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chromatin looping from distal 1,25-D3 responsive elements to the
TSS of p21 (Saramiki et al., 2009).

Histone methylation can lead either to gene activation or
repression, depending on the histone site that is methylated, the
degree of methylation (e.g., mono-methylation, di-methylation,
or tri-methylation), amino acid residues affected, and their posi-
tion in the histone tail (Esteller, 2008). Methylation of his-
tones depends on a dynamic process arising from the actions
of methyltransferases (HMTs) and demethylases (HDMs) (Shi
and Whetstine, 2007; Mosammaparast and Shi, 2010; Greer and
Shi, 2012). So far, two protein families capable of demethylat-
ing lysines are known, the amine oxidases (Shi et al., 2004)
and jumonji C (JmjC)-domain-containing proteins (Cloos et al.,
2006; Tsukada et al., 2006). The first histone demethylase dis-
covered was the lysine-specific demethylase 1 (LSD1/KDMI1A),
an amine oxidase, which demethylates H3K4me2/mel (Table 1)
(Shi et al., 2004). High expression of KDM1A in various cancers,
including colorectal cancer, prostate cancer, and neuroblastomas
is associated with increased cancer recurrence and poor clini-
cal outcome (Kahl et al., 2006; Schulte et al., 2009; Ding et al.,
2013). Additionally, it has been shown that LSD1 is essential
for androgen and estrogen receptor-dependent gene activation
via H3K9me2/mel demethylation (Metzger et al., 2005; Garcia-
Bassets et al., 2007; Perillo et al., 2008). There is a recipro-
cal regulatory effect between the activity of VDR and histone
demethylases. In the colon cancer cell line SW480-ADH 1,25-D3

increased the expression of the lysine-specific demethylase 1 and
2 (Pereira et al., 2012).

1,25-D3 treatment affected also the expression of a series of
different JmjC histone demethylases. The first identified member
of the JmjC family was KDM2A/JHDMI1A (Tsukada et al., 2006).
Expression profiling data showed altered expression of KDM2A
and KDM2B in several tumors, however, it seems that their pro-
or antioncogenic functions are tissue-dependent (Frescas et al.,
2007, 2008; Pfau et al, 2008). 1,25-D3 inhibited the expres-
sion of several histone demethylases (e.g., KDM4A/4C/4D/5A/2B,
JMJD5/6, PLA2G4B), and induced the expression of others,
JARID2 and KDM5B (Pereira et al., 2012). Members of the KDM4
family catalyze tri-demethylation of H3K9 and/or H3K36 (Cloos
et al., 2006; Fodor et al., 2006; Klose et al., 2006; Whetstine
et al., 2006; Lin et al., 2008). H3K9me3 is a mark for hete-
rochromatin and demethylation of H3K9 is suggested to be linked
with chromosomal instability (Cloos et al., 2006). Inhibition of
expression of KDM4 family members by 1,25-D3 could thus
contribute to genome stability. Members of KDM5 cluster cat-
alyze demethylation of H3K4me3/me2, which is a mark for open
chromatin (Christensen et al., 2007; Iwase et al., 2007; Klose
et al., 2007; Tahiliani et al., 2007) and their upregulaton upon
1,25-D3 treatment might lead to gene repression (Pereira et al.,
2011). Overexpression of KDM5B has been reported in breast and
prostate cancers (Lu et al., 1999; Xiang et al., 2007). Deletion of
kdm5b inhibits tumor growth in a syngeneic mouse mammary

Table 1 | A simplified list of the members of the two classes of histone demethylases (mentioned in the manuscript).

Class of Histone Histone Histone Gene
histone demethylases demethylase family demethylase substrate expression
Amine oxidases KDM1 KDM1A H3K4me2/me1 Repression
H3K9me2/me1 Activation
KDM1B H3K4me2/me1 Repression
Jumoniji C-domain-containing proteins KDM2 KDM2A H3K36me2/me1 Repression
KDM2B H3K4me3
H3K36me2/me1
KDM3 KDM3A H3K9me2/me1 Activation
KDM3B H3K9me3/me2/me1
KDM4 KDM4A H3K9me3/me2 Activation
KDM4B H3K36me3/me2 Repression
KDM4C
KDM4D H3K9me3/me2 Activation
KDM5 KDMBA H3K4me3/me2 Repression
KDM5B
KDM5C
KDM5D
KDM6 KDMBA H3K27me3/me2 Activation
KDM6B
PHF JHDM1D H3K9me2/me1 Activation
H3K27me2/me1
PHF8 H3K9me2/me1

Reviewed in Pedersen and Helin (2010), Greer and Shi (2012). The main histone demethylase families and submembers are indicated. Degree of methylation and site

of lysine residue are given. References for individual enzymes can be found throughout the text. H, Histone, K, lysine; me1, mono-methylation;, me2, di-methylation;

me3, tri-methylation; KDM1A, lysine-specific demethylase 1A, JHDM 1D, JmjC-domain-containing histone demethylation protein 1D, PHF, plant homeodomain finger

protein.
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tumor (Yamane et al., 2007), suggestive of its potential role in
tumor development. 1,25-D3 induced the expression of the his-
tone demethylase KDM6B as well, which is the only other known
enzyme, besides KDM6A that is able to demethylate H3K27me3,
a histone mark that correlates with gene repression. Furthermore,
the authors showed positive correlation between KDM6B and
VDR in 96 colon tumor patients, and inverse correlation of
KDM6B with SNAIL1, which is involved in epithelial to mes-
enchymal transition, indicating that probably the antiproliferative
role of 1,25-D3 via KDM6B upregulation might take place in vivo
(Pereira et al., 2011). Interestingly, treatment of SW480-ADH
cells with 1,25-D3 had no effect on global H3K27me3 levels, in
spite of KDM6B upregulation (Pereira et al., 2011, 2012). The
effect of 1,25-D3 on the expression of histone demethylases may
well be indirect and could be mediated by microRNAs (Padi et al.,
2013). KDM2A is one of the direct targets of microRNA-627.
1,25-D3-dependent upregulation of the microRNA-627 expres-
sion both in vitro, in the HT-29 colorectal cancer cells and in vivo,
in tumor xenografts, led to lower KDM2A levels (Padi et al,
2013).

In different pathologies, the expression pattern of the nuclear
receptor cofactors is altered, compromising the effect of 1,25-D3
(Doig et al., 2013; Singh et al., 2013). The initial interactions
between VDR and coactivators are the seed for the assembly
of intricate multiprotein complexes that remodel the chromatin
structure, recruit the core transcriptional machinery, and induce
expression of 1,25-D3 target genes (Figure 1). Often, differences
in responsiveness to 1,25-D3; depend on the expression pattern
of the coregulators of VDR. In prostate cancer cells, the tem-
poral distribution of the nuclear corepressor NCOR1 at VDR
target genes is different in 1,25-D3 responsive cells compared with
unresponsive cells (Doig et al., 2013; Singh et al., 2013).

The liganded VDR is able both to transactivate and tran-
srepress target genes. The mechanisms of action are probably
different between transactivation and transrepression, and also
highly dependent on the motifs of the vitamin D response
elements. A highly complex mechanism regulates the ligand-
dependent repression of CYP27B1 (Kim et al., 2007a). CYP27B1
repression requires two epigenetic modifications: deacetylation
of histones and methylation of the CYP27BI gene promoter and
exon regions. This is dependent on the presence of the VDR inter-
acting repressor (VDIR) and the chromatin remodeler Williams
Syndrome transcription factor. In the absence of 1,25-D3, VDIR
is bound directly to the E-box motifs in the negative VDRE and
recruits histone acetyltransferases to induce CYP27BI gene tran-
scription. In the presence of 1,25-D3, VDIR acts as a scaffold for
the 1,25-D3-VDR complex to repress transcription of CYP27BI
through recruitment of HDAC2, DNMT1, and DNMT3B (Kim
et al., 2007a). It seems that VDIR and HDAC2 are involved
also in the 1,25-D3-dependent transrepression of the human
parathyroid hormone gene (Kim et al., 2007b). It is not clear,
whether this mechanism of transrepression by liganded VDR
also applies to other genes. In mesenchymal stem cells 1,25-D3
represses gene expression by binding to promoters with enhanced
H3K9Ac and H3K9me2 (Tan et al., 2009). Whether H3K9 acety-
lation/methylation enabled VDR binding or VDR binding caused
H3K9 acetylation, is not clear.

Proper orchestration of histone modifications in crosstalk with
other chromatin regulators is crucial in maintaining the epige-
netic landscape and governing gene expression. Any disturbances
in these constellations may lead to aberrant gene expression.
Whether 1,25-Dj3 affects regulation of other chromatin modula-
tors as well, is not yet known.

REGULATION OF THE VITAMIN D SYSTEM

The vitamin D system has pleiotropic functions and regulates
approximately 3% of the human genome (Bouillon et al., 2008).
To maintain balance, a strict regulation of the vitamin D system
genes is of utmost importance. The main role of liganded VDR in
tissues not involved in calcium homeostasis is to control expres-
sion of genes that regulate cell proliferation, differentiation, and
apoptosis. One major limitation in the therapeutic exploitation of
these effects is the resistance of cancer cells to 1,25-D3. Epigenetic
corruption of VDR signaling is suggested to be one of the mech-
anisms that leads to reduced responsiveness to 1,25-D3 actions.
This can be caused by promoter methylation of key vitamin D
system genes or by skewed accumulation of VDR-associated co-
repressors, preferentially at promoters of anti-proliferative target
genes (Abedin et al., 2006).

Expression of the vitamin D degrading and metabolizing
enzymes is regulated through binding of 1,25-D3-liganded VDR
to vitamin D responsive elements (VDREs). However, the major
regulators of 1,25-Dj3 levels and signaling CYP2R1, CYP24Al,
CYP27B1, and VDR, “the vitamin D tool” genes, are prone to epi-
genetic regulation. CpG islands span the promoters of CYP2RI,
CYP24A1, and VDR, while a CpG island is located within the
CYP27BI gene locus (Figure 2). Therefore, DNA methylation and
histone modifications in these regions can change the chromatin
state from an open to closed conformation and lead to tran-
scriptional repression of these genes. Expression of vitamin D
tool genes becomes deregulated in various types of cancer, and
these changes may be partially attributed to epigenetic alterations
(reviewed in Hobaus et al., 2013). As early as 1984, Yoneda et al.
(1984) have shown that the histone acetyltransferase inhibitor
butyrate augments 1,25-D3 actions. Several studies confirmed
these findings (e.g., Rashid et al., 2001) and have suggested that
the action of butyrate could be through upregulation of VDR or
CYP27B1 expression (Gaschott and Stein, 2003). Whether this
effect is mediated by direct acetylation of the VDR or CYP27B1
promoters, has not been determined.

In this chapter we discuss evidence for epigenetic regulation
through DNA methylation of these genes in health and disease.

EPIGENETIC REGULATION OF THE VITAMIN D RECEPTOR

The VDR is a nuclear receptor mediating 1,25-Dj3 signaling. It is
expressed by at least 38 cell types in the human body (Norman
and Bouillon, 2010). In the absence of its ligand 1,25-D3, VDR
is mainly found in the cytoplasm (Nagpal et al., 2005). Upon lig-
and binding, VDR heterodimerizes with the retinoid X receptor
(RXR) and translocates to the nucleus, where it binds to vita-
min D responsive elements (VDREs) to regulate transcription
of 1,25-Dj3 target genes. This is achieved through recruitment of
coactivators or corepressors to the VDR-RXR complex bound to
DNA (Nagpal et al., 2005; Pike et al., 2012; Haussler et al., 2013;

www.frontiersin.org

April 2014 | Volume 5 | Article 164 | 65


http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive

Fetahu et al.

Vitamin D and the epigenome

]

(71 CpGs)

]

(77 CpGs) -20

20q13.2 'ﬁ [VDRE1] [VDREZ

(136 CpGs)

|

+2120 (91 CpGs)

+168 +723

+850

+1263 -470

+976

FIGURE 2 | Location of CpG islands in the promoter region of vitamin
D tools genes. VDR is located on 12g13.11 (chr12:48235320-48298814),
CYP2R1 on chromosome 11p15.2 (chr11:14899556-14913751), CYP24A1 on
chromosome 20q13.2 (chr20:52769988-52790516), and CYP27B1 on
12914.1 (chr12:58156117-58160976). The locations of the CpG islands are
indicated (black bars) relative to start of the gene locus (not to TSS)
according to UCSC Genome Browser Homepage (GRCh37/hg19) (Karolchik
etal.,, 2014). Number of CpGs located within each island is stated. Two
vitamin D responsive elements (VDRE) are located in the proximal
CYP24A1 promoter region and one nVDRE is located in the CYP27B1
promoter region.

Pike and Meyer, 2013). As VDR is rarely mutated during car-
cinogenesis (Miller et al., 1997), the disturbance of the vitamin
D signaling and apparent 1,25-Dj3 insensitivity in cancer (Marik
et al., 2010) must be attributed to other alterations, which may
include epigenetic changes, such as promoter methylation.

The VDR gene is located on the long arm of chromosome 12
(12q13.11) and contains 4 potential promoter regions. Exons 1la,
1c, and 1d of the VDR are well conserved, while 1b, le, and 1f
show low homology (Halsall et al., 2007). Exon la appears to
contain a strong promoter, including several transcription fac-
tor binding sites (AP-2 and SP1). Transcription was reported to
originate also in exons 1d, le, and 1f, while translation starts in
exon 2 (Halsall et al., 2007). Marik and colleagues performed an
in silico analysis of the VDR gene sequence and reported three
CpG islands located in exon la spanning from —790 bp to 380 bp
relative to the TSS in exon la (Marik et al., 2010). According to
the UCSC Genome browser, however, only one large CpG island
spanning 892 bp in length is found in the VDR promoter region
(Gardiner-Garden and Frommer, 1987; Karolchik et al., 2014).
This discrepancy is likely due to the different search parameters
used for CpG island identification.

Epigenetic silencing of VDR was suggested to cause the slow
normalization of VDR levels in the parathyroid glands of uremic
rats after kidney transplantation (Lewin et al., 2002; Hofman-
Bang et al., 2012). However, sequencing of the VDR promoter
[—250 to 300bp relative to exon 1 (43 CpGs)] in normal and

uremic rats showed no difference between methylation patterns
(Hofman-Bang et al., 2012). Further, the authors reported that
methylation levels coincided with the negative control, thus show-
ing that promoter methylation does not play a role in regulating
VDR expression in the parathyroid glands.

In contrast, promoter methylation was reported to cause
repression of VDR gene expression in HIV infected T cells. In
normal T cells, activation or priming causes an upregulation of
VDR expression (Von Essen et al., 2010). In comparison, infection
of previously activated T cells with human immunodeficiency
virus (HIV) led to upregulation of DNMT3B, increased promoter
methylation of VDR (45-70%), and decreased VDR gene expres-
sion (Chandel et al., 2013). This downregulation of VDR could
be reversed upon treatment with 5-azacytidine (AZA) suggest-
ing that the decreased expression of VDR by HIV is, at least
partially, caused by DNA methylation (Chandel et al., 2013).
There is evidence for an inverse correlation between the vitamin
D status and infections, however, many trials failed to show a
protective effect of vitamin D (reviewed in Yamshchikov et al.,
2009). Thus, reduced sensitivity to vitamin D metabolites due to,
e.g., downregulation of VDR may account for inconclusive tri-
als. This is supported by a study investigating methylation of the
3’end of VDR in two South African groups revealing differences
with respect to ethnicity and tuberculosis status of the patients
(Andraos et al., 2011).

In breast tumors, methylation of exon 1a of the VDR gene was
significantly higher (65% of CpGs methylated) compared with
normal breast tissue (15% of CpGs methylated) (Marik et al.,
2010). In vitro, in breast cancer cell lines, three hypermethylated
regions in exon la became demethylated after treatment with
the DNMT1 inhibitor 5-aza-2’-deoxycytidine (DAC) and VDR
mRNA expression increased. These regions were in proximity to
the SP1 binding sites (approximately 790 bp from TSS), NF«kB
binding sites (approximately —480 from TSS), and the exon la
TSS. Treatment with 1,25-D3 had no effect on methylation of
these regions (Marik et al., 2010). In other types of cancer, e.g., the
choriocarcinoma-derived trophoblast cell lines JEG-3 and JAR,
the VDR promoter was densely methylated (Novakovic et al,,
2009). In contrast, no methylation of the VDR promoter region
was observed in colon cancer cell lines, and treatment with DAC
did not increase gene expression (Habano et al., 2011; Hobaus
et al.,, 2013a). In parathyroid tumors the expression of VDR is
decreased (Gogusev et al., 1997; Carling et al., 2000), however, no
differences in DNA methylation of VDR were observed between
parathyroid tumors and healthy controls (Sulaiman et al., 2013).
Similar results were seen in parathyroid adenoma samples, which
showed decreased expression of VDR, but showed no promoter
methylation (Varshney et al., 2013).

Additionally, it has been suggested that expression of 5’ trun-
cated variants of VDR is linked to methylation of the VDR pro-
moter. These variants are predominantly found in breast cancer
compared with the full length variants expressed in normal breast
tissue. Treatment with DAC restored expression of the active
transcript variant of VDR in breast cancer cell lines, indicating
promoter methylation as cause of truncated protein expression
(Marik et al., 2010). The significance of these potentially untrans-
lated truncated variants remains to be investigated, however, as
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they are not found in normal breast tissue aberrant expression
of truncated isoforms may further disrupt vitamin D signaling in
tumor tissue.

A recent study suggested that in colorectal cancer metastases,
VDR becomes the target of the polycomb group protein enhancer
of zeste homolog 2 (EZH2) that mediates VDR downregulation
by H3K27 trimethylation in the VDR promoter (Lin et al., 2013).
The histone deacetylase HDAC3, one of the most frequently
upregulated genes in cancer, seems to inhibit VDR expression. In
two colorectal cancer cell lines, HCT116 and SW480 knock down
of HDACS3 increased VDR expression and restored sensitivity of
these cells to 1,25-D3 (Godman et al., 2008).

Taken together, there is evidence that in various diseases the
decreased tissue sensitivity to 1,25-D3 could have been caused by
the epigenetic silencing of the VDR.

EPIGENETIC REGULATION OF THE CYP2R1

CYP2R1 is a microsomal P450 enzyme, which hydroxylates both
vitamin D, and D3 at position C-25 to form the circulating stor-
age form of vitamin D 25-D3. The promoter region of CYP2RI is
located within a CpG island, which can be subjected to epigenetic
regulation. So far, only two studies investigated the promoter
methylation status of this gene. Genome wide association stud-
ies found increased CYP2R1 promoter methylation in leukocyte
DNA from individuals with severe vitamin D deficiency com-
pared with control group (Zhu et al., 2013). Further, methylation
levels of CYP2R1 promoter decreased within 12 months of vita-
min D supplementation in DNA extracted from serum of non-
Hispanic white American post-menopausal women aged >55
years (Zhu et al., 2013), indicating an effect of vitamin D supple-
mentation on CYP2RI promoter methylation. These data indi-
cate that under low vitamin D serum levels, the promoter of
the major 25-hydroxylase CYP2R1 may become methylated, and
that event appears to be reversible upon exposure to increased
vitamin D.

EPIGENETIC REGULATION OF THE CYP27B1

CYP27B1 is an inner mitochondrial membrane P450 enzyme that
converts 25-D3 to its active form 1,25-D3. It is mainly expressed
in the proximal tubule of the kidneys, but it is also expressed
in many vitamin D target tissues, albeit at lower levels (Hendrix
et al.,, 2004). The CYP27BI gene harbors a CpG island. However,
recent sequence updates (Ensembl 74, November 2013) shift the
CpG island from the CYP27BI promoter region into the gene cod-
ing sequence (Flicek et al., 2014). This explains the differences
between the location of the CpG island depicted in Figure 2 and
the location of the CpG island described in literature. For simplic-
ity, statements on nVDRES and CpG island location below refer
to reports in the published articles and not to Figure 2.

The promoter region of CYP27BI contains a negative VDRE
(nVDRE) located at around 500 bp, consisting of two E-box like
motifs (Murayama et al., 2004). This region is responsible for
1,25-D3-dependent transrepression, which seems to be achieved
through recruitment of both HDACs and DNMTs by VDR/RXR
to the promoter region of CYP27B1 (Takeyama and Kato, 2011).
For further details see subsection Interactions of Vitamin D with
Chromatin Modulators and Remodelers.

In cancer, expression of CYP27B1 is often downregulated. This
may be explained by increased methylation of the CpG island
located within CYP27BI. In the breast cancer cells MDA-MB-
231, CYP27BI1 hypermethylation led to gene silencing, which
could be reversed by treatment with deoxyC (Shi et al., 2002). In
prostate cancer cell lines, combination of the DNMT1 inhibitor
DAC and the HDAC inhibitor TSA resulted in increased activ-
ity of CYP27B1 (Khorchide et al., 2005). In the choriocarcinoma
cell lines BeWo and JAR the promoter of CYP27BI was densely
methylated (Novakovic et al., 2009). The CYP27B1 promoter was
hypermethylated (61%) in Non-Hodgkin’s lymphoma, but not
in benign follicular hyperplasia. Two out of four non-Hodgkin’s
lymphoma cell lines showed strong methylation of the CYP27BI
promoter. Interestingly, all four responded to DAC-TSA treat-
ments with upregulation of gene expression independent of the
methylation status of their CYP27B1 promoter, which may be
explained by other regions prone to methylation not investigated
in this study or by differences in silencing mechanisms (Shi et al.,
2007). Further, the methylation level of CYP27B1 was increased in
primary lymphoma and leukemia cells also compared with nor-
mal peripheral blood lymphocytes (Lagger et al., 2003; Wjst et al.,
2010).

Methylation of CYP27BI in diseases might cause reduced local
activation of 25-D3 to 1,25-Ds3, thus reducing local 1,25-Ds3 levels
and restricting its functions.

EPIGENETIC REGULATION OF CYP24A1

The 1,25-dihydroxyvitamin D3 24-hydroxylase is an inner mito-
chondrial membrane P450 enzyme, which catalyzes both 25-Ds
and 1,25-D3 (Kawashima et al., 1981; Pedersen et al., 1983; Sakaki
et al., 2000). Its primary site of expression are the kidneys, where
it plays a crucial role in regulating systemic vitamin D metabo-
lite levels, however, expression is found in many other vitamin D
target tissues.

The promoter of CYP24A]1 is spanned by a CpG island making
it prone to regulation by DNA methylation. Several responsive
elements are located within this area, including two VDREs, a
vitamin stimulating element (VSE), and SP1 binding sites (see
Figure 2).

In healthy kidney, skeletal muscle, whole blood, brain, skin
fibroblasts, and sperm the CYP24A1 promoter is not methy-
lated (Novakovic et al., 2009), although the expression levels
are highly variable. In peripheral blood lymphocytes methyla-
tion of CYP24A1 was low (5%) (Wjst et al., 2010). Interestingly,
in full term human placenta 56.5% of the CYP24A1 promoter
is methylated. CYP24A1 methylation was also observed in the
placenta of the marmoset and mouse, however, at a lower
level.

In the choriocarcinoma cell lines JEG-3, BeWo, and JAR the
promoter of CYP24A1 was densely methylated and the methy-
lation level correlated inversely with the low gene expression
(Novakovic et al., 2009). Treatment of osteoblastic ROS cells
with 1,25-D3 did not induce CYP24A1 expression. Considering
the strong methylation of the CYP24A1 promoter region, epi-
genetic silencing of CYP24A1 may account for the unrespon-
siveness of this gene to 1,25-D3 (Ohyama et al., 2002). In the
human prostate cancer cell line PC3, methylation of the CYP24A1
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promoter reduced reporter gene expression in a methylation-
dependent manner (Luo et al.,, 2010). In prostate cancer cells,
the methylation status of CYP24A1 promoter inversely correlated
with gene expression. Demethylating agents restored CYP24A1
expression only in cell lines where the CYP24A1 promoter was
methylated prior to treatment (Luo et al,, 2010). Only DNA
demethylation by DAC treatment permitted recruitment of VDR
to the CYP24A1 promoter (Luo et al., 2010). In patients, devel-
opment from benign toward malignant prostate lesions was
paralleled by increasing methylation levels of the CYP24A1 pro-
moter (Luo et al., 2010). Prostate tumor derived endothelial
cells (TDEC) expressed less CYP24A1 compared with endothe-
lial cells derived from normal cells or matrigel plugs, which may
be attributed to increased CYP24A1 promoter methylation in
TDECs (Johnson et al., 2010). We have shown recently that in
colon cancer cell lines DAC induced CYP24A1 expression in a
cell line-specific manner, independent of the methylation level of
the promoter. In these cells induction of CYP24A1 expression by
DAC seems to be independent of CYP24A1 promoter methyla-
tion (Hobaus et al., 2013a). Moreover, the methylation level of
the CYP24A1 promoter was comparably low both in colon ade-
nocarcinomas and the adjacent mucosa, although the expression
of CYP24A1 was significantly higher in the tumors (Hobaus et al.,
2013b).

Taken together, the regulation of CYP24A1 by DNA methyla-
tion appears to be tissue-dependent, both in health and disease.

CONCLUSIONS

There is a strong reciprocity between the vitamin D system and
epigenetic mechanisms. The vitamin D system is, on the one hand
regulated by epigenetic mechanisms and, on the other hand, is
involved in regulating epigenetic events. Critical vitamin D tool
genes can be silenced by DNA methylation. The VDR protein
interacts, directly or indirectly, with chromatin modifiers and
remodelers. Liganded VDR regulates expression of several of these
chromatin modifiers and remodelers, and it might even regulate
DNA methylation.

Epigenetic regulation of gene expression is a fine-tuned mech-
anism and its deregulation can lead to pathological conditions.
The impact of vitamin D in the maintenance of the normal epi-
genetic landscape underlines the central role of this hormone in

physiology.

PERSPECTIVES

One of the most fundamental questions in the control of gene
expression is the way how epigenetic marks are established,
erased, and recognized. Regulating epigenetic events could be
a further mechanism by which 1,25-D3 may prevent or delay
tumorigenesis and onset of chronic diseases. Therefore, we need
to understand better the impact of vitamin D on the epigenome,
and plan thorough and comprehensive studies to examine this
interplay.
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P53 and its family members have been implicated in the direct regulation of the vitamin
D receptor (VDR). Vitamin D- and p53-signaling pathways have a significant impact on
spontaneous or carcinogen-induced malignant transformation of cells, with VDR and p53
representing important tumor suppressors. VDR and the p53/p63/p73 proteins all function
typically as receptors or sensors that turn into transcriptional regulators upon stimulus,
with the main difference being that the nuclear VDR is activated as a transcription factor
after binding its naturally occurring ligand 1,25-dihydroxyvitamin D with high affinity while
the pb3 family of transcription factors, mostly in the nucleoplasm, responds to a large
number of alterations in cell homeostasis commonly referred to as stress. An increasing
body of evidence now convincingly demonstrates a cross-talk between vitamin D- and
p53-signaling that occurs at different levels, has genome-wide implications and that should
be of high importance for many malignancies, including non-melanoma skin cancer. One
interaction involves the ability of p53 to increase skin pigmentation via POMC derivatives
including alpha-MSH and ACTH. Pigmentation protects the skin against UV-induced DNA
damage and skin carcinogenesis, yet on the other hand reduces cutaneous synthesis of
vitamin D. A second level of interaction may be through the ability of 1,25-dihydroxyvitamin
D to increase the survival of skin cells after UV irradiation. UV irradiation-surviving cells
show significant reductions in thymine dimers in the presence of 1,25-dihydroxyvitamin
D that are associated with increased nuclear p53 protein expression, and significantly
reduced NO products. A third level of interaction is documented by the ability of vitamin
D compounds to regulate the expression of the murine double minute 2 (MDM?Z2) gene in
dependence of the presence of wild-type p53. MDM2 has a well-established role as a key
negative regulator of p53 activity. Finally, p53 and family members have been implicated
in the direct regulation of VDR. This overview summarizes some of the implications of the
cross-talk between vitamin D- and p53-signaling for carcinogenesis in the skin and other
tissues.

Keywords: vitamin D, vitamin D receptor, p53, MDM2, cancer

SKIN, VDR AND THE VITAMIN D ENDOCRINE
SYSTEM/REGULATORY NETWORK: AN INTRODUCTION

The skin is the largest organ of the human body, consisting of
several compartments that are named epidermis, dermis and sub-
cutis. The epidermis contains a basal layer (stratum basale), that
is composed of self-renewing cells (keratinocytes) with limited
proliferative capacity (transient amplifying cells), of stem cells
with high proliferative capacity that need to be preserved, and of
outwardly migrating layers (stratum spinosum, stratum granu-
losum and stratum corneum) of mostly resting keratinocytes at
different stages of differentiation. The skin is one of the key tis-
sues of the human body’s vitamin D regulatory network (VDRN)
(Lehmann et al., 2004; Holick, 2007; Reichrath and Reichrath,
2012; Mason and Reichrath, 2013). First, vitamin D is synthe-
sized in the skin (Figure 1) by the action of solar or artificial
ultraviolet B (UVB) radiation (under most living conditions,
only a small amount of vitamin D is taken up by the diet)

(Lehmann et al., 2004; Holick, 2007). Second, the skin repre-
sents an important target tissue for 1,25-dihydroxyvitamin D, the
biologically active natural vitamin D metabolite, that is formed
from vitamin D by consecutive hydroxylations at position 25
in the liver (mediated by CYP2R1 and by CYP27A1, resulting
in 25-hydroxyvitamin D) and at position 1 in the kidneys and
in many other tissues (mediated by CYP27B1) (Lehmann et al,,
2004; Holick, 2007; Reichrath and Reichrath, 2012; Mason and
Reichrath, 2013). 1,25-Dihydroxyvitamin D represents a potent
seco-steroid hormone that regulates, via various independent
mechanisms growth, many non-malignant and malignant cell
types, including human keratinocytes (Lehmann et al., 2004;
Holick, 2007; Haussler et al., 2012; Reichrath and Reichrath, 2012;
Mason and Reichrath, 2013). It exerts its effects through the bind-
ing with high affinity to a corresponding receptor (VDR) that
is located intranuclear in target tissues (Lehmann et al., 2004;
Holick, 2007; Haussler et al., 2012; Reichrath and Reichrath,
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FIGURE 1 | Schematic illustration of the vitamin D metabolism in human skin. Please note that, in contrast to fibroblasts, keratinocytes possess the
enzymatic machinery for the complete synthesis of 1,25-dihydroxyvitamin D from 7-dehydrocholesterole (7-DHC).

2012; Mason and Reichrath, 2013). VDR is a member of a
superfamily named trans-acting transcriptional regulatory fac-
tors, that also contains the retinoic acid receptors (RARs) and the
retinoid-X receptors (RXRs), as well as the thyroid and steroid
hormone receptors (Lehmann et al., 2004; Holick, 2007; Haussler
et al., 2012; Reichrath and Reichrath, 2012; Mason and Reichrath,
2013). The farnesoid-X receptor (FXR) that controls bile acid
metabolism and the pregnane-X receptor (PXR) which regulates
xenobiotic detoxification are evolutionarily most closely related
to the VDR (Haussler et al., 2012). Binding of its ligand 1,25-
dihydroxyvitamin D induces conformational changes of the VDR
that lead to heterodimerization with RXR and to zinc finger-
mediated binding to vitamin D response elements (VDREs)
that are located in regulatory regions of target genes (Haussler
et al,, 2012). As a result, vitamin D activity in a particular cell
largely depends upon sufficient expression of VDR and RXR
proteins, the autocrine/paracrine production or the endocrine
delivery of adequate amounts of the 1,25-dihydroxyvitamin D
ligand, and of cell-specific programming of gene transcription
to regulate expression of distinctive genes that encode proteins
that finally exert the vitamin D effect (Haussler et al., 2012).
c¢DNA microarray analyses of mRNAs and other investigations
suggest that as many as 500-1000 coding genes may be regu-
lated by the VDR, which may contact up to ~8000 loci in the

human genome (Haussler et al., 2012). 1,25-Dihydroxyvitamin
D-mediated transcriptional regulation of many genes involved
in cellular growth and differentiation has been demonstrated,
including the genes for 833-integrin, fibronectin, and cell cycle reg-
ulatory proteins such as p21/WAF-1 (CDKN1A) (Lehmann et al.,
2004; Holick, 2007; Haussler et al., 2012). Like most other skin
cells, keratinocytes express VDR (Lehmann et al., 2004; Holick,
2007); in these cells, 1,25-dihydroxyvitamin D, blocks prolifera-
tion and promotes differentiation in vitro (Lehmann et al., 2004;
Holick, 2007; Haussler et al., 2012). Interestingly, it has been
reported that the combination of 1,25-dihydroxyvitamin D and
the retinoic acid metabolite isotretinoin is efficient in the therapy
of precancerous skin lesions and of non-melanoma skin cancer
(cutaneous squamous and basal cell carcinomas) (Tang et al.,
2012a,b; Mason and Reichrath, 2013). Moreover, it has been
demonstrated that VDR ablation promotes chemically induced
skin carcinogenesis (Tang et al., 2012a,b; Mason and Reichrath,
2013).

VDR-signaling comprises much more than just ligand/
receptor triggering of gene expression. Distinct and fine-tuned
responses indicate a complex regulation of this signaling path-
way. Moreover, chemical and other modifications of the VDR
signaling pathway govern such important parameters as intracel-
lular trafficking, duration of interaction between the receptor and
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cofactors, the receptor and ligand, as well as turnover and stability
of other relevant proteins (Haussler et al., 2012). Not least, regu-
lation of VDR target genes is controlled by stability and turnover
of relevant microRNAs and RNAs (Haussler et al., 2012).
Depending on cell type and context, both VDR- and
p53-signaling regulate many cellular functions that are of rel-
evance for cancer development, including proliferation, differ-
entiation, apoptosis and cell survival (Murray-Zmijewski et al.,
2006; Holick, 2007; McKeon and Melino, 2007; Vousden and
Lane, 2007; Vousden and Prives, 2009; Haussler et al., 2012;
Mason and Reichrath, 2013). Consequently, vitamin D- and
p53-signaling pathways have a significant impact on sponta-
neous or carcinogen-induced malignant transformation of cells,
with vitamin D receptor (VDR) and p53 representing important
tumor suppressors (Murray-Zmijewski et al., 2006; Holick, 2007;
McKeon and Melino, 2007; Vousden and Lane, 2007; Vousden
and Prives, 2009; Haussler et al., 2012; Mason and Reichrath,
2013). Mutations in genes encoding for proteins of the p53 path-
way represent a hallmark of many if not all types of cancer
(Vousden and Lane, 2007; Vousden and Prives, 2009). Low serum
25(OH)D concentrations and distinct polymorphisms (SNPs) in
the VDR gene and other vitamin D-related genes, on the other
hand, are associated with an increased incidence and an unfa-
vorable outcome of various malignancies (Mason and Reichrath,
2013). The VDR and the p53 family all function typically as acti-
vatable transcriptional regulators, with the main difference being
that VDR is activated after binding its naturally occurring lig-
and 1,25-dihydroxyvitamin D (1,25(OH),D or calcitriol) with
high affinity (Haussler et al., 2012) while p53, mostly in the
nucleoplasm, responds to a large and still growing number of
alterations in cell homeostasis (Murray-Zmijewski et al., 2006;
McKeon and Melino, 2007; Vousden and Lane, 2007; Vousden
and Prives, 2009). In any event is the result of such activation—
manifested by conformational changes and heterodimerization
with retinoid X receptor (RXR) of VDR and by chemical modifi-
cations and oligomerization of the p53 family—the direct contact

with regulatory DNA. In both pathways the cell type- and context-
dependent recruitment of nuclear co-regulators entails the stim-
ulation or repression of a very large number, typically hundreds,
of genes (Lin et al., 2005; Holick, 2007; Perez and Pietenpol,
2007; Sbisa et al., 2007; Riley et al., 2008; Haussler et al., 2012).
Several of these code themselves for transcriptional regulators,
adding a further level of complexity to the networks. It is obvious
that transcription factor pathways may cross-talk, for instance,
through the sharing of target genes or co-regulators, and through
the engagement in interdependent regulatory loops. Indeed, all of
these mechanisms, plus several others, seem to have been realized
in the cross-talk of VDR and the p53 family (Table 1).

Intriguingly, both pathways are critically involved in cellu-
lar processes that are important for carcinogenesis such as cell
differentiation/proliferation, in the regulation of stem cell main-
tenance, and in cell homeostasis. While VDR controls prolifer-
ation/differentiation of many cell types (Holick, 2007; Haussler
et al., 2012), some members and isoforms of the p53 family, and
in particular p53 itself, reduce the stem cell potential and stimu-
late differentiation (Lin et al., 2005). Interestingly, on the side of
the p53 family, all three members (p53/p63/p73) can be expressed
as truncated isoforms capable of counteracting their siblings’
transactivating effects (Murray-Zmijewski et al., 2006). Not too
surprising, VDR and p53 have been linked to many malignan-
cies, including non-melanoma skin cancer (Mason and Reichrath,
2013). The present review aims at providing an overview on this
interesting signaling network, with a focus on non-melanoma
skin cancer. Future genome-wide analyses of the target genes will
shed further light on the interaction of these pleiotropic regula-
tors. Before the cross-talk is discussed, the p53 pathway shall be
briefly outlined.

THE p53 FAMILY OF TRANSCRIPTIONAL REGULATORS

P53, p63, and p73 (the p53 family hereafter) are homotetrameric
transcriptional regulators that bind to very closely related
DNA motifs, consisting of two consecutive 10-mers (half-sites),

Table 1| Overview of the cross talk between vitamin D- and p53 signaling.

Crooss talk/interaction Mechanism

References

p53 modulates cutaneous

vitamin D synthesis alpha-MSH and ACTH.

p53 upregulates skin pigmentation via POMC derivatives including

Rev. in Yamaguchi and Hearing, 2009 (77)

p53 regulates VDR

expression of the VDR.

p53 and its family members have been implicated in the direct regulation

Maruyama et al., 2006 (97)

p53 protein binds to highly conserved intron-sequences of the VDR gene.

Kommagani et al., 2007 (96)

1,25-D increases survival
of UV-irradiated skin cells
p53 protein expression.

Significant reductions in thymine dimers in the presence of 1,25-D in
UV-irradiated, surviving cells that are associated with increased nuclear

Gupta et al., 2007 (78)

1,25-D regulates MDM2

expression the MDM2 gene.

Dependent on presence of wild type p53, 1,25-D regulates expression of

Chen et al., 2013 (79)

Interaction between VDRE and p53Res in the P2 promoter region of the

MDM2 gene.

1,25-D, 1,25-dihydroxyvitamin D; MDM?Z2, murine double minute 2.
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preferentially spaced by no more than zero to 2 base pairs,
with the consensus r,r,;,C,A/T,T,G,y,6,y (p53); 1,5,5,C,G, TGy, y:y;
t/a,a/t,a,CA/T, TGt t/at or 1r,r,CA/GT/AGyy,y (p63), and
a/clg,gla,g,CA,T,G,c/t,c,c/t (p73; r = purines; y = pyrimidines)
(Osada et al., 2005; Riley et al., 2008; Brandt et al., 2009; Roemer,
2012). They share a large number of target sequences, as expected
given the high degree of homology within the DNA binding
domains, among the consensus sequence motifs, and the degener-
acy of the individual binding sites (Roemer, 2012). It is therefore
perhaps no surprise that the regulation of a defined sequence
by any of these transcription factors is controlled at several lev-
els including posttranslational modifications and protein/protein
interactions. Many of these are specific for each family paralog.
Moreover, the binding of p53, p63, and p73 to DNA is affected by
additional parameters such as the number of the half-sites, their
orientation, their position relative to the target gene, and their
overlap with binding sites for other transcription factors. Finally,
differential recruitment of co-activator/co-repressor complexes to
promoters has been documented. These may be coded, for exam-
ple, by specific spacings between the 10-mers of the DNA binding
motifs (Riley et al., 2008). Epigenetic CpG methylation does not
seem to affect the binding to DNA significantly (Brandt et al,,
2009; Roemer, 2012).

The p53 family proteins display a modular organization that
is quite different from that of the VDR (see above). Typically, an
N-terminal transactivation domain (TD), a central DNA binding
domain (DBD) and C-terminal regulatory and protein/protein
interaction domain is present. The DBDs are the most highly
conserved regions among the paralogs, sharing ~60% homology
(Murray-Zmijewski et al., 2006; Roemer, 2012). In addition to the
full-length variants, a large number of isoforms exists, owing to
transcription initiation from internal promoters, alternative splic-
ing and the use of alternative translation initiation sites; however,
in most cases the DBD is maintained. More than 10 different
isoforms of p53, more than six of p63 and at least 29 of p73
are currently known (Murray-Zmijewski et al., 2006; Hollstein
and Hainaut, 2010; Roemer, 2012). In most cases, their biolog-
ical functions are not fully understood. Furthermore, an arsenal
of posttranslational modifications that are in part interdepen-
dent has evolved. These include phosphorylations, acetylations,
ubiquitinations, sumoylations, neddylations, methylations, gly-
cosylations, and oxidation/reduction, and they control the pro-
teins’ abundance, DNA binding, level of activity as transcription
factor, cross-talk with other proteins and subcellular localization
(Murray-Zmijewski et al., 2006; Toledo and Wahl, 2006; Kruse
and Gu, 2009). All these levels of regulation are best studied in p53
and have revealed an enormous degree of complexity (Vousden
and Prives, 2009; Roemer, 2012) which may be exemplified by the
chemical modification “code” that seems to regulate p53 func-
tion in a tissue-specific manner through the sequential build-up
of poly-phosphorylation patterns at different sites and that may
even be accompanied by other chemical changes such as acetyla-
tions (Gu and Roeder, 1997; Ashcroft et al., 2000; Wang et al.,
2004; Roemer, 2012). At the level of the cell, p53 is involved
in the regulation of the cell cycle (Wang and El-Deiry, 2006),
cell survival and autophagy, DNA repair, respiration, oxidative
stress protection, glucose metabolism, cell adhesion/motility, the

cytoskeleton and endo/exosome compartments, and of angiogen-
esis. At the organismal level, p53 is involved in tumor suppression
and maintenance of genome stability, and the control of stem
cell compartments, female fertility and ageing (Riley et al., 2008;
Roemer, 2012).

The complexity of the regulation of the p53 family is further
highlighted by the antagonistic partnership between p53 and its
central negative regulators, the E3 ubiquitin ligases murine dou-
ble minute 2 (MDM2) and MDM4 (Roemer, 2012). Activation
of p53 is almost always involving inhibition of MDM2/4. For
example, acetylation of p53 and MDM2 overcomes the inhibitory
ubiquitination of p53 by MDM2 through the blocking of MDM?2
enzymatic function, the dissociation of the p53/MDM2 complex
and thereby, the stimulation of p53’s interaction with DNA as
well as the recruitment of co-activators (Gu and Roeder, 1997;
Ashcroft et al., 2000; Wang et al., 2004; Roemer, 2012). MDM4 is
not functioning as a ubiquitin ligase for p53 but can inhibit p53’s
transcriptional activity and modulate the p53/MDM?2 interaction
(Toledo and Wahl, 2006; Roemer, 2012). Since p53 can transacti-
vate the MDM?2 gene, a negative feedback loop is formed (Toledo
and Wahl, 2006; Kruse and Gu, 2009; Roemer, 2012). Such a loop
is also established with p63 and p73; however, MDM2 inhibits
these transcription factors at promoters yet in contrast to p53
cannot ubiquitin-mark them for degradation (Murray-Zmijewski
et al., 2006; Roemer, 2012).

Cell context determines the respective function of individual
p53 family members. In the absence of extra stress, i.e., under
physiological background stress induced, for instance, by reac-
tive oxygen species (ROS) as a by-product of respiration, p53,
p63, and p73 primarily control cell fate, differentiation and devel-
opment. Intriguingly, these functions seem to be predominantly
mediated by the DNA binding competent yet transactivation
impaired delta-N isoforms of the proteins (ANp63, ANp73).
In cells or tissue that have been challenged by further stresses,
as for example by overt ROS production, radiation, hypoxia,
hypo/hyperthermia, metabolite shortages and imbalances, onco-
gene dysregulation, and virus/bacterial/parasite infections, the
p53 family members, and in particular p53 itself, seem to mainly
control repair, proliferative capacity and survival. Central to
these functions are the transactivation-proficient isoforms (p53,
TAp63, TAp73). Since many of the damaging stresses can support
cell transformation, the p53 family, and here again, mostly p53
itself, thus act as tumor suppressors by inducing cell cycle arrest,
temporary or permanent senescence, apoptosis, and differentia-
tion (Vousden and Lane, 2007; Levine and Oren, 2009; Vousden
and Prives, 2009; Roemer, 2012). Conversely, lack of proper func-
tion of p53 or p73, or overproduction of dominant-negative
ANp63, support tumor formation in animals and humans. Along
the same line, tumor-inducing viruses encode proteins that target
p53, and perhaps there is no tumor in which the p53 path-
way itself plus all ascending/descending pathways are fully intact
(Gatza et al., 2007; Vousden and Lane, 2007; Feng et al., 2008; Hu
et al., 2008; Roemer, 2012).

Like p53, p63, and p73 can act as tumor suppressors, although
this does not seem to be their primary functions (Murray-
Zmijewski et al., 2006; Roemer, 2012). For example, p63 and
p73 are not as frequently mutated in human cancers as is p53.
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Rather, p63 is often overproduced in tumors (Park et al., 2000),
which seems to contradict its function as a tumor suppressor,
yet as mentioned above, this is often due to p63 isoforms that
lack the transactivation domain but not their ability to bind
to DNA and that thereby may act dominant-negatively (Candi
et al., 2007; Roemer, 2012). In contrast and as expected from a
tumor suppressor, transactivation competent p63 (TAp63) can
sensitize cells to apoptosis in response to DNA damaging stress
(Gressner et al., 2005; Roemer, 2012). Moreover, some p634 mice
are tumor-prone, and the resulting tumors often display loss of
the remaining wild-type allele (Flores, 2007; Roemer, 2012). Mice
with a specific deficiency for TAp73 show genomic instability and
a higher tumor incidence (Tomasini et al., 2008; Roemer, 2012).
Furthermore, p63 and p73 seem to have p53-independent roles in
DNA repair (Talos et al., 2007; Lin et al., 2009; Roemer, 2012).

p63 and p73, but not p53, are crucial for embryonic devel-
opment in all organisms examined so far (Danilova et al,
2008; Roemer, 2012). Although p53-deficiency interferes with
mesoderm/endoderm fate determination in the frog Xenopus
(Wallingford et al., 1997; Roemer, 2012), this condition fails to
generate significant early phenotypes in mice or humans (Choi
and Donehower, 1999; Varley, 2003; Roemer, 2012). However,
at a more subtle level, and since p53 can induce stem cell
differentiation, lack of p53 function may cause unrestrained
stem cell proliferation (Gil-Perotin et al., 2006; Dumble et al.,
2007; Roemer, 2012). Other more subtle functions of p53 are
in mitochondrial respiration and glucose metabolism (Matoba
et al.,, 2006; Roemer, 2012). Overactivity of p53, by contrast,
does indeed entail immediate and dramatic consequences in the
development of the early mouse embryo—its apoptotic loss—
and one of the most striking functions of the p53 inhibitors
MDM?2 and MDM4 during embryonic development is the pre-
vention of this consequence (Marine et al., 2006; Roemer, 2012).
Later in embryonal development, for example during neurogene-
sis, the DNA binding-proficient yet transactivation-incompetent
dominant-negative isoform of p73, ANp73, may serve as a p53
and p63 restraining factor to inhibit apoptosis (Jacobs et al., 2004;
Roemer, 2012). p53 and possibly p63, but most importantly p73,
help shape the nervous system during life, perhaps primarily by
controlling apoptosis (Jacobs et al., 2005; Miller and Kaplan, 2007;
Roemer, 2012).

p63 function during development is critical for epithelial
stem cell maintenance (Yi et al., 2008; Roemer, 2012), squamous
epithelial differentiation and skin renewal (Truong et al., 2006;
Koster et al., 2007; Mikkola, 2007; Roemer, 2012). The ANp63
isoform acts mainly through controlling the expansion of epithe-
lial layers while TAp63 seems to support differentiation, and it
functions as the guardian of the female germ line by inducing
apoptosis in damaged resting oocytes (Suh et al., 2006; Roemer,
2012). p73 deficiency in mice results in neuronal and olfactory
dysfunctions as well as in chronic infection and inflammation
(Murray-Zmijewski et al., 2006; Roemer, 2012). Collectively, the
stem cell/differentiated cell decision seem to be regulated in part
by the balance between the ANp63/TAp63 antagonists in the
skin and - in an analogous manner - by the balance between
the ANp73/TAp73 antagonists in the developing nervous and
immune systems. Thus, p73 may be to neuronal development and

homeostasis what p63 is to the development and homeostasis of
the skin (De Laurenzi et al., 2000; Jacobs et al., 2004; Roemer,
2012). Since the pleiotropic VDR is important for tumor suppres-
sion as well as skin development and differentiation, it is perhaps
no surprise that both transcriptional regulator pathways talk to
each other.

CROSS-TALK BETWEEN THE VDR AND THE p53 FAMILY IN
CANCER

An increasing body of evidence points to a cross-talk between
vitamin D- and p53-signaling occuring at different levels that
might be of great importance for many malignancies, including
non-melanoma skin cancer (Table 1). Both p53 and VDR act as
tumor suppressors in several tissues, including skin. Much of the
tumor suppressor function in the skin may be mediated through
the interaction of the VDR and p53 pathways—either by mutual
activation or inhibition. What is known about this interaction, in
particular in non-melanoma skin cancer? DNA damage induced
by solar or artificial ultraviolet (UV) radiation represents the most
important environmental risk factor for carcinogenesis of cuta-
neous squamous cell carcinoma (SCC) (Reichrath and Reichrath,
2012; Mason and Reichrath, 2013). The predominant types of
DNA damage which are directly induced by UV are promutagenic
pyrimidine dimers (Wikonkal and Brash, 1999; Reichrath and
Reichrath, 2012; Mason and Reichrath, 2013). Thymine-thymine
dimers, which represent cys-syn cyclobutane pyrimidine dimers
(CPDs), are the major form of pyrimidine dimers that are identi-
fied in human skin following UV-B exposure. In contrast, other
types of DNA damage, including cytosine-cytosine, thymine-
cytosine bipyrimidines, and 6-4 photoproducts are less frequently
detected (Douki et al., 2000; Cooke et al., 2003; Courdavault et al.,
2004a; Mouret et al., 2006; Reichrath and Reichrath, 2012; Mason
and Reichrath, 2013). CPDs are caused via disruption of the 5-6
double bonds in two adjacent pyrimidine bases, thereby induc-
ing atypical covalent binding which connects the 2 bases by a
stable ring configuration, resulting in a bipyrimidine (Ravanat
et al., 2001; Pattison and Davies, 2006; Reichrath and Reichrath,
2012; Mason and Reichrath, 2013). In general, CPDs are induced
by UV-B (290-320 nm) (Reichrath and Reichrath, 2012; Mason
and Reichrath, 2013), although the production of thymine dimer
by UV-A (320-400 nm) wavelengths below 330 nm has also been
reported (Applegate et al., 1999; Jiang et al., 1999; Rochette et al.,
2003; Courdavault et al., 2004b; Mouret et al., 2006; Reichrath
and Reichrath, 2012; Mason and Reichrath, 2013). UV-radiation
induces gene mutations which may result in photocarcinogene-
sis (Hart et al., 1977; Sutherland et al., 1985; Brash et al., 1991;
Agar et al., 2004; Besaratinia et al., 2008; Reichrath and Reichrath,
2012; Mason and Reichrath, 2013). Moreover, it has been shown
that DNA damage initiates and promotes cellular mechanisms
which block the detection and elimination of transformed cells by
immune surveillance (Applegate et al., 1989; Kripke et al., 1992;
Reichrath and Reichrath, 2012; Mason and Reichrath, 2013).
UV radiation induces different forms of DNA lesions which are
generated either photochemically and directly or indirectly by
UV activation of several photoreceptors which have the capac-
ity to modulate the cellular redox equilibrium, thereby generating
reactive oxygen species (ROS) (Reichrath and Reichrath, 2012;
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Mason and Reichrath, 2013). ROS induced cellular damage then
leads both to oxidative DNA damage, and to lipid peroxidation
(Reichrath and Reichrath, 2012; Mason and Reichrath, 2013).
Additionally, UV-induced increased levels of nitric oxide synthase
(Deliconstantinos et al., 1995; Bruch-Gerharz et al., 1998; Cals-
Grierson and Ormerod, 2004; Reichrath and Reichrath, 2012;
Mason and Reichrath, 2013) cause excess levels of nitric oxide
(NO) (Paunel et al., 2005; Mowbray et al., 2009; Reichrath and
Reichrath, 2012; Mason and Reichrath, 2013). It has been shown
that these pathophysiologically increased concentrations of NO
and ROS combine to generate genotoxic NO products, including
peroxynitrite, which modify the bases and the sugar-phosphate
scaffold of DNA via nitrosative and oxidative damage (Reichrath
and Reichrath, 2012; Mason and Reichrath, 2013) Both UV- and
ROS-induced damages activate p53.

UV-irradiation induces p53 to stimulate skin pigmentation via
POMC derivatives including alpha-MSH and ACTH (Yamaguchi
and Hearing, 2009), thereby protecting the skin against further
UV-induced DNA damage and skin carcinogenesis. However, this
reduces cutaneous synthesis of vitamin D. This may be impor-
tant because, on a second level, 1,25-dihydroxyvitamin D can
increase the survival of UV-irradiated keratinocytes and prevent
further accumulation of DNA damage in these surviving skin
cells (Gupta et al., 2007). Following UVR, the survival of 1,25-
dihydroxyvitamin D-treated skin cells was significantly higher
as compared to vehicle-treated cells (P < 0.01) (Gupta et al.,
2007). In that study, UVR-surviving and 1,25-dihydroxyvitamin
D-treated keratinocytes showed significantly reduced levels of
thymine dimers (TDs) as compared to vehicle-treated cells (P <
0.001) (Gupta et al., 2007). Following UVR, nuclear p53 protein
levels were elevated and, notably, became elevated to signifi-
cantly higher levels in the presence of 1,25-dihydroxyvitamin
D (P < 0.01). In contrast, NO derivatives were significantly
decreased in 1,25-dihydroxyvitamin D-treated keratinocytes (P <
0.05) (Gupta et al., 2007). Both the elevated levels of nuclear p53
protein and the decreased production of nitric oxide products
were suggested to be responsible at least in part for the decrease
in TDs seen with 1,25-dihydroxyvitamin D-treatment after UVR
(Gupta et al,, 2007). In addition, a reduction in the number of
TDs (P < 0.05) and in sunburn cells (P < 0.01) were demon-
strated in skin sections from Skh:hrl mice that had been treated
with 1,25-dihydroxyvitamin D, at 24 h after UVR (Gupta et al,,
2007). It was concluded that the vitamin D system in skin, in com-
bination with p53, may represent an intrinsic mechanism that
protects against UV damage (Gupta et al., 2007).

As a further molecular level of interaction it has been demon-
strated that vitamin D compounds can regulate the expression of
the MDM2 gene in dependence of p53 (Chen et al., 2013). As out-
lined above, MDM2 represents a p53-inducible gene that encodes
an E3 ubiquitin ligase mainly responsible for the degradation of
p53 by the 26S proteasome (Roemer, 2012). A major function of
MDM?2 is its role as a key negative feed-back regulator of p53
activity (Bond et al., 2004), p53 activates MDM?2 expression via
binding to corresponding p53 response elements (p53REs) in the
P2 promoter of the MDM?2 gene. The increase of MDM2 pro-
tein then leads to its binding to p53 (primarily at the N-terminal
1-52 residues), which causes degradation of p53 or inhibition

of p53 activity as a transcription factor (Chen et al., 1993).
Vitamin D may thus prevent a lasting and overt p53 response
in the face of damage and may thereby protect reparable cells
from p53-induced apoptosis. However, MDM2 also exerts many
p53-independent functions, and interacts with a broad variety
of other proteins (including insulin like growth factor receptor,
androgen receptor, estrogen receptor, Numb, RB, p300, etc.) that
are of importance for various cellular functions including pro-
liferation/differentiation, cell fate determination, and signaling
(Ries et al., 2000; Ganguli and Wasylyk, 2003; Steinman et al.,
2004; Zhang and Zhang, 2005; Lengner et al., 2006; Araki et al.,
2010). VDR may activate the MDM2 gene directly, through a
VDR-response element in the promoter P2 of the MDM?2 gene
(Barak et al., 1994; Zauberman et al., 1995; Roemer, 2012; Chen
et al., 2013) However, even with this direct binding to MDM2
sequences, p53 seems to be required for the induction of MDM2
expression by VDR (Chen et al., 2013). Perhaps this is reflect-
ing a cross-talk between the VDR and p53 bound to DNA since
the p53 response element in the MDM?2 gene is also located in
promoter P2.

VDR and p53 family members act first and foremost as tran-
scription factors, and accordingly, much of the highly complex
cross-regulation between them seems to happen at this level.
For example, members of the p53 family including ANp63 can
modulate VDR signaling through competitive binding to various
VDR target genes including p21Waf1/Cip (CDKNIA). Multiple
VDREs have recently been identified in the promoter region of
the CDKNIA gene, which is a transcriptional target of p53 and
encodes a powerful blocker of the cell cycle in G1 and G2 phases
(Saramaki et al., 2006). Notably, like with the MDM?2 gene, the
VDR and p53 binding sites are in close proximity in the CDKNIA
promoter (Saramaki et al., 2006). A much more detailed and
unbiased (pathway-independent) genome-wide analysis of the
VDR:p53 family interactions bound to DNA is in need. To this
end, it shall be useful to employ chromatin immunoprecipita-
tions (ChIPs) with either ChIPping with p53-antibodies first and
re-ChIPping with VDR antibodies, or vice versa. Also, knock-in
studies in which VDR response elements or p53 response ele-
ments in close proximity are deleted, should provide a deeper
insight into the cooperativity or antagonism between these
important tumor-suppressing transcription factors.

In the skin, p53/p63 play an important regulatory role in the
maintenance of the stem cells as well as in the establishment of
the differentiation gradient. In the undifferentiated proliferating
basal layer of the skin, the dominant negatively acting, because
DNA binding but transactivation impaired, ANp63 rules. Most
effects exerted by the transactivation-competent p53 family mem-
bers are inhibited by it (Yang et al., 1998; Lee and Kimelman,
2002; Roemer, 2012) In addition, ANp63 may inhibit differen-
tiation by the blunting of VDR signaling through binding to
various VDR target genes including CDKNIA (Pellegrini et al.,
2001; Westfall et al., 2003; Roemer, 2012) TAp63 that is minor
to ANp63 in this proliferating compartment of the skin, may
become more dominant as ANp63 levels decrease in the course
of differentiation (Nylander et al., 2002; Roemer, 2012).

Finally, p53 family members may regulate VDR directly
(Maruyama et al., 2006; Kommagani et al, 2007). In a
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comparative genomics investigation in the human and mouse
genome designed to locate conserved p53 binding sites, the VDR
and 31 other genes were newly described as putative p53 tar-
gets. Reverse transcription-PCR and real-time PCR confirmed
the responsiveness of these genes to p53 in human cancer cell
lines (Maruyama et al., 2006). It was shown that VDR is upreg-
ulated by p53 and some other members of the p53 family. For
example, an isoform of p63 (p63 gamma) can specifically upreg-
ulate VDR by directly associating with the VDR promoter in vivo
(Kommagani et al., 2007). Moreover, ChIP analysis demonstrated
that wild-type p53 protein binds to a conserved intronic site of the
VDR gene (Maruyama et al., 2006). Conversely, transfection of
VDR into cells resulted in upregulation of several p53 target genes
and in growth suppression of colorectal cancer cells. In addi-
tion and as discussed above, p53 stimulated several VDR target
genes in a 1,25-dihydroxyvitamin D-dependent manner, that is,
in cooperation with VDR (Maruyama et al., 2006). Future, whole
transcriptome-including studies will identify new transcripts that
are initiated by VDR and p53 in concert.

An increasing body of evidence highlights the relevance of the
cross-talk between VDR- and p53-signaling under various physi-
ological and pathophysiological conditions. One study identified
the VDRE as overrepresented in promoter sequences bound by
mutated p53 (mutp53), and showed that mutp53 can interact
functionally and physically with VDR (Stambolsky et al., 2010).
In that investigation, mutp53 was recruited to VDR target genes
and modulated their expression (increasing transactivation or
relieving repression) (Stambolsky et al., 2010). Moreover, mutp53
promoted the nuclear accumulation of VDR and converted 1,25-
dihydroxyvitamin D into an anti-apoptotic agent (Stambolsky
etal., 2010).

Several investigations analyzed the cross-talk between VDR-
and p53-signaling in bone. It was demonstrated that hepatocyte
growth factor (HGF) and 1,25-dihydroxyvitamin D act together
to induce osteogenic differentiation of human bone marrow stem
cells (hMSC) potentially through elevating p53 (Chen et al,
2012). The authors of this study hypothesized that the com-
bination of HGF and 1,25-dihydroxyvitamin D can promote
hMSC differentiation by up-regulation of 1,25-dihydroxyvitamin
D and/or VDR expression to booster cell response(s) to 1,25-
dihydroxyvitamin D. In line with this hypothesis, it was shown
that HGF up-regulated gene expression of VDR and p63 and that
p63 gene knockdown by siRNA eliminated the effects of HGF
on VDR gene expression (Chen et al.,, 2012). Moreover, recent
findings suggest that the cross-talk of VDR and p53 may directly
target the human osteocalcin gene and positively affect osteocal-
cin gene expression. It was reported that osteocalcin promoter
activity can be up-regulated both by exogenous and endoge-
nous p53 and downregulated by p53-specific siRNA (Chen et al,,
2011). It was shown that p53 binds to the human osteocal-
cin promoter in vitro and a p53 response element within the
osteocalcin promoter region was identified (Chen et al., 2011).
In this investigation, an additive effect of p53 and VDR on
the regulation of osteocalcin promoter activity was observed.
Another study demonstrated that p73 acts as an upstream
regulator of 1,25-dihydroxyvitamin D-induced osteoblastic dif-
ferentiation (Kommagani et al., 2010). In that investigation,

silencing p73 significantly decreased 1,25-dihydroxyvitamin D-
mediated osteoblastic differentiation; although p73 induced by
DNA-damage increased 1,25-dihydroxyvitamin D-mediated dif-
ferentiation of osteosarcoma cells (Kommagani et al., 2010).

CONCLUSIONS AND PERSPECTIVES

VDR and the members of the p53 family are activatable tran-
scriptional regulators that are at the hub of a common molecular
network to control cell homeostasis, proliferation, differentiation
and survival, and that way, act as classical tumor suppressors.
Malfunction of either entails elevated susceptibility to transfor-
mation. A tissue archetypical of this interaction is the skin. Here,
VDR as well as p53 and p63 control differentiation and the main-
tenance of the stem cell compartment. Accordingly, damage to
skin cells such as induced by UV irradiation, or transformation
of skin cells, typically come with characteristic responses of these
proteins in the form of specific gene expression profiles to control
differentiation, proliferation and survival. Since both classes of
nuclear transcription factors act primarily through the regulation
of genes, it is thus no great surprise to find functional interaction
at several levels. Future, ChIP- and transcriptome analysis-based
genome-wide studies of the DNA sequences that are targeted indi-
vidually or by both factors together should provide us with new
insights into this fascinating network.
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INTRODUCTION

Vitamin D is a micronutrient that is needed for optimal health throughout the whole life.
Vitamin D3 (cholecalciferol) can be either synthesized in the human skin upon exposure to
the UV light of the sun, or it is obtained from the diet. If the photoconversion in the skin
due to reduced sun exposure (e.g., in wintertime) is insufficient, intake of adequate vitamin
D from the diet is essential to health. Severe vitamin D deficiency can lead to a multitude
of avoidable illnesses; among them are well-known bone diseases like osteoporosis,
a number of autoimmune diseases, many different cancers, and some cardiovascular
diseases like hypertension are being discussed. Vitamin D is found naturally in only very
few foods. Foods containing vitamin D include some fatty fish, fish liver oils, and eggs from
hens that have been fed vitamin D and some fortified foods in countries with respective
regulations. Based on geographic location or food availability adequate vitamin D intake
might not be sufficient on a global scale. The International Osteoporosis Foundation (IOF)
has collected the 25-hydroxy-vitamin D plasma levels in populations of different countries
using published data and developed a global vitamin D map. This map illustrates the
parts of the world, where vitamin D did not reach adequate 25-hydroxyvitamin D plasma
levels: 6.7% of the papers report 25-hydroxyvitamin D plasma levels below 25nmol/L,
which indicates vitamin D deficiency, 37.3% are below 50 nmol/Land only 11.9% found
25-hydroxyvitamin D plasma levels above 75 nmol/L target as suggested by vitamin D
experts. The vitamin D map is adding further evidence to the vitamin D insufficiency
pandemic debate, which is also an issue in the developed world. Besides malnutrition,
a condition where the diet does not match to provide the adequate levels of nutrients
including micronutrients for growth and maintenance, we obviously have a situation where
enough nutrients were consumed, but lacked to reach sufficient vitamin D micronutrient
levels. The latter situation is known as hidden hunger. The inadequate vitamin D status
impacts on health care costs, which in turn could result in significant savings, if corrected.
Since little is known about the effects on the molecular level that accompany the pandemic
like epigenetic imprinting, the insufficiency-triggered gene regulations or the genetic
background influence on the body to maintain metabolic resilience, future research will
be needed. The nutrition community is highly interested in the molecular mechanism
that underlies the vitamin D insufficiency caused effect. In recent years, novel large
scale technologies have become available that allow the simultaneous acquisition of
transcriptome, epigenome, proteome, or metabolome data in cells of organs. These
important methods are now used for nutritional approaches summarized in emerging
scientific fields of nutrigenomics, nutrigenetics, or nutriepigenetics. It is believed that with
the help of these novel concepts further understanding can be generated to develop future
sustainable nutrition solutions to safeguard nutrition security.

Keywords: vitamin D, 25-hydroxyvitamin D, nutrition, micronutrients, hidden hunger, nutrition security, nutritional
pathways, nutrigenomics

controlled by PTH and vitamin D (Bouillon et al., 2014). Humans

Vitamin D is needed to maintain calcium concentrations within
a narrow physiological range. This function is vital as the cal-
cium ion is essential for a large variety of cellular and metabolic
processes in the body (Berridge, 2012). To secure the calcium
supplies besides intestinal absorption, calcium is stored in the
skeleton and acts as a large calcium reservoir that is mainly

produce vitamin D by exposure to sunlight that includes ultra-
violet B radiation; if ultraviolet B radiation is not available in
sufficient amounts, vitamin D needs to be obtained from the
diet or dietary supplements (Holick, 2007). The start of the
vitamin D endocrine system is believed to have been initiated
before the start of vertebrates and evolved over millions of years
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(Bouillon and Suda, 2014). Therefore, the vitamin D micronutri-
ent either synthesized through the sun by the skin or through
dietary uptake is well-adapted to the human body. The endoge-
nously conjugated vitamin D metabolites have taken over many
important roles in the maintenance of human health, of which
many still await to be discovered.

In this paper, we summarize the knowledge on vitamin D as an
essential micronutrient important for human health and discuss
the new nutritional research on its way to gain further knowledge
on the function of vitamin D for nutrition.

VITAMIN D PART OF NUTRITION AND CONTENT IN FOODS

The history of vitamin D is linked to first scientific description
of the classic bone disease rickets by Whistler in 1645 (Norman,
2012). Two centuries later it was Schiitte who observed the useful-
ness of cod liver oil in the treatment of rickets and osteomalacia
in 1824. The hunt for the anti-rachitic factor ended in early twen-
tieth century, when Mellanby could demonstrate in a series of
hallmark studies (1919-1924) that a nutritional component in
the diet was the anti-rachitic factor to prevent rickets (Mellanby,
1919, 19765 Platt, 1956). Shortly after, vitamin D was inaugu-
rated without the characterization of the chemical structure. In
1919, Hudschinsky showed in parallel that UV light was able to
ameliorate rickets by increasing calcification in rachitic children
(Huldschinsky, 1919, 1926). Both findings of the cod liver oil and
the UV light preventing rickets remained independent observa-
tions until Hess and Weinstock elegantly could demonstrate that
the anti-rachitic vitamin D was produce by UV irradiation in skin
(Hess and Weinstock, 1925a,b). In 1936, Windaus and colleagues
determined the chemical structure of the fat-soluble seco-steroid
vitamin D (Windaus et al., 1936).

The vitamin D definition comprises a group of molecules
called the calciferols. The main forms present in foods are chole-
calciferol (vitamin D3) and ergocalciferol (vitamin D;), whereas
the metabolite 25-hydroxycholecalciferol (25-hydroxyvitamin
Ds3) is a natural part of the food chain by its occurrence in animal
products. Vitamin D3 is unique by the fact that the same nutrient
can be synthesized in the skin through the action of sunlight or
being taken up by diet. This dual source of intake secures the body
to maintain sufficient vitamin D levels in the body. The produc-
tion in skin is usually the major vitamin D3 source for the body.
However, in countries that receive insufficient sun exposure, peo-
ple rely on dietary vitamin D as a major source. Exposure of the
precursor 7-dehydrocholesterol in the basal and suprabasal layers
of the epidermis to ultraviolet B (UVB) light with a wavelength
of 290-315nm is needed for the formation of the previtamin
Ds. The subsequent conversion is a non-enzymatic process that
includes a thermal isomerization of the previtamin D3 to pro-
duce vitamin D3 (Collins and Norman, 2001; Holick, 2011). This
vitamin D3 is rapidly converted to 25-hydroxyvitamin D3 in the
liver. The vitamin D status is evaluated by measuring the circu-
lating levels of serum 25-hydroxyvitamin D, which is the sum of
cutaneous synthesis (vitamin D3) or dietary contribution (vita-
min D3 and vitamin D,). The 25-hydroxyvitamin D3 needs to
be further hydroxylated in the kidney (or locally in other organs
Lehmann et al.,, 2001) to form 1,25-dihydroxyvitamin Ds, the
active endogenous hormone, which is responsible for most of

the physiological actions of vitamin D through the binding to
the vitamin D receptor (VDR). The plant-derived vitamin D is
processed in the same way. For both vitamers, vitamin D;, and
vitamin D3, the consecutive molecular action is believed to be
identical, whereas only 1,25-dihydroxy vitamin Dj3 is the endoge-
nous hormone, the activated vitamer 1,25-dihydroxyvitamin D,
is hormone mimetic. Therefore, it was not surprising that vita-
min D3 has been reported to be superior to vitamin D, in
terms of bioavailability and maintaining the vitamin D status by
the majority of studies (Trang et al., 1998; Armas et al., 2004;
Romagnoli et al., 2008; Glendenning et al., 2009; Heaney et al.,
2011; Lehmann et al., 2013). Only one study reported that the
two vitamers were essentially equipotent (Holick et al., 2008).

The level of cutaneous vitamin D3 synthesis is mainly affected
by the amount of solar UVB radiation reaching the human skin,
which is a function that needs to take into account the wavelength,
thickness of the ozone layer in the atmosphere and solar zenith
angle. Furthermore, the geographic latitude, season of the year
and time of day influence and restrict the skin-borne synthesis
of vitamin D3 (Webb et al., 1988; Holick, 2011). It was described
that vitamin D3 synthesis in the skin declines with age, which is
due in part to a fall of 7-dehydrocholesterol and the morpholog-
ical changes due to biological aging (MacLaughlin and Holick,
1985; Holick et al., 1989). Matsuoka et al. (1991) have shown
that in Caucasians and Asian subjects having a lighter skin pig-
mentation UVB radiation produce significantly higher vitamin
D3 serum levels than in African American and East Indian groups.
It is not of a surprise that skin pigmentation reduces vitamin D3
formation. This skin tone dependent down regulation is easily
overcome by increased sun exposures (Armas et al., 2007). Apart
to darker pigmented skin, cutaneous vitamin D3 production can
be reduced for many other reasons like severe air pollution in
large cities, less outdoor activity as a consequence of an unhealthy
lifestyle change, immobility of institutionalized elderly popula-
tions, topical application of sunscreens with a high sun protection
factors or cultural dress codes (e.g., veiling). Therefore, dietary
intake of vitamin D through foods or supplements plays a vital
part to maintain healthy vitamin D levels.

Through nutrition, vitamin D intake is limited. There are
few naturally-occurring food sources containing relevant levels of
vitamin D. Table 1 summarizes the vitamin D content in selected
foods. Vegetarian diets are limited to the plant vitamin D, that
is only present in some mushrooms. Commercially dark culti-
vated white button mushrooms contain low amounts of vitamin
D, only wild mushrooms or sun-dried mushrooms contain ele-
vated amounts of ergocalciferol (Mattila et al., 1994, 1999b, 2001;
Teichmann et al., 2007). Some commercial producers include an
UVB radiation step to increase the vitamin D, content in their
products (Mau et al., 1998; Roberts et al., 2008). Vitamin D,
is formed out from ergosterol in the mushrooms. Some plants
that are used as foods however can contain ergosterol, but this
provitamin form is not converted to vitamin D,. Vitamin D3
is not found in food-borne plants. In plants, the occurrence of
vitamin Dj-related compounds is scarce. Interestingly, species
belonging to the botanical Solanaceae family, like Solanum mala-
coxylon (Solanum glaucophyllum and Solanum glaucum), contain
a glycoside of the active 1,25-dihydroxyvitamin D3 hormone
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Table 1| Vitamin D content in raw products, processed foods, and fortified foods.

Category Foodstuff Range References

(g vitamin D (IVU vitamin D

per 100 g) per 100 g)
RAW PRODUCTS
Fish Herring 2.2-38.0 88-1,520 Kobayashi et al., 1995; Mattila et al., 1995a, 1997; Ostermeyer
and Schmidt, 2006; Byrdwell et al., 2013
Salmon 4.2-34.5 168-1,380 Kobayashi et al., 1995; Ostermeyer and Schmidt, 2006; Lu et al.,
2007; Byrdwell et al., 2013
Halibut 4.7-274 188-1,094 Ostermeyer and Schmidt, 2006; Byrdwell et al., 2013
Perch 0.3-25.2 12-1,012 Mattila et al., 1995a, 1997; Ostermeyer and Schmidt, 2006;
Byrdwell et al., 2013
Trout 3.8-19.0 152-760 Mattila et al., 1995a; Ostermeyer and Schmidt, 2006; Byrdwell
etal., 2013
Tuna 1.7-18.7 68-748 Takeuchi et al., 1984, 1986; Kobayashi et al., 1995; Byrdwell
etal, 2013
Mackerel 0.5-15.5 20-620 Egaas and Lambertsen, 1979; Aminullah Bhuiyan et al., 1993;
Kobayashi et al., 1995; Ostermeyer and Schmidt, 2006; Lu et al.,
2007
Cod 0.5-6.9 20-276 Kobayashi et al., 1995; Mattila et al., 1995a; Ostermeyer and
Schmidt, 2006; Byrdwell et al., 2013
Mushrooms Morel 4.2-6.3 168-252 Phillips et al., 2011
Dark cultivated white 0-0.2 0-8 Mattila et al., 2001; Teichmann et al., 2007; Phillips et al., 2011
bottom mushrooms
Wild grown mushrooms 0.3-29.8 10-1,192 Mattila et al., 1994, 1999b, 2001; Kobayashi et al., 1995;
Teichmann et al., 2007
Animal products Pork meat 0.1-0.7 4-28 Kobayashi et al., 1995; Bilodeau et al., 2011; Strobel et al., 2013
Beef meat 0-0.95 0-38 Kobayashi et al., 1995; Montgomery et al., 2000, 2002; Bilodeau
et al., 2011; Strobel et al., 2013
Chicken meat 0-0.3 0-12 Kobayashi et al., 1995; Mattila et al., 1995b; Bilodeau et al., 2011;
Strobel et al., 2013
Beef liver 0-14.1 0-560 Kobayashi et al., 1995; Mattila et al., 1995b; Montgomery et al.,
2000, 2002
Eggs 0.4-12.1 28-480 Mattila et al., 1992, 1999a; Kobayashi et al., 1995; Bilodeau et al.,
2011; Exler et al., 2013
PROCESSED FOODS
Fish Tuna (skipjack) liver oil 144,400 5,776,000 Takeuchi et al., 1984
Halibut liver oil 13,400 536,000 Egaas and Lambertsen, 1979
Cod liver oil 137.5-575.0 5,500-23,000 Egaas and Lambertsen, 1979; Takeuchi et al., 1984
Canned pink salmon 12.7-43.5 508-1,740 Bilodeau et al., 2011
Canned sardines 3.2-10 128-400 Mattila et al., 1995a
Smoked salmon 4.9-272 196-1,088 Ostermeyer and Schmidt, 2006
Mushrooms Irradiated mushrooms 6.6-774 264-3,094 Mau et al., 1998; Roberts et al., 2008
Dairy Butter 0.2-2.0 8-80 Kobayashi et al., 1995; Mattila et al., 1995b; Jakobsen and
Saxholt, 2009
Cheese 0-0.1 0-4 Mattila et al., 1995b; Wagner et al., 2008
FORTIFIED FOODS
Cereals Corn flakes 2-4.7 87-189 Haytowitz et al., 2009; U.S. Department of Agriculture, 2013
Beverages Orange juice 1.1 44 Wacker and Holick, 2013
Malted drink mix, 3 123 Haytowitz et al., 2009; U.S. Department of Agriculture, 2013
powder
Dairy Milk 1.1-2.0 42-79 Calvo et al., 2004; Haytowitz et al., 2009; U.S. Department of
Agriculture, 2013
Cheese 2.6-25.0 102-1,000 Haytowitz et al., 2009; Tippetts et al., 2012; U.S. Department of

Agriculture, 2013

www.frontiersin.org July 2014 | Volume 5 | Article 248 | 85


http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive

Bendik et al.

Vitamin D an important micronutrient

(Boland, 1986; Boland et al., 2003; Japelt et al., 2013). This decid-
uous shrub (1.5-3.0 m stem length) is widely distributed in the
provinces of Buenos Aires in Argentina and in Brazil and is
responsible for the calcinotic disease in cattle and other grazing
animal.

Animal food products are the main dietary source for natu-
rally occurring vitamin D3 (Schmid and Walther, 2013). Since the
discovery of vitamin D, vitamin D was associated with oily fish
products. It was driven by the early observation that the amount
of vitamin D in a teaspoon of cod liver oil was sufficient to pre-
vent rickets in infants. It is still the fish liver oil that contains the
highest amounts of vitamin Dj3. The highest reported concentra-
tion was found in skipjack liver oil 144,400 ug/100 g (Takeuchi
et al., 1984). The fish liver oils besides other nutritional ingre-
dients might contain high levels of vitamin A. The vitamin A to
vitamin D ratio in the fish liver oils is species and fishing area
dependent. The ratio range starts with a factor of 0.5 for skip-
jack liver oil and can even reach an extreme ratio of 119 (pollack
liver oil) (Takeuchi et al., 1984). This wide vitamin A to vitamin D
ratio range is the reason why fish liver oils often need further pro-
cessing. In fresh fish products we observe a huge variation in the
vitamin D3 content per 100 g wet weight (Egaas and Lambertsen,
1979; Takeuchi et al., 1984, 1986; Kobayashi et al., 1995; Mattila
etal.,, 1995a, 1997; Ostermeyer and Schmidt, 2006; Lu et al., 2007;
Byrdwell et al., 2013) (Table 1). Large variations in vitamin D3
content were found within the same species, but also between the
different fish species. Fish obtain their vitamin D3 requirements
through their diet (Holick, 2003). Therefore, the vitamin D3 levels
in the zooplankton, the primary food source of fish, or seasonal
changes in the zooplankton reservoirs in the different habitats,
might be the reasons for the observed fluctuation in the fish prod-
uct. Interestingly, the weight, the sex, or the age of the fish could
not be correlated to the vitamin D3 content. Furthermore, no sig-
nificant correlation between the tissue fat content and vitamin D
levels was detected (Mattila et al., 1995a, 1997). Significant dif-
ferences in vitamin D3 content were found between muscle and
skin tissues and even more pronounced between muscle and liver
tissues (Takeuchi et al., 1986). The 25-hydroxyvitamin D3 com-
pound was also detected, though at low concentrations (Takeuchi
et al., 1986; Mattila et al.,, 1995a; Ovesen et al., 2003; Bilodeau
etal., 2011).

Wild and sun-dried mushrooms can be a good dietary source
of vitamin D, (Mattila et al., 1994, 1999b, 2001; Kobayashi et al.,
1995; Teichmann et al., 2007; Phillips et al., 2011). However,
the commercially produced mushrooms, e.g., the white button
mushroom, do not contain or contain only very low amounts of
vitamin D, (Mattila et al., 2001; Teichmann et al., 2007; Phillips
et al., 2011). The vitamin D, content in commercially produced
mushrooms can be increased by UVB exposure during the cul-
turing or the postharvest process (Mau et al., 1998; Roberts et al.,
2008). The concentration of vitamin D in eggs can vary from 0.4
to 12.1 pg (Parrish, 1979; Mattila et al., 1992, 1999a; Bilodeau
et al., 2011; Exler et al,, 2013), it is in a similar range like offal
(Mattila et al., 1995b; Montgomery et al., 2000, 2002). Other ani-
mal products like pork, beef, and chicken muscle meat are low
in vitamin D content (Mattila et al., 1995b; Montgomery et al.,
2000, 2002; Bilodeau et al., 2011; Strobel et al., 2013). By adding

vitamin Dj into the feed, the vitamin D3 content can be increased
in muscle and liver of cattle, to 4.6 ug per 100 g of tissue and
99.6 g per 100 g of tissue, respectively (Montgomery et al., 2004).
Milk, unless fortified, has been shown to contain no or very
little amounts of vitamin D, whereas in dairy products like but-
ter and cheese the vitamin D content is higher, but in serving
size amounts still very low (Kobayashi et al., 1995; Mattila et al.,
1995b; Jakobsen and Saxholt, 2009; Trenerry et al., 2011). In gen-
eral, household cooking seems to have some effect on vitamin
D stability depending on the actual foodstuffs and the heat-
ing process used (Mattila et al., 1999b; Jakobsen and Knuthsen,
2014).

To meet the vitamin D needs in the countries some states
fortify foods. Dairy products are ideal for vitamin D fortifica-
tion. In Canada vitamin D fortification is mandatory for milk
(1 ng/100ml) and margarine (13.3 ug/100g) (Health Canada,
2014). In other countries, like the United States, vitamin D for-
tification is optional for products like milk, breakfast cereals,
and fruit juices (Calvo et al., 2004). In the U.S. Department
of Agriculture (2013) of the US Department of Agriculture
(USDA)’s Nutrient Databank System (Haytowitz et al., 2009),
5036 foods have been determined for their vitamin D content, of
which only 259 food items had detectable vitamin D levels. The
data showed that per serving only seven fish products had >15 pg
vitamin D. All 29 foods that contained between 2.5 jLg 15 g vita-
min D per serving were either fortified foods (21) or fish produce
(8). Two-thirds of all vitamin D containing foods were far below
the 1.0 g level, whereas 20 percent had even negligible vitamin
D content per serving (below 0.1 jLg).

Despite the fact that moderate sun exposure of arms and legs
in summer for 5-30 min between the hours of 10 a.m. and 3 p.m.
twice a week is enough to produce sufficient vitamin D3 in the
body (Holick, 2007), it is astonishing that many populations that
live at these privileged latitudes fail to achieve this goal (Holick
and Chen, 2008; Lips, 2010; Wahl et al., 2012; Hilger et al., 2014).
During winter time, when vitamin D3 production by the sun
ceased, adequate vitamin D levels can only be achieved by UVB
exposure from indoor tanning units, or by a daily diet of for-
tified foods or a few selected food items. This restricted list of
options to achieve sufficient levels is one of the reasons, why the
use of dietary vitamin D supplements has become so popular. It
is currently the most applied and secure option to reach adequate
vitamin D intake levels (Holick, 2007).

VITAMIN D MAP, MALNUTRITION, HIDDEN HUNGER, AND
NUTRITION SECURITY

An accepted biomarker for the vitamin D status in the gen-
eral population is to measure the serum concentration of
25-hydroxyvitamin D levels, which is the major circulating form
of vitamin D and reflects both dietary vitamin D intake and
the endogenous vitamin D production (Lips, 2001, 2007). The
serum concentration of 25-hydroxyvitamin D is linked to the
serum level of the active hormone 1,25-dihydroxyvitamin D and
also to the clinical relevant parathyroid hormone level. Lips has
classified the 25-hydroxyvitamin D levels into four stages (Lips,
2001; Lips et al., 2013): severe deficiency (<12.5nmol/L), defi-
ciency (12.5-25 nmol/L), insufficiency (25-50 nmol/L), repletion
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(>50 nmol/L). The thresholds for severe deficiency and deficiency
are undisputed; however, a controversy has arisen for defining the
border between insufficiency and repletion. In 2011, the Institute
of Medicine (IOM) suggested a serum level of 50 nmol/L as the
value at which 97.5% of the vitamin D needs of the popula-
tion would be covered (Institute of Medicine, 2011; Ross et al.,
2011), whereas, the Endocrine Society (ES) defined it to be higher:
75nmol/L (Holick et al., 2011). All deficiency levels including
insufficiency, as so-called mild deficiency, must be prevented
through focused supplementation.

In 2010, the Institute of Medicine (IOM) introduced new
dietary reference intake (DRI) values for vitamin D after com-
prehensive reviewing of more than 1000 high quality research
articles to renew thereby their first settings from 1997 (Institute of
Medicine, 2011). The DRIs address an adequate nutritional intake
of all sources. The IOM has set the dietary allowance (RDA) to 600
IU per day for the general population and at 800 IU per day for
persons 70 years and older, whereas 1 IU is the biological equiv-
alent of 0.025 pg vitamin D3. The tolerable upper intake level or
UL (Upper Level of Intake), which represents the safe upper limit,
was set to 4000 IU per day for vitamin D intake (Ross et al., 2011).
The new RDAs reflect the scientific outcome from large dietary
studies that revealed vitamin D insufficiency (Looker et al., 2002;
Zadshir et al., 2005). In 2012, Troesch et al. analyzed the vitamin
intake from different dietary surveys that included the German
Nutritional Intake Study (Nationale Verzehrstudie II) 2008 (Max
Rubner-Institut, 2008), the US National Health and Nutrition
Examination Survey (NHANES) from 2003 to 2008 (Centers for
Disease Control and Prevention & National Center for Health
Statistics, 2009), the UK (The British National Diet and Nutrition
Survey, 2003) (Henderson et al., 2003) and the Netherlands (van
Rossum et al., 2011), and could confirm that vitamin D is one of
the critical vitamins, which intake is below the recommendation
(Troesch et al., 2012).

A gap exists between the intake and the recommendation
of vitamin D. The chronic insufficient intake of micronutrients
like vitamin D without seeing immediate clinical signs is called
Hidden Hunger. Hidden Hunger, in particular for vitamin D,
is more prevalent in the populations of the developed coun-
tries as anticipated (Biesalski, 2013). Hidden Hunger is a threat
for the nutrition security for a given country. Nutrition security
mandates sufficient micronutrients in an adequate food supply
and is required to safeguard an optimal nutritional status of a
population.

Many groups have identified vitamin D deficiency or insuf-
ficiency to become a public health problem worldwide (Holick,
2007; Holick and Chen, 2008; Mithal et al., 2009; Lips and Van
Schoor, 2011; Wahl et al., 2012; Hilger et al., 2014). Mithal et al.
(2009) described in their global report that most populations
do not achieve a desirable vitamin D status and particular peo-
ple at risk and elderly people suffer from vitamin D deficiency.
In two reports, the International Osteoporosis Foundation (IOF)
and its partners published the global vitamin D status map (Wahl
et al., 2012; Hilger et al., 2014). The vitamin D map was based
on a systematic review of the worldwide vitamin D levels, using
all available publications published between 1990 and February
2011 (Hilger et al., 2014). Eligible studies include 168,389 par-
ticipants from the general populations throughout the world

where the mean or median serum 25-hydroxyvitamin D levels
were measured. Studies included had a cross-sectional design or
were based on a population based cohorts. The analysis identi-
fied nearly 200 studies from 44 countries, whereas only half of
the studies were included in the global vitamin D status map as
50.2% of the studies were not representative for the target pop-
ulations. Figure 1 shows the global vitamin D status map listed
by countries and by continents. The largest numbers of studies
were performed in Europe, followed by North America and Asia-
Pacific. Available data from Latin America and even more from
Africa are limited. Results of this review showed that 6.7% of the
population were vitamin D deficient (mean 25-hydroxyvitamin D
values <25 nmol/L), 37.3% were vitamin D insufficient according
to IOM (mean values below 50 nmol/L) and 88.1% of the popula-
tion showed an insufficient vitamin D status according to the ES
(mean values below 75 nmol/L). No significant differences were
found for gender or age, when looking at the worldwide data, but
some regional differences could be identified (Hilger et al., 2014).
The 25-hydroxyvitamin D serum levels were higher in Europe and
the US, when compared to Middle East and Africa. This might
be due to the vitamin D food fortification programs in North
America (Prentice, 2008). Furthermore, the systematic analysis
revealed that institutionalized elderly were more at risk to have
low 25-hydroxyvitamin D levels in Europe and Asia/Pacific. The
compared non-institutionalized elderly group showed higher lev-
els, possibly due to spending more of time outdoors. The group
of institutionalized elderly is therefore at high risk to become
vitamin D deficient. Further research is needed to inform pub-
lic health policy makers to reduce the risk for potential health
consequences of low vitamin D status.

In the past few years the national recommendations for dietary
vitamin D were adjusted in several countries; they are not harmo-
nized across the European Union yet and vary from 200 to 800
IU. The higher recommendations for dietary vitamin D intake
are increasingly being suggested in government documents, posi-
tion statements and clinical practice guidelines for bone health. In
2008, the US Food and Drug Administration updated the health
claim for the prevention of osteoporosis by including vitamin D
to the consumption of calcium (Food and Drug Administration,
2008). In 2008, the American Academy of Pediatrics also reacted
and issued an update of their guidelines for vitamin D intake and
rickets prevention (Perrine et al., 2010). They doubled the rec-
ommended dose of vitamin D for children to 400 IU per day,
beginning in the first few days of life and continuing throughout
adolescence. In 2010, the Institute of Medicine (IOM) released the
revised Dietary Reference Intakes (DRI’s) for calcium and vitamin
D and tripled the recommendations for vitamin D intakes to 600
IU per day for children and all adults up to age 69 years (Institute
of Medicine, 2011). The IOM stated that there was insufficient
evidence to make recommendations for non-skeletal benefits.

In 2012, the German, Austrian, and Swiss Nutrition Societies
raised the recommended vitamin D intake to 800 IU per day, in
case of absent UVB exposure, for all age groups starting from
1 year of age (German Nutrition Society, 2012). Furthermore,
key opinion leaders are increasingly recommending higher daily
intakes for vitamin D, between 800 and 1000 IU or even higher for
people at risk or older adults. The recent statement by the IOF and
the guidelines by the US ES suggest that higher vitamin D doses
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FIGURE 1 | Overview of published 25-hydroxyvitamin D mean/median
values by countries (modified from Hilger et al., 2014). The color
trend from red, yellow to green shown above the graphical diagram
represents the current uncertainty around the definition of
25-hydroxyvitamin D3 serum thresholds starting from severe deficiency

75 100 125

(red), deficiency, insufficiency to total repletion (green). The reported
means are shown as black circles, studies that reported medians are
given in gray circle. The study size is indicated by the circle size.
Mean/median values falling within the intensely red zone are most
consistent with severe vitamin D deficiency.

would be needed to achieve the desirable 25-hydroxyvitamin
D serum level of 75nmol/L for people at risk or older
individuals.

Increasing the vitamin D levels in the population would
also ameliorate health economics. Grant and colleagues cal-
culated the benefit of increasing vitamin D levels to reduce
the economic burden of diseases (Grant et al., 2009). A rise
in the vitamin D serum level of all Europeans to 40 nmol/L
would reduce the economic burden of different diseases and
could save health care costs of up to 16.7%. Besides reduc-
ing the economic costs, vitamin D intake could in addition
also reduce mortality rates and maintain a longer healthy life
style.

NUTRITIONAL RESEARCH TO ADDRESS AND UNDERSTAND
VITAMIN D INSUFFICIENCY

Vitamin D deficiency is undoubtedly linked to severe conse-
quences in the growing child by causing incomplete mineral-
ization of the bone and in the adult accounting to wasteful
osteomalacia. In the vitamin D insufficiency stage, this severity
gets gradually less, but the outcome remains unchanged. Besides
the established and accepted functional skeletal health relation-
ship, more and more evidence is accumulating for falls (Pfeifer
et al., 2000, 2009; Bischoff et al., 2003; Flicker et al., 2005; Broe
et al., 2007; Prince et al., 2008; Bischoff-Ferrari et al., 2009) and
physical performance (Bischoff-Ferrari et al., 2004; Houston et al.,
2011; Ceglia et al., 2013; Redzic et al., 2013; Sohl et al., 2013;
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Tieland et al., 2013), which has been recognized by a health claim
of the European Food and Safety Authority in 2011: “Vitamin D
may reduce the risk of falling. Falling is a risk factor for bone frac-
tures.” This health claim is targeting men and women 60 years
of age and older and the dose required is a daily consumption
of 800 IU vitamin D, which can come from all sources. Further
emerging vitamin D health relationships include physiological
parameters like improved immune response (Baeke et al., 2010;
Schwalfenberg, 2011; Hewison, 2012; White, 2012), improved res-
piratory health(Berry et al., 2011; Charan et al., 2012; Choi et al.,
2013; Hirani, 2013) possibly also relate to reduced tuberculosis
incidence (Nnoaham and Clarke, 2008; Martineau et al., 2011;
Mitchell et al., 2011; Coussens et al., 2012; Salahuddin et al.,
2013; Huaman et al., 2014); and reduced risk to develop autoim-
mune diseases like multiple sclerosis (Solomon and Whitham,
2010; Cantorna, 2012; Dobson et al., 2013) or type 1 diabetes
(Hypponen et al., 2001; Holick, 2003; Ramos-Lopez et al., 2006;
Baeke et al., 2010; De Boer et al., 2012; Dong et al., 2013; Van Belle
et al., 2013). In chronic, non-communicable diseases, vitamin D
deficiency is being discussed to possibly ameliorate the incidence
of some neoplastic diseases like colorectal, lung, prostate, and
breast cancers (Ng et al., 2008; Rosen et al., 2012; Welsh, 2012;
Cheng et al., 2013); cardiovascular diseases (CVDs) including
hypertension, myocardial infarction, stroke (Forman et al., 2007;
Giovannucci et al., 2008; Gardner et al., 2011; Bischoff-Ferrari
et al., 2012; Tamez and Thadhani, 2012; Karakas et al., 2013; Pilz
et al., 2013a; Schroten et al., 2013); life-style diseases like obesity
and type 2 diabetes (Pittas et al., 2007; Gonzalez-Molero et al.,
2012; Khan et al., 2013; Pilz et al., 2013b; Schottker et al., 2013;
Tsur et al., 2013; Van Belle et al., 2013; Bouillon et al., 2014); dis-
eases related to the decline in sight function including age-related
macular degeneration (Parekh et al., 2007; Millen et al., 2011; Lee
et al., 2012); and neurological disorders including Alzheimer and
Parkinson disease (Buell and Dawson-Hughes, 2008; Annweiler
etal., 2012; Eyles et al., 2013; Zhao et al., 2013). One may wonder
about the width of possible implications being looked at, but con-
sidering the more than 1000 genes which vitamin D is regulating
through the VDR (Carlberg and Campbell, 2013), this may actu-
ally not be a surprise. To determine the potential role of vitamin D
supplementation in the prevention or treatment of chronic non-
skeletal diseases notwithstanding, large-scale clinical trials are
demanded. In this respect for the nutrition field, four new large-
scale ongoing long-term supplementation studies are expected to
deliver results in near future (Table 2). The two very large stud-
ies, VITAL trial (n = 20, 000) and FIND study (n = 18, 000), are
meant to deliver clinical evidence for the effect of vitamin Dj3
on cancer, CVD and diabetes outcomes. The two smaller trials,
CAPS and DO-HEALTH, each having more than 2,000 partic-
ipants are including cancer, infections, fractures, hypertension,
cognitive function, and physical performance outcomes. In all
four studies the placebo group will produce vitamin D3 in the skin
and will possibly consume vitamin D through food, and there-
fore this will narrow the vitamin D serum level gap between the
placebo and treatment groups. It remains to be seen whether the
applied supplementation doses (2000 IU and 1600 IU, 3200 1U)
will be sufficient to see a clear difference between the treatment
and the control groups. An open likelihood will remain for the

placebo group potentially obtaining sufficient vitamin D3 (600—
800 IU) levels that are considered to be sufficient for skeletal
effects. In such a case only an incremental increase of an addi-
tional ~1000 IU can be considered as the effective dose, for which
no power calculation was available at the time before study begun.
In light of such a situation, it will be of interest whether the
micronutrient triage theory of Bruce Ames can be validated with
vitamin D3 (Ames, 2006; McCann and Ames, 2009). The triage
theory postulates, as a result of recurrent shortages of micronu-
trients during evolution, that the body has selected and developed
a metabolic rebalancing response to shortage. These rebalanc-
ing favored micronutrient-needs for short term survival, while
those only required for long-term health were starved. In the case
of the micronutrient vitamin D3, calcium and bone metabolism
can be considered to be secured with highest priority, there-
fore, it might be speculated that the 600-800 IU intake would
satisfy this vitamin D3 serum level threshold. For the chronic
non-skeletal diseases however, which have only secondary prior-
ity in an evolutionary perspective, higher serum vitamin D3 levels
would be required. The ongoing four vitamin D3 studies that have
chronic diseases as their main outcomes and use nutritionally rel-
evant ~2000 IU are therefore well-suited to address whether the
triage theory holds also true for the micronutrient vitamin Ds.

Vitamin D3 once in the blood immediately binds to the vita-
min D-binding protein (DBP) and gets transported into the
liver (Holick, 2007). The first hydroxylation at position 25 gen-
erates the major circulating metabolites 25-hydroxyvitamin Ds.
This metabolite circulates throughout all organs and undergoes
hydroxylation at position 1, which occurs mainly in the kid-
ney, but also in other organs, to form 1,25-dihydroxyvitamin
D3, the active hormone. Besides the major circulating metabo-
lite 25-hydroxyvitamin D3 and the hormonally active metabo-
lite 1,25-dihydroxyvitamin D3, more than 35 additional vitamin
D3 metabolites are formed by the body (Bouillon et al., 1995;
Norman et al., 2001). It is speculated that they might be interme-
diates in the catabolism of 1,25-dihydroxyvitamin D3. The human
body has evolved many CYP enzymes and invests energy to form
these additional 35 vitamin D3 metabolites, whether this is for the
purpose to catabolize 1,25-dihydroxyvitamin D3, remains still to
be answered. More appealing is the theory that these metabolites
are formed to fulfill yet unknown functions of vitamin Dj3. This
perspective could potentially also account to the pleiotropic non-
skeletal health benefits reported by the many vitamin D intake
studies. For some of the vitamin D3 metabolites like the 24R,25-
dihydroxyvitamin D3 potential function was explored in vitro
(Norman et al., 2002).

The 24R,25-dihydroxyvitamin D3 has been shown to be an
essential hormone in the process of bone fracture healing. The
24R,25-dihydroxyvitamin D3 most likely initiates its biological
responses via binding to the ligand binding domain of a postu-
lated cell membrane receptor VDRmema4,25, similar to the better
studied, but still not cloned cell membrane receptor for 1,25-
dihydroxyvitamin D3, VDRyem1,25 (Norman et al., 2002). From
the nutritional point of view, it will be of interest to investigate
the function of the all vitamin D3 metabolites and relate the func-
tion to the level of vitamin D3 intake to secure the health benefit
according to the triage theory.
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According to the current knowledge, the vitamin D endocrine
system is funneled through the biologically most active metabo-
lite 1,25-dihydroxyvitamin Dj that is mainly produced in
the kidney, but also in other organs (Bouillon et al., 2013).
Mechanistically 1,25-dihydroxyvitamin D3 binds the VDR
directly on a DNA sequence, the 1,25-dihydroxyvitamin D3
response element (VDRE), in the regulatory region of pri-
mary 1,25-dihydroxyvitamin D3 target genes (Carlberg and
Campbell, 2013). The VDR forms together with the retinoid
X receptor or putative other transcription factors a het-
erodimer on the VDRE, recruiting tissue-specific transcriptional
co-activators and regulates through a conformational change
upon 1,25-dihydroxyvitamin D3 binding the downstream gene.
The VDR is widespread in more than 30 tissues (Bouillon et al.,
1995) and may trigger expression of more than 1000 genes
through 1,25-dihydroxyvitamin (Carlberg et al., 2013; Hossein-
Nezhad et al., 2013). The regulation of tissue-specific gene expres-
sion by 1,25-dihydroxyvitamin D3 is of high interest, as it guides
us toward the better understanding of the mechanistic action
of vitamin D3 in the different tissues. The gained knowledge
from the mechanistic studies can help to design smaller and
more focused nutritional intervention RCTs to answer whether
vitamin D contributes to a specific health benefit of interest.
In this respect the GeneChip-based transcriptomics methodol-
ogy using high-density microarrays demonstrated the expres-
sion of genes in a variety of important functions of more than
100 different pathways that could be linked to vitamin D defi-
ciency (Bossé et al., 2007; Tarroni et al., 2012; Hossein-Nezhad
et al., 2013). The development of chromatin immunoprecipita-
tion (ChiP) methodology linked to site-specific PCR amplifica-
tion of the VDR bound genomic DNA fragment, and later the
methods using tiled microarrays (ChiP-chip) applying the first
unbiased genome-wide approach, which then was followed by
the massive parallel NGS sequencing approach of the immuno-
precipitated DNA segments, opened up new avenues to inves-
tigate 1,25-dihydroxyvitamin D3 target genes in selected tissues
(Ramagopalan et al., 2010; Heikkinen et al., 2011; Carlberg et al.,
2012, 2013; Pike et al,, 2014). In an elegant study, Carlberg
et al. identified in samples of 71 pre-diabetic individuals of the
VitDmet study changes in serum 25-hydroxyvitamin D3 concen-
trations that were associated to primary vitamin D target genes
(Carlberg et al., 2013). Based on their finding the authors pro-
posed the genes CD14 and THBD as transcriptomics biomarkers,
from which the effects of a successful vitamin D3 supplementa-
tion can be evaluated. These biomarkers are potentially suitable
for displaying the transcriptomics response of human tissues to
vitamin D3 supplementation.

Epigenetic alterations of the genome refer to heritable and
modifiable changes in gene expression that are not affect-
ing the DNA sequence. They may be inherited as Mendelian,
non-Mendelian, or environmentally caused traits. One of the
1,25-dihydroxyvitamin D3 induced epigenetic modification was
shown for the hypo-methylating effect on the osteocalcin pro-
moter (Haslberger et al., 2006). 1,25-Dihydroxyvitamin D3 was
associated with the demethylation of the osteocalcin promoter
and induced the osteocalcin gene expression. The activity of
VDR can be modulated by epigenetic histone acetylation. The

VDR alone or in concert with other transcription factors can
recruit histone-modifying enzymes like histone acetyl trans-
ferases (HATS) or histone deacetylases (HDACs) and epigenically
direct transcriptional expression of downstream genes (Burrell
et al., 2011; Karlic and Varga, 2011; Sundar and Rahman, 2011;
Hossein-Nezhad et al., 2013). The trans-generational epigenetic
inheritance of vitamin Dj triggered epigenome modification is
not fully explored, however maternal vitamin D deficiency has
been discussed with adverse pregnancy outcomes or potential sus-
ceptibility for diseases (Burrell et al., 2011; Hossein-Nezhad and
Holick, 2012). For future nutritional research it would be of great
value to identify and validate epigenetic biomarkers that could
serve as risk assessment tool for vitamin D insufficiency related
susceptibility to develop a disease later in life.

Variations in vitamin D status have been shown to be related
to inheritance. The disparity of vitamin D levels according to
ethnicity given skin pigmentation is well-established (Cashman,
2014; Ng et al., 2014). Dark skinned population individuals have
compared to Caucasian descendants almost one-half the serum
concentrations of 25-hydroxyvitamin D (Nesby-O’dell et al,
2002). From twin studies it has been estimated that the heritabil-
ity of genetic regulation of vitamin D levels to be between 23
and 80% (Dastani et al., 2013). In addition, large-scale genetic
association studies using linkage disequilibrium analysis have
identified genetic loci correlating with serum vitamin D level
within five candidate genes (Dastani et al., 2013). The identified
SNPs are within the lalpha-hydroxylase of 25-hydroxyvitamin
D (CYP27B1) gene, the 25-hydroxylase of vitamin D (CYP2R1)
gene, the vitamin D carrier protein (GC) gene, the VDR gene, and
the cytochrome P-450 (CYP24A1) gene coding for an enzyme that
inactivates 1,25-dihydroxyvitamin D. It is important to note that
replication studies in separate populations have to follow to ver-
ify the validity of the identified SNPs. The SNP information will
provide the additional guidance toward a personalized nutritional
advice to reach a sufficient vitamin D status.

CONCLUSION AND FUTURE PERSPECTIVES

In the recent years the knowledge about vitamin D and its impli-
cations have extended far beyond its classical role in bone health
in either fields of basic research as well as in human trials. In par-
ticular, the evidence for the role of vitamin D in reducing the risk
of fractures as well as decreasing the risk for falling is convinc-
ing and authorities have responded to it. Besides a health claim
issued by the EFSA on the risk reduction for falling the dietary
intake recommendations have been significantly increased in sev-
eral countries such as the US and in Europe (Austria, Germany,
Switzerland). A number of other countries around the globe are in
the process of establishing new dietary intake recommendations
as well. It turns out that on average a daily intake of 600-800 IU
vitamin D appears to be required to meet fundamental needs of
the human body, for specific applications higher daily intakes may
be necessary, which will become clearer as the results of a number
of ongoing clinical studies will become available.

The obvious question to answer is: do people obtain the rec-
ommended amounts of vitamin D? The diet is typically only a
minor vitamin D source as only few food items contain relevant
amounts of vitamin D, such as fatty sea fish. The primary vitamin
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D source for humans is the vitamin D synthesis in the skin
from vitamin D precursors by the sunlight—provided the skin
is sufficiently exposed to strong enough sun radiation. Several
groups have reviewed the published results on 25-hydroxyvitamin
D serum levels the established marker of the vitamin D status,
showing that low 25-hydroxyvitamin D levels are found in many
cohorts around the world. A recent systematic review of the global
vitamin D status (Hilger et al., 2014) showed that 6.7% of the
overall populations reported deficient 25-hydroxyvitamin D lev-
els below 25 nmol/L, 37% had 25-hydroxyvitamin D levels below
50 nmol/L, and only 11% were above 75nmol/L, which is con-
sidered an adequate status by the IOF and the ES. So a very
important task ahead of us is to find efficient ways to improve the
vitamin D status on the population level, be it by dietary means,
food fortification, or dietary supplements.

In addition, it will be very important to gather sound and
convincing evidence for the many additional implicated health
benefits of vitamin D besides the ones that already reached a
health claim status and to see which of them will actually hold
up. This will require appropriate human studies on the one hand,
and also involve the appropriate use of the novel experimental
approaches like nutrigenomics, nutrigenetics, and nutriepigenet-
ics on the other hand. In conclusion, the evidence we have for
vitamin D in human health is exciting, however we have to make
sure that appropriate measures are taken to improve the vitamin
D status to the levels required to be beneficial for human health.
In future, we will also need to further apply, exploit and invest in
novel, innovative and break-through technologies in the vitamin
D research to understand the underlying mechanisms by which
vitamin D is exerting so many effects in the human body, which
is knowledge needed to the purpose to obtain and secure optimal
public health through nutrition.
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INTRODUCTION

Immunomodulatory responses to the active form of vitamin D (1,25-dihydroxyvitamin
D, 1,25D) have been recognized for many years, but it is only in the last 5 years
that the potential role of this in normal human immune function has been recognized.
Genome-wide analyses have played a pivotal role in redefining our perspective on vitamin
D and immunity. The description of increased vitamin D receptor (VDR) and 1a-hydroxylase
(CYP27B1) expression in macrophages following a pathogen challenge, has underlined
the importance of intracrine vitamin D as key mediator of innate immune function. It
is now clear that both macrophages and dendritic cells (DCs) are able to respond to
25-hydroxyvitamin D (25D), the major circulating vitamin D metabolite, thereby providing
a link between the function of these cells and the variations in vitamin D status common
to many humans. The identification of hundreds of primary 1,25D target genes in immune
cells has also provided new insight into the role of vitamin D in the adaptive immune
system, such as the modulation of antigen-presentation and T cells proliferation and
phenotype, with the overarching effects being to suppress inflammation and promote
immune tolerance. In macrophages 1,25D promotes antimicrobial responses through
the induction of antibacterial proteins, and stimulation of autophagy and autophagosome
activity. In this way variations in 25D levels have the potential to influence both innate
and adaptive immune responses. More recent genome-wide analyses have highlighted
how cytokine signaling pathways can influence the intracrine vitamin D system and either
enhance or abrogate responses to 25D. The current review will discuss the impact of
intracrine vitamin D metabolism on both innate and adaptive immunity, whilst introducing
the concept of disease-specific corruption of vitamin D metabolism and how this may alter
the requirements for vitamin D in maintaining a healthy immune system in humans.

Keywords: macrophage, dendritic cell, intracrine, antigen-presentation, antibacterial, CYP27B1, VDR

actions of vitamin D (Wang et al., 2004), whilst also shedding light

Amongst the many reported extra-skeletal effects of vitamin D, its
ability to regulate immunity through effects on both the innate
and adaptive systems has received considerable attention. This
stems in part from homage to studies carried out more than a cen-
tury ago by a then relatively unknown scientist, Dr. Nils Finsen. In
1903 Dr. Finsen won the Nobel Prize for Medicine or Physiology
for showing that he could cure the epidermal form of tubercu-
losis (TB), lupus vulgaris, using concentrated light irradiation
(Moller et al., 2005). The subsequent discovery that exposure to
ultra-violet light promotes epidermal synthesis of vitamin D led
to further studies describing the successful use of oral vitamin
D supplementation to treat lupus vulgaris, and other mycobac-
terial infections such as leprosy (Airey, 1946; Herrera, 1949). The
advent of antibiotic therapies for infectious diseases appeared to
have consigned these studies to the history books. However, in
2006 the work of Finsen returned to center stage as a consequence
of a series of genome-wide analyses that revealed pathogen-
induction of an intracrine vitamin D system in monocytes (Liu
etal., 2006), and an associated mechanism for anti-mycobacterial

on how these responses may vary according to the vitamin D “sta-
tus” of any given individual. With increasing awareness of vitamin
D-deficiency across the globe (Holick, 2007), and ongoing discus-
sions concerning the physiological and clinical relevance of this
(Holick et al., 2011; Ross et al., 2011), these genome-wide analy-
ses have played a pivotal role in defining our new perspective on
non-classical vitamin D physiology. The current review will detail
these developments and how they have helped to define a role for
vitamin D in normal immune function.

ANTIBACTERIAL RESPONSES TO VITAMIN D

Despite its early use in the treatment of mycobacterial dis-
eases such as TB and leprosy (Airey, 1946; Herrera, 1949), the
immunomodulatory actions of vitamin D did not become clear
until much later. Elucidation of this important non-classical
action of vitamin D stemmed from two key observations. Firstly,
most proliferating cells within the immune system express the
nuclear receptor for active 1,25-dihydroxyvitamin D (1,25D)—
the vitamin D receptor (VDR). Initial studies focused on 1,25D
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binding capacity in cells from the adaptive immune system such
as T and B lymphocytes (T and B cells) (Bhalla et al., 1983;
Provvedini et al., 1983), with subsequent reports describing spe-
cific intracellular binding of 1,25D in cells from the innate
immune system such as monocytes/macrophages (Kreutz et al,,
1993), dendritic cells (DC) (Brennan et al., 1987), neutrophils
(Takahashi et al., 2002), and monocytic cell lines (Mangelsdorf
et al., 1984). The functional significance of these data was not
immediately clear but, nevertheless, it was assumed that VDR-
expressing immune cells were able to respond the circulating
active 1,25D in a similar fashion to classical vitamin D target
tissues such as the intestine, kidney, and bone. However, this
assumption was challenged by the second major observation link-
ing vitamin D and the immunity, namely the discovery of active
vitamin D metabolism by cells from the immune system.

Elevated serum levels of 1,25D reported for some patients with
the granulomatous disease sarcoidosis were shown to be due to
conversion of pro-hormone 25D to 1,25D by tissue and systemic
macrophages in these patients (Barbour et al., 1981; Adams et al.,
1983). Similar observations for other inflammatory and granu-
lomatous diseases (Kallas et al., 2010) suggested that immune
activity of the enzyme that catalyzes metabolism of 25D to 1,25D,
25-hydroxyvitamin D-la-hydroxylase (la-hydroxylase) was a
disease-related phenomenon. However, other studies, in vitro,
highlighting the potential for macrophage la-hydroxylase activ-
ity in the absence of disease (Koeffler et al, 1985; Reichel
et al., 1986) supported the exciting possibility that synthesis of
1,25D is part of normal immune function. Despite this, it was
another 20 years before evidence to support this proposal was
reported. Significantly, the major advances that provided this evi-
dence involved genome-wide strategies that explored both the
regulation and function of vitamin D by immune cells.

The first of the genome-wide studies to shed light on extra-
skeletal actions of vitamin D was published by John White and
colleagues at McGill University in Montreal and utilized a com-
bination of DNA array and in silico strategies. In this report,
DNA array analysis of 1,25D-regulated genes in squamous cell
carcinoma cells in vitro (Akutsu et al., 2001; Lin et al., 2002)
was combined with in silico analysis of genomic VDR binding
sites to provide a comprehensive overview of potential 1,25D-
VDR target genes (Wang et al., 2005). Genome-wide analysis of
DNA sequences that are able to bind liganded VDR revealed con-
sensus vitamin D response elements (VDRE) within the gene
promoters for two antibacterial proteins, cathelcidin (CAMP) and
B-defensin 2 (DEFB4) (Wang et al., 2005). Interestingly, although
both of these genes exhibited classical proximal promoter direct-
repeat 3 (DR3) consensus VDREs, only CAMP appeared to be
transcriptionally induced by 1,25D in monocytes (Wang et al.,
2005). The underlying mechanism for the differential regulation
of monocyte CAMP and DEFB4 by 1,25D was elucidated in sub-
sequent studies, the first of which described increased expression
of monocyte DEFB4 following co-treatment with 1,25D and the
inflammatory cytokine interleukin-1 (IL-1) (Liu et al., 2009).
Based on these observations and promoter analysis for the CAMP
and DEFB4 genes, it was concluded that transcriptional induction
of DEFB4 requires cooperative occupancy of nuclear factor-kB
(NF-kB) response elements as well as VDRE within the DEFB4

gene promoter. By contrast, induction of CAMP appears to be
primarily dependent on binding of VDR to promoter VDRE (Liu
et al., 2009). The importance of NF-kB and VDR as co-inducers
of DEFB4 transcription was further emphasized by studies of
the intracellular pathogen sensing protein NOD2 which is itself
transcriptionally induced by 1,25D (Wang et al., 2010b). Cells co-
treated with 1,25D and the ligand for NOD2, muramyl dipeptide
(MDP), a cell wall product of Gram-positive and Gram-negative
bacteria, showed potent NF-kB-dependent induction of DEFB4
(Wang et al., 2010b). In these studies expression of CAMP was
also enhanced by 1,25D-MDP co-treatment, suggesting that NF-
kB may cooperate with VDR in a variety of immunomodulatory
functions (Figure 1).

Subsequent functional studies confirmed that dose-dependent
vitamin D induction of CAMP transcription involves direct inter-
action between liganded VDR and VDRE in the CAMP gene
promoter (Wang et al., 2004; Gombart et al., 2005). Intriguingly,
the VDRE initially identified within the CAMP promoter appear
to be specific for subhuman and human primates, as there are
no similar motifs within equivalent genes for lower mammals
(Gombart et al., 2005). Acquisition of a VDRE by the CAMP
gene appears to have occurred following the introduction of an
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FIGURE 1 | Mechanisms for induction of vitamin D-mediated
antibacterial responses in monocytes. Schematic representation of
monocyte/macrophage responses to infection with a pathogen such as
Mycobacterium tuberculosis (M. tb). Pattern recognition receptors (TLR2/1)
sense M. tb and signal to induce expression of 1a-hydroxylase (CYP27B1)
and the vitamin D receptor (VDR). The resulting intracrine system for
vitamin D (blue arrows) converts 25-hydroxyvitamin D (25D) to
1,25-dihydroxyvitamin D (1,25D), which then binds to VDR and promotes
transcriptional regulation. Prominent responses to intracrine activation of
vitamin D (pink arrows) include: induction of antibacterial cathelicidin
(CAMP) and B-defensin 2 (DEFB4); suppression of iron-regulatory hepcidin
(HAMP); promotion of autophagy; induction of NOD2 expression; feedback
regulation of toll-like receptor (TLR) expression; increased bacterial killing.
For some responses (e.g., induction of DEFB4) accessory immune signals
(MDP binding to NOD2, and IL-1 responsiveness) cooperate with intracrine
vitamin D via nuclear factorkB (NF«B) (green arrows).
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Alu short interspersed nuclear element (SINE) that placed CAMP
under the control of 1,25D-VDR (Gombart et al., 2009b). This
primate-specific adaptation has been conserved in humans and
apes as well as Old World and New World primates, suggest-
ing that a mechanism for transcriptional regulation of CAMP
by vitamin D confers biological advantages. The assumption is
that this mechanism will be potently activated by the relatively
high circulating levels of 25D and 1,25D that are characteristic
of non-human primates (Adams et al., 1985). A similar mecha-
nism would also have been advantageous in early Homo sapiens
whose existence is likely to have been defined by routine exposure
to ultra-violet light and increased cutaneous vitamin D produc-
tion, with associated high circulating levels of 25D. Conversely,
in modern man where serum 25D status is more variable, this
antibacterial mechanism may be less effective. Whilst this hypo-
thetical mechanism broadly supports beneficial innate immune
effects of vitamin D supplementation, the important question still
remaining is how variations in serum levels of inactive 25D are
able to influence immune responses driven by intracellular 1,25D
and VDR. The answer to this question has been pivotal to our per-
spective on the non-classical actions of vitamin D and was, again,
provided by genome-wide analyses.

For cells from both within and outside the classical immune
system, recognition of and response to pathogens involves surveil-
lance of pathogen-associated molecular patterns (PAMPs) by
pattern recognition receptors (PRR). Prominent amongst these
PRRs is the extended family of Toll-like receptor (TLR) non-
catalytic transmembrane receptors which interact with specific
PAMPs (Moresco et al., 2011). To clarify the role of the TLR2/1
heterodimer in mediating innate immune responses to the TB
pathogen, Mycobacterium tuberculosis (M. tb), Liu and col-
leagues carried out DNA array analysis of gene expression in
human macrophages and DCs following treatment with one of
the putative PRRs for M. tb (Liu et al., 2006). Amongst the
many macrophage genes shown to be differentially regulated
by 19kDa lipoprotein (a TLR2-interacting PAMP), expression
of both CYP27B1 and VDR was increased (Liu et al., 2006)
(see Figure1). This genome-wide approach provided the first
unbiased evidence of a role for vitamin D metabolism and sig-
naling in innate immune responses to a pathogen. Crucially,
the TLR2/1-stimulus induced expression of both CYP27BI and
VDR, suggesting that macrophage responses to M. tb involve
an endogenous, intracrine, vitamin D system. Further studies
showed that macrophages co-treated with the TLR2/1-ligand,
19kDa lipoprotein were responsive to both active 1,25D and
inactive 25D, confirming the functional efficacy of the intracrine
model. Moreover, inhibition of either 1a-hydroxylase activity, or
VDR function blocked the actions of 25D, underlining the impor-
tance of cell-specific metabolism as a determinant of vitamin D
immunoregulation.

The specific functional read-outs used in the TLR2/1-M.tb
study were induction of mRNA for the vitamin D catabolic
enzyme 24-hydroxylase (CYP24A1) and the antibacterial protein
CAMP (Liu et al., 2006). Parallel analysis of the other antibac-
terial target gene for 1,25D, DEFB4, did not reveal significant
induction of this gene in the presence of 19kDa lipoprotein
and 25D. However, as outlined above, subsequent experiments

demonstrated that co-treatment with either IL-1 (Liu et al.,
2009), or the NOD2 ligand MDP (Wang et al., 2010b) coop-
erates with the TLR2/1 ligand and 25D to stimulate expression
of DEFB4. Antibacterial proteins such as CAMP and DEFB4
play a crucial role in vitamin D-mediated killing of intracellu-
lar bacteria. Monocytes treated with increasing concentrations of
CAMP peptide show a dose-dependent decrease in the viability
of internalized M. tb (Liu et al., 2006); a similar inhibition of
macrophage M. tb viability occurs in the presence of 25D, with
this effect being abrogated by a VDR antagonist. In other stud-
ies knockdown of either CAMP or DEFB4 decreased killing of
M. tb in macrophages, suggesting that both antibacterial pro-
teins are important in mediating vitamin D-induced responses
to mycobacterial infection (Liu et al., 2009). Both CAMP and
DEFB4 are detectable in the circulation where they are able to
support innate immune responses to extra-cellular pathogens
including anti-viral responses (Barlow et al., 2011; Tripathi et al.,
2013). However, pathogens such as mycobacteria are internal-
ized by phagocytosis, and bacterial killing can then take place
following fusion of the resulting phagosome with a lysosome to
form a phagolysosome. To evade this antibacterial process and
maintain intracellular viability M. tb can subvert the transition of
phagosomes to phagolysosomes (Vergne et al., 2004). In this situ-
ation, the host cell can restore pathogen encapsulation by evoking
alternative mechanisms such as autophagy, in which encapsula-
tion of organelles, cell proteins or intracellular pathogens in a
double-membrane autophagosome occurs prior to fusion with
lysosomes (Gutierrez et al., 2004). Although a well-recognized
feature of eukaryotic cells cytosolic homeostasis (Klionsky and
Emr, 2000), autophagy also appears to play a pivotal role in cel-
lular response to infection (Gutierrez et al., 2004; Deretic and
Levine, 2009). The ability of 1,25D and its synthetic analogs to
promote autophagy is well established (Hoyer-Hansen et al., 2005;
Wang et al., 2008), but recent data suggest that induction of
autophagy may be particularly important for vitamin D-induced
antibacterial responses to M. tb infection (Yuk et al., 2009; Shin
et al.,, 2011) (Figure 1). The precise mechanism for this is not
clear and may involve inhibition of the mammalian target of
rapamycin (mTOR) intracellular signaling system (O’Kelly et al.,
2006; Lisse et al., 2011) with mTOR acting to suppress the induc-
tion of autophagy (Sanjuan et al., 2009). It has also been suggested
that vitamin D-induced autophagy occurs via an indirect mecha-
nism, in that RNA-interference (RNAi) knockdown of antibacte-
rial CAMP was sufficient to abrogate 1,25D-induced autophagy
in monocytes (Yuk et al., 2009). In common with effects on
expression of antibacterial proteins, it was noted that mono-
cyte autophagy following activation of TLR2/1 involves enhanced
expression of VDR and CYP27B1 (Shin et al., 2011), further high-
lighting the importance of intracrine 25D metabolism and action
in normal human innate immunity.

Intracrine synthesis of 1,25D has also been shown to regulate
expression of another antibacterial protein, hepcidin antibacterial
protein (HAMP) (Bacchetta et al., 2013b). However, in contrast
to CAMP and DEFB4, the direct microbiocidal properties of
HAMP appear to be relatively weak. Instead, the major function
of HAMP appears to be suppression of the cell membrane pro-
tein ferroportin, the only known exporter of intracellular iron
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(Ganz, 2011). This link between HAMP and ferroportin in cells
such as enterocytes, hepatocytes and monocytes plays a key role
in the so-called anemia of infection or chronic disease (Ganz,
2009). Because pathogens such as bacteria utilize iron to maintain
growth, restriction of circulating iron concentrations provides
an important host response to systemic infection (Drakesmith
and Prentice, 2012). However, for pathogens such as M. tb that
attempt to evade immune surveillance at the intracellular level,
accumulation of iron within this environment may promote the
growth of internalized pathogens such as Salmonella typhimurium
(Nairz et al., 2007), M. tb (Schaible et al., 2002; Sow et al., 2007,
2009), and Chlamydia psittaci (Paradkar et al., 2008). Conversely,
innate immune and viral stimuli are known to stimulate the
expression of HAMP (Sow et al., 2009; Armitage et al., 2011).
In this setting suppression, rather than induction, of HAMP by
25D and 1,25D may be beneficial by abrogating HAMP-induced
suppression of ferroportin which, in turn, will favor iron export
and lower intracellular concentrations of iron. In studies carried
out by our group at UCLA, we have shown that 25D and 1,25D
suppress transcription of HAMP in monocytes and hepatocytes,
leading to increased membrane expression of ferroportin, and
decreased expression of ferritin (a surrogate biomarker for intra-
cellular iron concentrations) (Bacchetta et al., 2013b). Moreover,
in contrast to CAMP and DEFB4, elevated serum 25D levels (but
not 1,25D) following vitamin D supplementation of human sub-
jects in vivo were associated with potent suppression of circulating
concentrations of HAMP (Bacchetta et al., 2013b). It therefore
appears that regulation of the HAMP-ferroportin axis is another
key facet of vitamin D-mediated innate immune function, com-
plimentary to its reported effects on antibacterial proteins (Liu
et al., 2006; Adams and Hewison, 2008; Hewison, 2011), and
autophagy (Yuk et al., 2009; Shin et al., 2011) (see Figure1).
However, it is important to recognize that the effect of vitamin
D on serum levels of hepcidin may have additional consequences
that are both positive (suppression of anemia) and negative
(decreased hepcidin for systemic infection). This may be partic-
ularly important for patients with chronic kidney disease (CKD)
who commonly present with impaired circulating levels of 25D
and 1,25D, and who are at higher risk of infection. In CKD,
low serum 25D has been shown to correlate inversely with ane-
mia (Lac et al., 2010) and directly with blood hemoglobin levels
(Kiss et al., 2011). These effects may be due to dysregulation of
normal HAMP-ferroportin function under conditions of vitamin
D-deficiency, further emphasizing the importance of vitamin D
supplementation in these patients.

Vitamin D may also target other innate immunity
mechanisms. For example, studies in vitro have shown that
1,25D promotes hyporesponsiveness to PAMPs by downregu-
lating expression of TLR2 and TLR4 on monocytes (Sadeghi
et al., 2006). In this way, vitamin D appears to promote feedback
control pathways that limit antibacterial activity and other innate
immune responses, thereby preventing potential inflammatory
events that arise from an over-elaboration of immune responses,
notably inflammatory T cell responses. Paradoxically, vitamin D
can also promote responses that amplify innate immune func-
tion. Recent studies have described 1,25D-mediated induction
of the triggering receptor on myeloid cells-1 (TREM-1) (Kim

et al,, 2013), a cell surface protein associated with cytokine
and chemokine production (Bouchon et al., 2000) that can
also act to amplify TLR signaling (Bouchon et al., 2001). The
biological significance of this is still not clear and this mechanism
may be more important for cells such as neutrophils which are
the principal source of circulating CAMP. Neutrophils express
VDR but, unlike monocytes/macrophages, they do not appear
to express a functional la-hydroxylase and are therefore not
subject to intracrine activation of innate immune function. In
this setting, activation of proteins such as TREM-1 may help
to promote neutrophil responses to circulating 1,25D rather
than 25D through enhanced TLR-signaling. This, in turn, would
stimulate expression of VDR and sensitivity to 1,25D.

A similar cooperative TLR response has also been described
for epithelial keratinocytes, where basal expression of CYP27BI is
insufficient to facilitate intracrine induction of antibacterial pro-
teins by serum 25D. However, following skin wounding, locally
generated transforming growth factor B (TGFB) enhances expres-
sion of CYP27B1 (Schauber et al., 2007). The resulting TGFf-
driven CYP27BI expression is then able to stimulate intracrine
generation of antibacterial proteins such as CAMP to combat
potential infections associated with epidermal injury (Schauber
et al,, 2007). Interestingly, the TGFp-induced la-hydroxylase
activity was also associated with increased keratinocyte expres-
sion of TLR2 which further enhances surveillance of infectious
bacteria, but also suggests that the effects of vitamin D on TLR
expression are likely to be cell-specific. TGFP and 1,25D may
also cooperate to promote expression of other pathways linked
to enhanced innate immune responses to infection such as induc-
tion of the enzyme 5-lipoxygenase (5-LO) that catalyzes synthesis
of leukotrienes. Expression of 5-LO in human monocytes is
induced by both 1,25D and TGFB (Harle et al., 1998), with
1,25D enhancing expression of 5-LO through novel promoter-
independent VDRE within exons 10 and 12 and intron M of the
5-LO gene (Stoffers et al., 2010). Although commonly associ-
ated with bronchial dilation and asthma, leukotrienes are also
known to participate in leukocyte accumulation at sites of infec-
tion and phagocytosis of bacteria (Peters-Golden et al., 2005).
Leukotrienes have also been shown to trigger the processing of
antibacterial CAMP by neutophils (Wan et al., 2007).

Vitamin D-mediated innate immune responses may also be
species-specific. VDR-mediated induction of CAMP and DEFB4,
as well as suppression of HAMP, appears to be primate-specific;
other mammals may therefore utilize alternative innate immu-
nity targets for intracrine 1,25D. For example reactive oxygen
species (ROS) can be bacteriocidal; previous studies have shown
that macrophages infected with M. tb in the presence of 1,25D
produce high levels of the superoxide anion ROS via the NADPH
oxidase system (Sly et al., 2001). More recent studies have shown
that another ROS, nitric oxide (NO), is produced by mouse
macrophages as part of innate immune responses to infection,
with bacteriocidal consequences (Kohchi et al., 2009). The NO
pathway appears to play a pivotal role in mouse responses to M.
th infection (Chan et al.,, 1992), but its importance to human
M. tb infection is less clear. Moreover, one study using 1,25D
and mouse macrophages has reported decreased expression of
the enzyme inducible nitric oxide synthase (iNOS) and its NO
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product, suggesting that the link between vitamin D and NO in
innate immune function is more complex than originally thought
(Chang et al., 2004). Irrespective of the antibacterial mechanism
that is utilized by animals such as mice, it is generally assumed
that vitamin D-mediated induction of these responses will occur
via the same intracrine monocyte mechanism that has been
described for humans. Although expression of CYP27B1 and la-
hydroxylase activity has been described for murine macrophages
in vitro (Esteban et al., 2004; Stoffels et al., 2007), the relative
importance of this in vivo is still unclear. Indeed recent studies
using the CYP27B1 KO mouse have suggested that CD8" cyto-
toxic T cells are the predominant source of extra-renal 1,25D
within the murine immune system (Ooi et al., 2014). Further
studies are required to fully clarify the physiological importance
of this observation.

Genome-wide analyses and associated ex vivo and in vitro
experiments have clearly demonstrated the potential impor-
tance of vitamin D in maintaining optimal innate antibacterial
responses in humans. However, these studies have also prompted
three further crucially important questions: (1) how important
is vitamin D for the adaptive immune system? (2) can vitamin
D supplementation in vivo enhance these antibacterial responses?
(3) what happens to the vitamin D system in human immune dis-
eases? Each of these questions will be considered in the remaining
sections of this review.

VITAMIN D AND ANTIGEN PRESENTATION

In the seminal DNA array analysis of monocyte TLR2/1 responses
by Liu et al that highlighted induction of CYP27B1 and VDR by
M. tb, it was notable that DCs did not produce the same response
when challenged with 19kDa lipoprotein, despite expressing
TLR2/1 (Liu et al., 2006). Monocytes/macrophages belong to
the same hematopoietic lineage as DCs, and both types of cells
are able to act as antigen-presenting cells (APCs) to promote
T cell and B cells responses. Furthermore like, monocytes, DCs
express VDR and CYP27B1, and exhibit an active intracrine vita-
min D system (Brennan et al., 1987; Fritsche et al., 2003; Hewison
et al., 2003). However, in contrast to monocytes/macrophages,
the primary function on intracrine vitamin D in DCs appears
to be as a regulator of cell maturation, and ability of DCs to
present antigen to T cells (Hewison et al., 2003). Differentiation
of DCs toward a mature APC is associated with increased expres-
sion of CYP27B1 but, paradoxically, a reciprocal decrease in VDR
(Hewison et al., 2003). It therefore seems likely that DCs will uti-
lize a paracrine vitamin D system, with immature DCs expressing
VDR and responding to 1,25D produced by mature DCs with
lower VDR expression. Such a mechanism may be biologically
advantageous in that it allows some DCs to mature and promote
T cell activation as part of normal adaptive immune responses,
whilst preventing an over-elaboration of this response that could
lead to inflammatory complications. A similar pattern of differ-
ential regulation of CYP27B1 and VDR has also been described
for monocytes differentiating toward macrophages (Kreutz et al.,
1993). The importance of 1,25D as a modulator of DC func-
tion is endorsed by studies of VDR and CYP27B1 knockout
mice, which present with lymphatic abnormalities consistent with
increased numbers of mature DCs (Griffin et al., 2001; Panda

et al., 2001) and dysregulated DC trafficking (Enioutina et al.,
2009).

In a similar fashion to macrophages, DCs can be divided into
distinct sub-types, specifically myeloid DCs (mDCs) and plas-
macytoid DCs (pDCs). These cells exhibit different cytokine and
chemokine profiles and exert complementary effects on T cells;
mDCs are efficient promoters of naive T cell function (Liu, 2005),
whilst pDCs are more closely associated with attenuation of T
cell function (Steinman et al., 2003). In vitro, 1,25D preferen-
tially regulates mDCs, with associated suppression of naive T cell
activation (Penna et al., 2007). However mDC and pDC express
similar levels of VDR, so tolerogenic pDC may also respond to
1,25D, possibly via local, intracrine mechanisms (Penna et al.,
2007). Alternatively, 1,25D generated by pDCs may not act to reg-
ulate pDC maturation but may, instead, act in a paracrine fashion
on VDR-expressing T-cells. The ability of vitamin D to influence
the differentiation and function of DCs provides another layer of
innate immune function that complements its antibacterial prop-
erties. However, this interaction between 1,25D and DC will also
have downstream effects on cells that interact with APCs, namely
cells from the adaptive immune system.

Consistent with the DNA array analyses that shed light
on the antibacterial function of vitamin D in monocytes
and macrophages (Liu et al., 2006), genome-wide analysis of
DCs has revealed diverse responses to vitamin D in these
cells. Proteomic analyses using matrix-assisted laser desorp-
tion/ionization (MALDI)-time of flight (TOF)/TOF strategies has
defined the key proteins associated with tolerogenic responses to
1,25D (Ferreira et al.,, 2012). Intriguingly, the dominant effect
of 1,25D treatment of monocyte-derived DCs described in this
study was the alteration of proteins associated with the cytoskele-
ton and metabolic function. The induction of cytoskeletal pro-
teins was shown to be consistent with DC responses to other
tolerogenic steroid hormones, such as glucococorticoids (Ferreira
et al., 2012). However, by contrast, the potent effects of 1,25D
on metabolic pathways in DCs appear to be distinct from the
effects of glucocorticoids. In particular, 1,25D induced signifi-
cantly more proteins associated with carbohydrate metabolism,
gluconeogenesis and the TCA cycle relative to the glucocorticoid
dexamethasone, whilst 1,25D and dexamethasone shared induc-
tion of other groups of proteins such as those associated with
glycolysis (Ferreira et al., 2012). This particular study also illus-
trates a key advantage of genome/proteome-wide analyses, which
is the ability to group changes in gene/protein expression accord-
ing to specific properties such as metabolism or cytoskeletal func-
tion. Moreover, more recent developments allow researchers to
utilize tools such as Ingenuity Pathway Analysis (IPA) or DAVID
to cluster altered genes and show protein or gene interaction net-
works (Hong et al., 2009). These “interactomes” provide a picture
of the cooperativity of responses to a particular cell treatment.
For example, recent proteomic analysis of responses to the syn-
thetic 1,25D analog TX527 in immature and mature DCs showed
that 65-75% of the proteins identified as TX527 responsive made
up a statistically significant interactome, with some commonality
between the two DC types (Ferreira et al., 2009). In this partic-
ular study the authors used multiple sets of data including the
Biomolecular Interaction Network Database (BIND) (Bader et al.,
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2003), and the Molecular Interaction Database (MINT) (Zanzoni
et al., 2002) to maximize potential interactions. The increasing
availability of gene/protein expression databases for different cell
types means that this type of strategy is likely to become a more
prominent feature of genome-wide expression analyses in the
future.

VITAMIN D AND ADAPTIVE IMMUNITY

As outlined above, one of the initial observations linking vitamin
D with the immune system was the presence of VDR in acti-
vated lymphocytes (Bhalla et al., 1983; Provvedini et al., 1983).
The development of lymphocytes takes place in the thymus with
VDR being expressed in medullary thymocytes but not in the less
mature cortical thymocytes (Ravid et al., 1984). However, once
cells leave the thymus and enter the circulation as T or B cells
VDR expression is lost until these cells are activated to proliferate
by mitogens (Bhalla et al., 1983; Provvedini et al., 1983). Indeed,
1,25D is a potent inhibitor of T-cell proliferation, blocking the
transition from early G1 phase to late G1 phase (Bhalla et al,
1984; Nunn et al., 1986), but having no effect on transition from
Go (resting) to early G1 or from late G1 to S phase (Rigby et al,,
1985). Studies using T cells isolated from lymphatic tissue have
shown that expression of VDR and responsiveness to 1,25D is
proportional to the rate of cell proliferation (Karmali et al., 1991).
Although these early studies have highlighted a role for 1,25D as
a regulator of T and B cell proliferation, it has become increas-
ingly clear that the predominant effects of vitamin D on adaptive
immune function involve the modulation of T cell phenotype.

T cells consists of several sub-groups including cytotoxic
CD8™ T cells, natural killer cells, y3 T cells, memory cells, CD4*
helper T cells (Th cells), and regulatory T cells (Treg). The best
characterized vitamin D responses have been described for Th
cells, with 1,25D regulating T cell proliferation and cytokine
production (Lemire et al., 1985). Activation of naive Th cells
by antigen and APCs generates pluripotent Thy cells which can
then differentiate into further Th sub-groups based on distinct
cytokine profiles. Two of these sub-groups, Th; (IL-2, IFNy,
tumor necrosis factor alpha) and Th, (IL-3, IL-4, IL-5, IL-10)
T cells, respectively support cell-mediated and humoral immu-
nity (Abbas et al., 1996; Romagnani, 2006). In vitro 1,25D inhibits
expression of Th; cytokines (Lemire et al., 1995), whilst promot-
ing Th, cytokines (Boonstra et al., 2001). More recently, other
Th cell sub-groups have been identified, including interleukin-17
(IL-17)-secreting T-cells (Th;7 cells) and these cells are also tar-
gets for vitamin D. In the autoimmune disease-susceptible non-
obese diabetic (NOD) mouse treatment with 1,25D decreased
expression of IL-17 (Penna et al., 2006). In a similar fashion,
1,25D suppression of murine retinal autoimmunity involves inhi-
bition of Th17 activity (Tang et al., 2009).

In addition to its effects on Th cells, vitamin D may also act on
CD8™ cytotoxic T cells which express relatively high levels of VDR
(Rigby et al., 1987; Provvedini and Manolagas, 1989; Veldman
et al., 2000). As outlined above, CD87 cells in mice have also
been reported to express the vitamin D-activating enzyme lo-
hydroxylase (Ooi et al., 2014). CD8% T cells are known to be
involved in autoimmune disease such as multiple sclerosis (MS)
(Babbe et al., 2000), but do not mediate the effects of 1,25D

in suppressing the murine form of MS, experimental autoim-
mune encepholmyelitis (EAE) (Meehan and DeLuca, 2002). More
recent studies have reported a link between vitamin D and a vari-
ant of CD8% T cells, CD8aa cells. Unlike CD81 T cells, CD8aa
cells are not cytotoxic and may play a role in suppressing gastroin-
testinal inflammation (Cheroutre and Lambolez, 2008). VDR
knockout mice exhibit decreased numbers of CD8aa cells (Yu
et al., 2008), due to decreased T cell expression of the chemokine
receptor CCR9 preventing T cell homing to the gastrointestinal
tract. T cell homing defects provides a potential explanation for
the increased colonic inflammation observed in VDR knockout
mice when crossed with colitis disease-susceptible mice (Froicu
et al., 2003). Vitamin D metabolites may also influence T cell
homing in other tissues. In the skin, 1,25D stimulates expres-
sion of the chemokine receptor 10 (CCR10) which recognizes
the chemokine CCL27 secreted by keratinocytes (Sigmundsdottir
et al., 2007).

As well as acting as a modulator of Th cell phenotype and
function, vitamin D can also influence adaptive immunity by
promoting suppressor T cells known as regulatory T cells (Treg)
(Barrat et al., 2002). The precise mechanism by which vitamin
D regulates Tregs is still somewhat controversial. Initial studies
in vitro suggested that the ability of 1,25D to promote CD4*
CD25% Treg was due to indirect effects on antigen-presenting
DCs, specifically suppression of DC maturation and increased
expression of DC cytokines such as CCL22 (Penna et al., 2007).
However, subsequent studies have also described direct effects of
1,25D on T cells to generate CTLA4-positive Treg (Jeffery et al.,
2009). Significantly, these studies were focused on the use of
active 1,25D as the immunomodulator, and it is only in more
recent studies that the role of pro-hormone 25D in Treg devel-
opment has been investigated (Jeffery et al., 2012). Data from this
study demonstrated the ability of 25D to promote the generation
of Treg through intracrine/paracrine effects on CYP27B1/VDR-
expressing DCs. Notably, this report also highlighted the impact
of vitamin D binding protein (DBP) on DC responses to 25D,
and concluded that non-DBP-bound (free) 25D is the form of
25D that is biologically active for generation of Tregs (Jeffery
et al.,, 2012). The importance of Treg as a facet of vitamin D
immunomodulation is illustrated by various studies in vivo. In
patients with CKD, systemic administration of 1,25D has been
shown to increase numbers of circulating Treg (Ardalan et al.,
2007). Conversely, in patients with MS, serum concentrations
of 25D correlate with Treg activity (Royal et al., 2009; Smolders
et al., 2009), underlining the importance of intracrine pathways
in mediating effects of vitamin D on adaptive, as well as innate
immunity. In mice, topical application of 1,25D (Gorman et al.,
2007) or its synthetic analog calcipotriol (Ghoreishi et al., 2009)
have been shown to increase numbers of Treg.

The effects of vitamin D on adaptive immunity have to date
been very much focused on its ability to modulate T cell prolif-
eration and phenotype. Nevertheless, early studies reported that
1,25D could also suppress the development of immunoglobulin
(Ig)-secreting B cells following mitogenic stimulation (Shiozawa
et al., 1985; Tho et al., 1986). Initial experiments suggested that
the most likely mechanism for this was an indirect effect through
inhibition of Th cells (Lemire et al., 1985), but more recent work
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has shown that 1,25D can suppress the differentiation of two types
of B cell, plasma cells and class-switched memory cells, through
apparent direct effects (Chen et al., 2007). Other reports have
shown that 1,25D can regulate B cell IL-10 (Heine et al., 2008)
and CCRI10 (Shirakawa et al., 2008), suggesting that the effects of
1,25D on these cells is not restricted to their capacity to produce
immunoglobulin.

Although genome-wide screening has played a pivotal role
in identifying pivotal mechanisms for the interaction between
vitamin D and innate immunity, the same cannot be said for
vitamin D and adaptive immunity, where genome-wide analyses
have complemented an already well-established field of research.
Nevertheless, it is interesting to note reports where this strategy
has been applied. In some cases these analyses have revealed a role
for the vitamin D system, similar to the seminal studies of M. tb
induction of CYP27B1 and VDR. For example, transcriptional
profiling of y8T cells reported induction of VDR following activa-
tion of these cells with non-peptidic monoalkyl phosphate ligands
(Chen et al., 2005). This small sub-set of T cells plays an impor-
tant role in inflammatory diseases, and it was therefore speculated
that 1,25D may act to suppress these cells as part of a more gen-
eralized anti-inflammatory response. Further array analyses have
also identified VDR as one of a discrete number of genes involved
in the formation of B cell germinal centers (Nakayama et al.,
2006).

Array analyses have also been used to characterize the gene
regulatory effects associated with immunomodulatory responses
to 1,25D. These studies have focused primarily on the effects of
1,25D and its synthetic analogs on DCs, with results underlining
the ability of 1,25D to promote decreased antigen presentation
and a tolerogenic phenotype in these cells (Griffin et al., 2004;
Shen and Zheng, 2004; Pedersen et al., 2009; Szeles et al., 2009).
Notably, one of these array studies showed that the effects of
1,25D on DC gene expression were independent of DC differ-
entiation status, suggesting a specific role for 1,25D as a regu-
lator of DC function (Szeles et al., 2009). This particular study
also reported that key changes in DC gene expression could be
achieved using either 1,25D or 25D, further emphasizing the
functional importance of the intracrine vitamin D system in these
cells. DNA microarray analyses have also been used to assess
1,25D-mediated regulation of gene expression in CD4™ Th cells
following activation of these cells by phorbol myristate acetate
and a calcium ionophore to induce VDR (Mahon et al., 2003).
The diverse array of gene targets regulated by 1,25D in this par-
ticular array analysis suggests that 1,25D can influence Th cells
both directly, as well as via effects on antigen-presenting DCs.

VITAMIN D STATUS AND IMMUNE FUNCTION

It is important to recognize that most of the genome-wide
analyses that have explored the immunomodulatory effects of
vitamin D in vitro have focused on treatments using active
1,25D or one of its synthetic analogs. However, as outlined
above, pathogen-induction of an intracrine system in cells such
as monocytes/macrophages strongly suggests that regulation of
immunity in vivo is independent of endocrine, systemic 1,25D.
Instead it is likely to be primarily driven by local activation of
25D, the major circulating form of vitamin D and determinant

of vitamin D status in any given individual. Thus, it is not sur-
prising that translational studies have focused on the relationship
between serum 25D and human immune function, including
effects on both innate and adaptive immunity.

Epidemiology has shown that vitamin D-insufficiency (serum
25D <30ng/ml) is associated with increased risk of TB
(Wilkinson et al., 2000; Ustianowski et al., 2005; Williams et al.,
2008; Wejse et al., 2009). Several clinical trials of vitamin sup-
plementation, as an adjunct to conventional antibiotic therapy,
have also been reported with varying success (Nursyam et al.,
2006; Martineau et al., 2007; Wejse et al., 2009). Supplementation
using 4 x 100,000 IU vitamin D was successful in raising serum
concentrations of 25D in TB patients, but this resulted in no
overall improvement in sputum conversion time between vita-
min D- and placebo-treated patients (Martineau et al., 2011).
However, improved sputum conversion time was observed in a
specific subset of TB patients with a Tag! single nucleotide poly-
morphism (SNP) within the VDR gene (Martineau et al., 2011),
suggesting that genetic factors may influence immune responses
to vitamin D supplementation. In a follow-up report to this
TB vitamin D supplementation trial, it was shown that raised
serum 25D was associated with improved resolution of TB dis-
ease (Coussens et al., 2012). Thus, in situations where infectious
disease has already become established, it is possible that the
role of 25D is primarily focused on anti-inflammatory adaptive
immune responses. The link between vitamin D and infection is
not restricted to TB. In patients with sepsis, circulating 25D levels
have been shown to correlate directly with serum concentrations
of CAMP, and inversely with critical illness in these patients (Jeng
etal., 2009). Low serum 25D has also been linked to upper respi-
ratory infections such as influenza (Cannell et al., 2006), and in
patients with CKD low serum is associated with increased risk of
infection and mortality (Gombart et al., 2009a).

To date, the application of genome-wide analyses to fur-
ther elucidate the impact of serum vitamin D (25D) status on
immune function has been limited. In a recent study by Holick
and colleagues, array analysis of gene expression in periph-
eral blood mononuclear cells from vitamin D-sufficient (serum
25D >20ng/ml, n = 4 subjects) and vitamin D-deficient (serum
25D <20ng/ml, n =4 subjects) revealed 66 differentially
expressed genes (>1.5-fold change, p < 0.01) (Hossein-nezhad
et al., 2013). However, after vitamin D supplementation (2000
IU vitamin D/day for 2 months), there was no significant change
in the expression of these genes, even though serum 25D levels
were increased in both sufficient and deficient subjects (Hossein-
nezhad et al., 2013). Nevertheless, 291 additional genes were
found to be differentially expressed in peripheral blood mononu-
clear cells following vitamin D supplementation (>1.5-fold, p <
0.01) (Hossein-nezhad et al., 2013). Similar array analyses car-
ried out by our group using peripheral blood mononuclear cells
from elderly vitamin D-deficient (18.8 £ 0.6 ng/ml serum 25D)
and vitamin D-sufficient (58 £ 1.7 ng/ml serum 25D) patients,
revealed 30 differentially regulated genes (Figure 2). These varia-
tions in gene expression occurred against a backdrop of no differ-
ence in serum 1,25D concentrations between vitamin D-sufficient
and -deficient groups, underlining the importance of 25D, and
the intracrine vitamin D system as regulators of immune cell
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FIGURE 2 | Altered gene expression in leukocytes from vitamin
D-deficient donors. Peripheral blood mononuclear cells (PBMC) were
obtained from 6 healthy donors who had serum 25D levels that
were either low (47nM, 18.8ng/ml) or high (145nM, 58ng/ml). After
isolation of RNA and generation of cDNA, gene expression analyses
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in the PBMC samples was carried out by DNA array analyses
(Affymetrix Exon Expr Chip.HuGene-1_0-st-v1). Data are shown as
genes that were either increased (red) or decreased (green) in low
25D donors relative to high 25D donors (>1.5-fold change, p < 0.05,
unpaired t-test).

function. In both this study and the Holick report, array analyses
were carried out using mixed populations of systemic immune
cells including both innate immunity APCs and lymphocytes of
the adaptive immune system. The array analyses will therefore
encapsulate both intracrine and paracrine activity of 25D, but will
also reflect inherent donor to donor variations in immune cell
composition.

Genome-wide analyses of immune responses to altered vita-
min D status in mice are also very limited. Data from our
group using colon tissue from vitamin D-deficient (serum 25D
= 2.5 = 0.1ng/ml) vs. vitamin D-sufficient (serum 25D =
24.4 £ 1.8ng/ml) identified 31 genes that were differentially
expressed >2-fold (p < 0.01) (Lagishetty et al., 2010). Amongst
these, vitamin D-deficient mice showed decreased expression
of angiogenin-4 (Ang4), an antimicrobial protein which acts
to minimize tissue invasion by enteric bacteria (Hooper et al.,
2003). Further studies showed that decreased Ang4 in vitamin
D-deficient mice was associated with increased levels of bacte-
ria in the colon epithelium, consistent with compromised innate
immune surveillance. Given that dysregulation of innate immune

responses to enteric bacteria has been linked to the initiation of
tissue inflammation associated with some types of inflammatory
bowel disease (Packey and Sartor, 2009), it is possible that vitamin
D plays a role in protecting against this disease via the induction
of antibacterial Ang4.

Another genome-wide strategy with implications for vitamin
D and the immune system, arose from studies aimed at deter-
mining the genetic component of vitamin D-deficiency. A recent
Genome-Wide Association Study of almost 34,000 individuals
showed that SNPs within the DBP gene are a key inherited
determinant of low vitamin D status (serum 25D <75nM or
30 ng/ml). Gene variations in DBP appear to act by influencing
the serum concentrations of DBP protein (Lauridsen et al., 2001)
which are known to be linked to serum levels of total 25D and
1,25D (Lauridsen et al., 2005; Wang et al., 2010a). Studies of other
DBP SNPs suggest that genetic variants of DBP are linked to dif-
ferent binding affinities of 25D for DBP protein (Arnaud and
Constans, 1993). Both the concentration and binding affinity of
DBP protein are important for the serum transport of vitamin
D metabolites (notably 25D which binds to DBP with a higher
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affinity than 1,25D). However, DBP concentration and affinity
also define the amount of 25D that is not bound to DBP. This
“free” or “bioavailable” fraction of circulating 25D appears to
be the form that accesses target cells such as monocytes (Chun
etal., 2012), presumably via passive diffusion of lipid-soluble 25D
through cell membranes—the so-called “free hormone hypothe-
sis.” Studies by our group have shown that antibacterial responses
to 25D in vitro are more pronounced with low affinity forms of
DBP that support higher levels of free 25D (Chun et al., 2010).
Studies to date have been based on mathematical estimations
of free 25D from total serum concentrations of 25D and DBP
(Chun et al., 2012). However, future strategies using actual phys-
ical measurement of free 25D will greatly help to clarify the
precise importance of total vs. free 25D in determining immune
responses to vitamin D.

IMMUNE DISEASE AND THE DYSREGULATION OF
VITAMIN D

Genome-wide strategies have played a pivotal role in elucidat-
ing the core mechanisms that trigger the intracrine vitamin D
system and associated immune responses in cells such as mono-
cytes/macrophages and DCs. Whether these studies have been
carried out using freshly isolated preparations of immune cells,
or cultured immune cells the resulting data have reflected the
potential vitamin D-mediated responses that may occur follow-
ing a pathogen challenge. What is less clear is how these responses
function under conditions of actual human immune disease. An
illuminating example of this strategy is provided by the disease
leprosy which, like TB, involves a mycobacterial infection—in this
case Mycobacterium leprae (M. lep) or Mycobacterium leproma-
tis. Similar to TB, vitamin D was at one time considered to be a
putative therapy for leprosy (Herrera, 1949). However, unlike TB,
leprosy can be divided into different disease sub-types, notably
tuberculoid leprosy (T-lep) and lepromatous leprosy (L-lep).
These two forms of leprosy have very different immune profiles
and prognoses (Britton and Lockwood, 2004). DNA array anal-
yses to define the gene expression profiles associated with the
T-lep and L-lep forms of leprosy, highlighted elevated expres-
sion of CYP27B1, CYP24A1, and VDR in T-lep vs. L-lep lesions
(Montoya et al., 2009). The over-arching conclusion from these
studies is that the less aggressive form of leprosy, T-lep, is man-
ifested by an intact vitamin D intracrine system that is able
to support antibacterial responses to vitamin D. By contrast,
L-lep, which is characterized by a high level of macrophage M.
lep infection, and has a poor prognosis, exhibits an impaired
vitamin D intracrine system. Thus, for patients with L-lep, suc-
cessful elevation of serum 25D concentrations may be less effec-
tive in promoting intracrine-mediated regulation of antibacterial
responses.

Several questions have arisen from the studies of vitamin D
and leprosy. The first concerns the mechanism by which the
vitamin D intracrine system is corrupted in L-lep patients. One
possibility is that the T cell cytokine profiles that are charac-
teristic of L-lep (e.g., increased IL-4, IL-10, and IFNa/f) exert
a detrimental adjunct effect on the underlying TLR2/1-induced
intracrine vitamin D system. At the same time, cytokine pro-
files associated with T-lep (e.g., increased IFNy) may have more

beneficial adjunct effects. Subsequent experiments in vitro sup-
port this hypothesis, with the Thl cytokine IFNy enhancing
TLR2/1-induced vitamin D-activation and associated antibacte-
rial activity (Edfeldt et al., 2010; Fabri et al., 2011). Conversely,
the L-lep cytokines IL-4 (Edfeldt et al., 2010), IFNB (Teles et al.,
2013), and IL-10 (Teles et al., 2013) suppress antibacterial pro-
duction (Figure 3). The effect of IFNf appears to be mediated
via IL-10 which acts to suppress expression of CYP27B1 (Teles
et al., 2013), whereas IL-4 appears to act by stimulating activ-
ity of the vitamin D catabolic enzyme CYP24A1 (Edfeldt et al.,
2010). The collective conclusion from these studies is that specific
human diseases are characterized by T cell cytokines that act to
either promote or corrupt the underlying pathogen-PRR-driven
vitamin D intracrine system. Cytokine profiles such as this have
also been described for active and inactive TB (Berry et al., 2010;
Maertzdorf et al., 2012), providing an additional perspective on
the varying success of vitamin D supplementation trials with this
disease. Disease itself may therefore play a fundamental role in
determining the efficacy of immunomodulatory vitamin D for
any given patient; for example, it is possible that for diseases such
as L-lep, higher levels of serum 25D will be required to achieve a
specific antibacterial response. This is clearly an important topic
for future research.

The differential regulation of the intracrine vitamin D pathway
in T-lep and L-lep has also provided a platform for genome-
wide analyses aimed at identifying factors other than T cell
cytokines that may be involved in corrupting monocyte vitamin
D responses. In a follow-up to the previous DNA array studies for
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FIGURE 3 | Mechanisms for corruption of vitamin D-mediated
antibacterial responses in monocytes. Schematic representation of
monocyte/macrophage responses to infection with a pathogen such as
Mycobacterium tuberculosis (M. tb), and associated adjunct signals.
Positive effects on the vitamin D intracrine system include: induction of
CYP27B1 expression by cytokines such as interferon y (IFNy) and
interleukin-15 (Il-15). Negative effects include suppression of CYP27B1 by
IL:10 and IFNB, and induction of 24-hydroxylase activity by Il-4. Fibroblast
growth factor 23 (FGF23) also suppresses CYP27B1 and microRNA-21
(miR-21) associated with some pathogen infections (e.g., M. leprae) can
suppress expression of CYP27B1 by degradation of RNA and/or translation.
The serum vitamin D binding protein (DBP) may also attenuate intracrine
vitamin D by restricting monocyte bioavailability of free 25D.
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leprosy, further array analysis of T-lep and L-lep tissues revealed
distinct patterns of microRNA (miRNA) expression in these tis-
sues (Liu et al., 2012). Recent studies have shown that miRNAs
play a key role in fine-tuning gene expression by interacting
with RNA to silence gene expression either by degrading tran-
scripts, or by blocking their translation (Ketting, 2011). In L-lep,
16 miRNAs were found to be differentially induced relative to
T-lep tissue, with miRNA-21 (miR-21) being the most prominent
of these (Liu et al., 2012). In the context of innate immu-
nity and leprosy, miR-21 may target several important mech-
anisms, including suppression of IL-1 expression which may,
in turn, attenuate intracrine induction of antibacterial DEFB4
(see Figure 3). However, importantly, miR-21 is also predicted
to interact with CYP27BI mRNA and suppress activity of la-
hydroxylase and decrease localized synthesis of 1,25D. In vitro,
siRNA knockdown of miR-21 in M. lep infected monocytes,
restored CYP27B1 expression and 25D-mediated antibacterial
responses (Liu et al., 2012). Despite these observations, rela-
tively little is known about how miRNAs corrupt vitamin D
signaling in disease situations. Based on genome-wide in silico
analysis of miRNA target sequences, multiple miRNAs are pre-
dicted to influence the expression of proteins associated with
vitamin D metabolism and signaling (reviewed in Lisse et al.,
2013a). However, other than studies of miR-21, there have been
few studies to validate the predicted effects of miRNAs on the
vitamin D system. Analysis of ovarian granulosa and breast can-
cer cells has demonstrated increased expression of miR-125B in
these tissue, and a concomitant dysregulation of two of its targets,
VDR and CYP24A1 mRNAs (Mohri et al., 2009). It seems likely
that future studies will identify other miRNAs that modulate
the vitamin D intracrine system in immune cells under disease
conditions. Moreover, it is important to recognize that vitamin
D itself is a potent regulator of miRNAs. To date, these studies
have focused on cancer (Wang et al., 2009, 2011), and bone cells
(Lisse et al., 2013b), but similar future studies of 1,25D-regulated
non-coding RNAs in immune cells may provide an entirely new
perspective on the immunomodulatory actions of vitamin D.
Some important questions about human disease and the
immunomodulatory effects of vitamin D remain unanswered.
For example, it is still not clear why there is aberrant synthe-
sis of 1,25D by macrophages in granulomatous diseases (Kallas
et al., 2010). It is also unclear what effect, if any, viral pathogens
such as hepatitis C or HIV have on innate and adaptive immune
actions of vitamin D, although HIV infection of some cells has
been shown to suppress expression of VDR (Chandel et al., 2013).
Future studies of vitamin D and the immune system may also
explore non-traditional targets for immune regulation. For exam-
ple, patients with end-stage kidney disease who routinely use dial-
ysis are at high risk of infection and associated mortalities. These
patients are also commonly vitamin D-deficient (Zehnder et al.,
2007), and this may impair normal innate immune responses to
infection. However, as with TB and leprosy, additional disease
factors may act to further compromise the intracrine vitamin
D system in these patients. Notably, circulating levels of fibrob-
last growth factor 23 (FGF23), which plays a key role in the
endocrine regulation of phosphate homeostasis, are elevated very
early in kidney disease (Danziger, 2008; Isakova et al., 2011). One

of the important actions of FGF23 is to suppress renal produc-
tion of 1,25D through the suppression of CYP27B1 expression
(Shimada et al., 2004); in this way FGF23 acts as a counter-
point to parathyroid hormone which stimulates CYP27B1 and
renal 1,25D production. Until recently, the effects of FGF23 were
thought to be restricted to the mineral homeostasis endocrine
system. However, work by our group has shown that FGF23 can
also act on monocytes to suppress expression of CYP27B1 and
the intracrine induction of antibacterial proteins (Bacchetta et al.,
2013a). These data highlight a mechanism by which renal dis-
ease may compromise vitamin D-mediated immune function,
similar to that observed for cytokines associated with infectious
disease (see Figure 3). As well as providing an explanation for the
increased risk of infection in kidney disease patients, these results
also suggest a hitherto unrecognized link between the vitamin D
endocrine system and its intracrine immune counterpart.

PERSPECTIVES

For many years, the link between vitamin D and the immune sys-
tem was considered to be a non-classical response with only a
pathophysiological relevance. The advent of genome-wide analy-
ses has enabled a complete change in this perspective by providing
an unbiased picture of how the vitamin D system is induced by
pathogens, and how the resulting intracrine cellular machinery
can promote both innate and adaptive immune responses to the
pathogen. A key challenge going forward will be to relate these
mechanisms to patient vitamin D status, and this is likely to
herald a new wave of genome-wide analyses linked to placebo-
controlled vitamin D supplementation trials. Interpretation of
these studies is likely to be complex. Recent genome-wide anal-
ysis of patient tissues has shown that some immune diseases
are characterized by corruption of the vitamin D system, so
that conventional notions of vitamin D-sufficiency and vitamin
D-deficiency may be very different for patients with specific dis-
eases. A key objective for future studies will be to determine
whether vitamin D-mediated-immune function is also applicable
to mouse models, where genome-wide screening will help to iden-
tify immune targets that are related to, or distinct from, human
data. Future studies will also need to better characterize disease
corruption of vitamin D responses. Screening for disease-specific
microRNAs will be particularly important to identify non-coding
RNAs that can target components of the intracrine vitamin D.
The current shift away from DNA array technology to RNAseq
strategies will help to achieve these new objectives in a single
genome-wide screen, at increasingly affordable prices.
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Bone formation is indirectly influenced by 1,25-dihydroxyvitamin D3 (1,25D3) through the
stimulation of calcium uptake in the intestine and re-absorption in the kidneys. Direct
effects on osteoblasts and bone formation have also been established. The vitamin
D receptor (VDR) is expressed in osteoblasts and 1,25D3 modifies gene expression
of various osteoblast differentiation and mineralization-related genes, such as alkaline
phosphatase (ALPL), osteocalcin (BGLAP), and osteopontin (SPP1). 1,25D3 is known to
stimulate mineralization of human osteoblasts in vitro, and recently it was shown that
1,25D3 induces mineralization via effects in the period preceding mineralization during the
pre-mineralization period. For a full understanding of the action of 1,25D3 in osteoblasts
it is important to get an integrated network view of the 1,25D3-regulated genes during
osteoblast differentiation and mineralization. The current data will be presented and
discussed alluding to future studies to fully delineate the 1,26D3 action in osteoblast.
Describing and understanding the vitamin D regulatory networks and identifying the
dominant players in these networks may help develop novel (personalized) vitamin
D-based treatments. The following topics will be discussed in this overview: (1) Bone
metabolism and osteoblasts, (2) Vitamin D, bone metabolism and osteoblast function, (3)
Vitamin D induced transcriptional networks in the context of osteoblast differentiation and
bone formation.

Keywords: vitamin D, osteoblast, differentiation, mineralization, autocrine/paracrine mechanisms, immune

system

BONE METABOLISM AND OSTEOBLASTS

Bone is formed during fetal development by two processes:
endochondral and intramembranous ossification (for review
Bilezikian et al., 2002). Skull and flat bones are formed by
intramembranous ossification where there is direct bone forma-
tion by condensation of the mesenchyme without a preformed
cartilaginous scaffold. Long bones and most of the remaining
bones are formed by endochondral ossification (Mackie et al.,
2008, 2011; Nishimura et al., 2012). This type of bone forma-
tion is characterized by the transition of cartilage into mineralized
bone tissue.

Two major processes occur in bone: bone modeling and bone
remodeling. While bone modeling drives the growth of the skele-
ton, bone remodeling is responsible for the maintenance of
healthy bone in the adulthood (Teti, 2011). Bone remodeling
takes place throughout live and maintains the structural integrity
and strength of the bone by removing old or damaged bone and
replacing it by new, strong bone. Remodeling is a local process
that can take place anywhere on the bone surface throughout the
lifespan of a bone. Remodeling occurs in a temporary anatomic
unit of osteoclasts and osteoblasts called a bone multicellular
unit (BMU) (Martinello et al., 2012; Sims and Martin, 2014).
The BMU is a sealed compartment in which bone resorption
and subsequent formation are regulated. This coupled resorption
and formation characterizes and differentiates bone remodeling
from bone modeling, in which bone resorption and formation
do not have to occur at the same time and site. For growth
and for the maintenance of healthy bone, multiple cell types

are of importance: mesenchymal stem cells (MSC), osteoblasts,
osteocytes, and hematopoietic stem cells and osteoclasts. The
osteoblasts play a pivotal role in bone metabolism by forming
bone but also by controlling and regulating the formation and
activity of the bone resorbing cell the osteoclast.

Osteoblasts originate from MSC. MSCs are located in the
bone marrow but also in almost all other tissues undergo-
ing continuous tissue homeostasis. MSCs can differentiate into
osteoblasts, chondrocytes, fibroblasts, adipocytes or myocytes
(Friedenstein et al., 1974; Minguell et al., 2001; Yin, 2006).
During osteoblast differentiation several functional phases can
be identified: proliferation, production and maturation of extra-
cellular matrix (ECM) and ECM mineralization (Owen et al.,
1991). Osteoblast differentiation can start by a trigger of certain
growth factors (Wang, 1993) as well as hormones and other fac-
tors (Eijken et al., 2006). Mature osteoblasts produce and secrete
ECM molecules (Owen et al., 1991). Osteoblasts synthesize the
most abundant bone ECM protein collagen type I but also a
broad range of non-collagenous ECM proteins. Mineralization of
the ECM is likely induced by matrix vesicles which derive from
osteoblasts (Anderson et al., 2005). When mature osteoblasts ini-
tiate mineralization of mature ECM, its fate may vary. Osteoblasts
can further differentiate into osteocytes, become a bone lining
cell or undergo apoptosis (Jilka et al., 1998; Weinstein et al.,
1998). Osteoblasts become osteocytes by being entrapped in
self-produced ECM, in which they may survive for decades.
Osteocytes form a star-shaped network of cytoplasmic extensions.
Osteocytes are thought to function as orchestrators of bone by
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sensing and communicating mechanical stress (i.e., bone dam-
age) via these extensions (Bonewald, 2011). It has become evident
by genetic approaches that osteocytes play a role in regulation
of bone turn-over (resorption and formation) (Nakashima et al.,
2011; Atkins and Findlay, 2012). Bone lining cells are less well
understood. They are covering the bone surface and prevent it
from being in direct contact with the bone marrow. It has been
reported that these cells “clean” resorption pits after osteoclasts
retreated (Everts et al., 2002). Bone lining cells are considered as
inactive osteoblasts. It has been suggested that these cells can be
activated to become osteoblasts (Dobnig and Turner, 1995; Chow
et al., 1998) but they also may represent the osteoblastic part of
the stem cell niche and interact with the hematopoietic stem cells.

The osteoblasts/osteocytes guarantee the close coupling
between bone formation and resorption in healthy bone remod-
eling. Osteoblasts and osteocytes produce the soluble osteoclast
stimulating factors RANKL and M-CSF which upon binding to
its receptors (RANK and c-Fms, respectively) induce differenti-
ation of osteoclast progenitors and fusion of mononuclear cells
into multinucleated tartrate-resistant acid phosphatase positive
osteoclasts (Boyle et al., 2003). Besides RANKL, osteoblasts also
produce a soluble decoy-receptor: osteoprotegerin (OPG). OPG
binds RANKL with high affinity leading to inhibition of osteo-
clast stimulation and thus leading to less bone resorption (Lacey
et al., 1998; Kostenuik and Shalhoub, 2001).

VITAMIN D, BONE METABOLISM, AND OSTEOBLAST

The biologically most active form of vitamin D, 1a,25-
dihydroxyvitamin D3 [calcitriol or 1,25(0OH)2D3 (1,25D3)]
is formed by a stepwise process starting in the skin and
involving the liver and kidney. Upon ultraviolet B exposure,
7-dehydrocholesterol (pro-vitamin D3) is transformed into
(pre)vitamin D3 (cholecalciferol) in the skin. Subsequent hydrox-
ylation at the C25 and la position in liver and kidney, respectively,
produce 1,25D3 (Holick, 1995). In bone diseases, vitamin D is
used as an anti-rickets agent (Kitanaka et al., 1998; McCollum
et al., 2002; Tatsumi et al., 2007), which improves bone mineral-
ization and is often prescribed in combination with other osteo-
porosis drugs to secure a positive calcium balance. However, a
recent metaanalyes by Reid et al suggests that the supplementation
of vitamin D for the prevention of osteoporosis is inappropriate
without specific risk factors for vitamin D deficiency (Reid et al.,
2014).

Up to today it is still in debate whether 1,25D3 effects on bone
formation are indirect via intestinal and renal regulation of cal-
cium levels or also via a direct effect on osteoblasts. It has been
demonstrated that mice lacking the vitamin D receptor (VDR)
gene display retarded growth, severe bone impairment, immune
abnormalities, and premature death at only 15 weeks of age due
to hypocalcemia (Li et al., 1997; Yoshizawa et al., 1997; Mathieu
etal., 2001). A rescue diet restored all pathological effects suggest-
ing that as long as calcium homeostasis is under control, bone
itself does not seem to be affected by impaired VDR signaling.
The importance of physiological 1,25D3 levels for bone is demon-
strated by the mutation of the CYP27B1 gene. Subjects with a
mutation in that gene develop vitamin-D-dependent rickets (Li
et al., 1997). In a mouse model for rickets, greater extensibility

and lower stiffness of fibrils resulted from a decreased grade of
mineral deposition (Karunaratne et al., 2012). This further sup-
ports the importance of an optimal grade of mineralization for
healthy bones (Kitanaka et al., 1998) and points to a role for
1,25D3 herein.

A direct positive effect an 1,25D3 analog on bone forma-
tion in ovariectomized rats with only slight changes in serum
calcium points to the existence of a direct effect on bone forma-
tion (Shevde et al., 2002). This is supported by in vitro studies
demonstrating direct effects on osteoblasts. The VDR is present
in osteoblasts and its expression can be regulated by 1,25D3
itself and by other factors such as parathyroid hormone (PTH),
glucocorticoids, transforming growth factor-f, and epidermal
growth factor (Pols et al., 1988a,b; Reinhardt and Horst, 1990;
van Leeuwen et al., 1991, 1992a,b; Godschalk et al., 1992). The
expression of VDR allows 1,25D3 to directly affect osteoblast
growth and differentiation. 1,25D3 has been shown to stimulate
bone formation and mineralization in all studies using human
osteoblasts and stimulate osteogenic differentiation from human
mesenchymal stem/stromal cells (MSC) (Ueno et al., 1992; Prince
et al., 2001; Jorgensen et al., 2004; Van Driel et al., 2006a,b;
Zhou et al., 2006, 2012). 1,25D3 enhanced mineralization by
effects on human osteoblasts prior to the onset of mineraliza-
tion (Woeckel et al., 2010). Thus, 1,25D3 is not directly involved
in the process of mineral deposition but more likely in a pro-
cess preparing the environment/ECM for mineralization. 1,25D3
regulates the osteoblast differentiation marker ALPL and vari-
ous bone ECM proteins such as COL1A1. Procollagen type I by
human osteoblasts was stimulated (Franceschi et al., 1988; Hicok
etal., 1998) as well as unaffected (Ingram et al., 1994; Hicok et al.,
1998; Siggelkow et al., 1999) by vitamin D. However, gene expres-
sion profiling studies demonstrated that the 1,25D3 effect in the
pre-mineralization phase is not likely primarily due to changes in
expression of ECM proteins and thereby composition of the ECM
(Woeckel et al., 2010). Production of alkaline phosphatase (ALPL)
positive matrix vesicles was significantly induced by 1,25D3 in this
period of osteoblast differentiation (Anderson, 1995) providing a
means to enhance mineralization (Woeckel et al., 2010). In addi-
tion, previous studies have shown the importance of other factors
like TGFB, IGF-I, bone morphogenetic protein, interferon, PTH,
hepatocyte growth factor, epidermal growth factor, and peroxi-
some proliferator-activated receptor ligands and Wnt signaling
for the eventual effect of 1,25D3 on osteoblasts (Petkovich et al.,
1987; Pols et al., 1988b; Scharla et al., 1991; Bonewald et al.,
1992; Godschalk et al., 1992; van Leeuwen et al., 1992a,b; Ingram
et al., 1994; Staal et al., 1994, 1996, 1998; Haussler et al., 1998;
Yanagisawa et al., 1999; Sammons et al., 2004; Yarram et al., 2004;
Fretz et al., 2007; Chen et al., 2012a, 2013; Woeckel et al., 2012;
Yamaguchi and Weitzmann, 2012). These data stress the impor-
tance of studying and interpreting the effects of 1,25D3 on bone
in a systems biological approach encompassing the different layers
of regulation and interactions.

In contrast to human and rat studies, 1,25D3 inhibits differen-
tiation and mineralization in cultures of murine osteoblasts (Shi
etal., 2007; Chen et al., 2012a,b, 2013) and murine VDR deficient
osteoblasts have increased osteogenic potential (Sooy et al., 2004).
1,25D3 increases in a VDR-dependent manner the expression of
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progressive ankylosis (ANK) and ectonucleotide pyrophosphatase
phosphodiesterase (ENPP1) in murine osteoblasts. This leads to
an increase in the level of pyrophosphate (PPi) that inhibits min-
eralization (Lieben et al., 2012). 1,25D3 also increases osteopon-
tin shown to inhibit mineralization (Staal et al., 1996). However,
transgenic murine models with osteoblast-specific VDR over-
expression show increased bone formation and mineralization
(Gardiner et al., 2000; Misof et al., 2003; Xue et al., 2006). An
1,25D3 analog had a positive effect on bone nodule formation
and mineralization in murine calvarial osteoblast cultures of wild
type but not VDR null mice (Shevde et al., 2002) while one
study showed increased mineralization in MC3T3 cell cultures
(Matsumoto et al., 1991). In a recent study, Yamamoto et al.
(2013) illustrated that mice lacking VDR in osteoblasts had an
increased bone mass, due to decreased bone resorption.

Overall the present data show variation in effects of 1,25D3
on differentiation and mineralization with overall stimulatory
effects in human and rat osteoblasts while overall an inhibitory
effect in murine osteoblasts (Van Driel et al., 2006a). Following
this, 1,25D3 has been shown to increase RUNX2 expression
in human osteoblasts (Prince et al., 2001; Viereck et al., 2002;
Maehata et al., 2006) while 1,25D3 suppresses RUNX2 promoter
and reduces RUNX2 expression in murine osteoblasts (Prince
et al., 2001; Drissi et al., 2002). Osteocalcin (BGLAP) is an inter-
esting gene considering differences in 1,25D3 effects in human
and murine osteoblasts (Thomas, 2000). 1,25D3 stimulates
BGLAP expression in human and rat osteoblasts while it inhibits
BGLAP expression in murine osteoblasts (Lian et al., 1997;
Zhang et al., 1997), supporting differences between human/rat
osteoblasts and murine with respect to 1,25D3 responsiveness and
mineralization.

A full explanation for this apparent discrepancy between
human and murine osteoblasts is absent. Both the extracellular
milieu (i.e., presence/absence of growth factors, cytokines and
other signaling molecules) and the intracellular milieu (e.g., the
insulin-like growth factor binding protein-6 that can bind to the
VDR and inhibit 1,25D3 induction of ALPL activity) of the cell is
important for the eventual effect of 1,25D3 (Cui et al., 2011). Also
the extracellular phosphate concentration may affect the 1,25D3
action (Ito et al., 2013). These characteristics may contribute to
the differences in 1,25D3 effects observed in human and murine
osteoblasts.

Besides stimulation of bone formation /mineralization by
osteoblasts 1,25D3 has certain protective control mechanisms
in place to avoid pathological over-mineralization. For example,
1,25D3 induces BGLAP and SPP1, established inhibitors of min-
eralization (Noda et al., 1990; MacDonald et al., 1993) and a
stimulator of mineralization, bone sialoprotein (IBSP), is inhib-
ited by 1,25D3 (Li and Sodek, 1993). As mentioned above also
the presence or absence of other growth factors, cytokines or sig-
naling molecules may limit the 1,25D3 effect. Examples of this
in relation to mineralization are Activin A and follistatin. Activin
A inhibits osteoblast differentiation and mineralization (Eijken
et al., 2007). Activin A expression in human osteoblasts is stim-
ulated by 1,25D3 (Woeckel et al., 2013), implicating that 1,25D3
as stimulator of human osteoblast differentiation and mineraliza-
tion also stimulates the production of a mineralization inhibitor.

A function in the prevention of over-mineralization is supported
by the data that the activin A blocker follistatin enhances 1,25D3
stimulated mineralization (Woeckel et al., 2013). The above men-
tioned induction of carboxylated osteocalcin by 1,25D3 may fit
this hypothesis on preventing over-mineralization. Accumulation
of osteocalcin in the ECM of human osteoblast cultures stimu-
lated by 1,25D3 is inhibited by warfarin (antagonist of vitamin K)
while vitamin K2 (cofactor of y-carboxylase) enhanced the 1,25
D3 effect (Koshihara and Hoshi, 1997). 1,25D3 stimulated miner-
alization was significantly augmented by warfarin (Woeckel et al.,
2013). These data on activin A, follistatin, warfarin, and vitamin
K put forward a 1,25D3 induced regulatory mechanism to guar-
antee optimal mineralization (Woeckel et al., 2013). Differences
in these regulatory loops may also be part of the differences in
1,25D3 effects in human and murine osteoblast studies.

The most well-known mechanism to limit the biological activ-
ity of 1,25D3 is its degradation via 24-hydroxylation. 1,25D3
potently induces CYP24A1, which encodes for the enzyme 24-
hydroxylase, in osteoblasts. 24-Hydroxylation is the first step in
the degradation cascade of active 1,25D3 (Ohyama et al., 1994).
However, hydroxylation at the C-24 position doesn’t directly lead
to an inactive vitamin D molecule. Henry and Norman demon-
strated the significance of 24,25-dihydroxyvitamin D3 (24,25D3)
for normal chicken egg hatchability and calcium and phospho-
rus homeostasis (Henry and Norman, 1978; Norman et al., 1980).
Already in 1980 it was shown that 24,25D3 directly stimulates cal-
cification of bone in interaction with PTH and that the number
and size of resorption sites in bone is decreased by 24,25D3 (Endo
et al., 1980; Galus et al., 1980). Several other studies supported
a positive effect of 24,25D3 on bone metabolism (Matsumoto
et al., 1985; Tam et al., 1986; Kato et al., 1998) while one study
showed no effect of 24,25D3 on histomorphometric parameters
in ovariectomized rats (Erben et al., 1992). Administration of
24,25D3 in combination with 1,25D3 improved fracture healing
in chickens (Seo et al., 1997) and interestingly, 24,25D3 serum
levels correlated to fracture healing (Seo and Norman, 1997).
Studies with the CYP24A knockout mouse supported a role for
24,25D3 in fracture repair (St-Arnaud, 2010). Albeit in a human
study no positive association with femoral fracture was observed
(Weisman et al., 1978). However, a study in pre-dialysis renal
insufficiency patients supported a direct, i.e., PTH-independent,
functional role of 24,25D3 in bone (Birkenhiger-Frenkel et al.,
1995). These data suggest a direct effect on osteoblasts. In vitro
studies with human osteoblasts have shown that indeed 24,25D3
has direct effects similar to that of 1,25D3 (Van Driel et al.,
2006b). A recent comparative gene expression profiling study of
1,25D3, 24,25D3, and 25D3 in primary human and mouse fibrob-
lasts suggested induction of metabolite specific sets of genes and
pathways (Tuohimaa et al.,, 2013). It is important to note that
the fact whether biological active levels of 24,25D3 or 1,24,25-
trihydroxyvitamin D3 (1,24,25D3) can be reached fully depends
on the velocity of the subsequent steps in the degradation pathway
after the initial 24-hydroxylation step.

We have shown that osteoblasts besides degradation of active
1,25D3, are able to convert 25-hydroxyvitamin D3 (25D3) into
the biologically most active form 1,25D3, suggesting a direct rela-
tionship between 1,25D3 synthesis and bone (Van Driel et al,
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2006a). This study showed functionality of 1a-hydroxylation in
human osteoblast differentiation. 25D3 induced expression of
CYP24, osteocalcin and stimulated ALPL activity and mineral-
ization, which was blocked by inhibition of la-hydroxylase by
ketoconazole. Downregulation of CYP27B1 in human osteoblasts
or perturbation of CYP27B1 supported the requirement of la-
hydroxylase for the effect on human MSC proliferation and
osteogenic differentiation (Atkins et al., 2007; Geng et al., 2011a).
CYP27B1 expression is reduced in MSC of older subjects and
resistance to 25D3 induced osteoblast formation points to an
aging effect (Geng et al., 2011b). The la-hydroxylase-dependent
25D3 stimulation of ALPL activity in human MSC was blocked
by histone deacytylase inhibition (Zhou et al., 2013). Of inter-
est, 25D3 has been shown to regulate gene expression in a
gene expression profiling study with CYP27B1 deficient fibrob-
lasts (Tuohimaa et al., 2013). This suggests that 25D3 may act
independent of 1a-hydroxylation.

Up to now the data on 1,25D3 production by osteoblasts are
derived from in vitro studies. In vivo significance of CYP27B1
and 1,25D3 formation in osteoblasts needs yet to be proven, for
example by knocking out CYP27B1 specifically in osteoblasts.
However, the observed discrepancies in effects on human-murine
osteoblasts may hamper this approach. Although yet in vivo proof
is lacking, the principal of local synthesis of 1,25D3 in bone may
explain the observed associations of 25D3 and not of 1,25D3
with bone as well as other parameters (Hewison et al., 2004;
Anderson et al., 2013). Besides CYP27B1, osteoblasts also express
the receptors megalin and cubulin that are involved in cellular
uptake of 25D3 via endocytosis of the vitamin D binding pro-
tein (DBP) (Van Driel et al., 2006a; Atkins et al., 2007). Linking
back to the above discussed interaction between locally pro-
duced growth factors and 1,25D3 is the regulation of CYP27B1
in osteoblasts. Albeit 1,25D3 itself inhibits CYP27B1 expression
in MSC as well as in the kidney (Zhou et al., 2010), the regula-
tion appears to be different and more complex than in the kidney
involving local regulators. Several locally in bone produced fac-
tors affects CYP27B1 expression: TGFB suppresses 5 -flanking
region of CYP27B1 (Turner et al., 2007) and interferon-f reduces
while interleukin-1 and IGF-I increase CYP27B1 expression in
mature human osteoblasts (Van Driel et al., 2006a; Zhou et al.,
2010; Woeckel et al., 2012). The effect of interleukin-1 points to
the involvement of NF-kB in stimulation of CYP27B1 expression
in human osteoblasts. This is supported by the interferon-f inhi-
bition of NF-kB in synoviocytes (Van Holten et al., 2004) and
CYP27B1 regulation in human dendritic cells (Hewison et al.,
2003).

1,25D3 plays an important role in maintaining bone health
either via controlling calcium and phosphate homeostasis or via
direct effects on osteoblasts. This latter is supported by the direct
effects of 1,25D3 on osteoblast differentiation, expression and
activity of bone formation related proteins and enzymes, and
mineralization. The complete vitamin D endocrine system, from
receptor to enzymes involved in 1,25D3 synthesis and breakdown,
is present in the osteoblast, pointing to an autocrine/paracrine
1,25D3 function in bone. This is the more so interesting as
over the past decade it has become clear that osteoblasts are
not only involved in bone metabolism but that they also form

the hematopoietic stem cell (HSC) niche controlling renewal of
HSCs and differentiation of the immune cells (Calvi et al., 2003).
Moreover, these HSC niches are also the sites of bone metasta-
sis (Shiozawa et al., 2011). Considering the 1,25D3 effect on the
immune system and tumor cell growth it is tempting to spec-
ulate that autocrine/paracrine action of 1,25D3 is also beyond
bone metabolism and important for other regulatory functions
of osteoblasts. It is therefore of critical importance to under-
stand the full picture of 1,25D3 effects on osteoblasts. One of
the approaches to obtain information on the effects of 1,25D3 on
osteoblasts and MSC in an unbiased way is by omics approaches
in combination with bioinformatics. In the next paragraph the
current available 1,25D3 gene expression profiling studies of
osteoblasts will be discussed.

VITAMIN D AND GENE TRANSCRIPTION IN THE CONTEXT OF
OSTEOBLAST DIFFERENTIATION AND BONE FORMATION
1,25D3 has been shown to regulate the expression of various
genes related to osteoblast proliferation and differentiation. BMP-
2 induced bone formation has been suggested to be enhanced by
1,25D3 induced ¢-MYC expression (Piek et al., 2010). Induction
of Insulin-like growth factor-binding proteins (IGFBP)-2, -3, and
-4 expression by 1,25D3 in human MSC may play a role in
stimulation of osteogenic differentiation (Kveiborg et al., 2001).
Recently, Li and coworkers (Li et al., 2013) demonstrated that
IGFBP-3 interacts with the VDR and negatively regulates CYP24
and BGLAP expression. Overexpression of IGFBP-3 inhibited the
1,25D3 activation of ALP in MG-63 human osteosarcoma cells.

1,25D3 also regulated Forkhead Box O (FoxO) transcrip-
tion factors in murine MC3T3 osteoblasts with FoxO3a being
up-regulated while FoxO1 was down-regulated, and FoxO4 not
affected. Knockdown of the FoxO’s didn’t change 1,25D3 inhi-
bition of cell growth but led to increased accumulation of reac-
tive oxygen species after 1,25D3 treatment (Eelen et al., 2013).
This may be linked to cellular metabolism and the high energy
demanding process of bone formation (Komarova et al., 2000;
Chen et al., 2008; Bruedigam et al., 2010). Unfortunately, the
effect of FoxO’s knockdown on mineralization in these murine
MC3T3 osteoblast cultures was not reported. 1,25D3 increased
vascular endothelial growth factor (VEGF) expression in human
and rat osteoblasts is interesting considering the relationship
between bone formation and angiogenesis (Wang et al., 1996;
Schlaeppietal., 1997; Corrado et al., 2013). VEGF has been shown
to be involved in the 1,25D3 bone anabolic effect (Wang et al.,
1997).

Recent studies placed miRNAs in the 1,25D3 mechanism of
action spectrum in osteoblasts. Five miRNAs were found to be
differentially expressed in primary human osteoblast after 6 h
of treatment with 1,25D3 (Lisse et al., 2013a,b). Interestingly,
miR-637 and miR-1228 are two miRNAs located intergenic in
DAPK3 and LRP1, respectively. miR-1228 was upregulated and
coexpressed with its host gene LRP1 suggesting a conventional
VDRE- mediated transactivation upon 1,25D3 treatment. Since
LRP1 is known to mediate the canonical Wnt pathway in fibrob-
lasts (Terrand et al., 2009), this suggests an indirect regulation
of Wnt signaling by 1,25D3 adding to other data on 1,25D3 and
Wnt signaling interaction (Fretz et al., 2007; Haussler et al., 2010).

Frontiers in Physiology | Integrative Physiology

April 2014 | Volume 5 | Article 137 | 115


http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive

van de Peppel and van Leeuwen

Vitamin D and human osteoblasts

The target of miR-1228, BMP2K, was previously identified to
be increased in mouse osteoblasts upon treatment with BMP2
(Kearns et al., 2001). Stable expression of BMP2K in mouse osteo-
progenitor cells decreased ALPL activity and osteocalcin mRNA
levels. This suggests that 1,25D3 induced expression of miR-
1228 may affect osteoblast differentiation via down-regulation of
BMP2K.

On the contrary, 1,25D3 upregulated miR-637 while its host
gene was downregulated suggesting a different way of regulation
of the two transcripts. miR-637 stimulated the degradation of
COL4A mRNA levels that is expressed in the basement mem-
brane and is downregulated during early differentiation of mouse
MC3T3-E1 osteoblasts (Hong et al., 2010). It is becoming evident
that miRNAs play an important role in osteoblast differentiation
and bone formation (Lian et al., 2012) and in the near future
more data on their role in 1,25D3 action in osteoblasts will come
forward (Lisse et al., 2013a).

IDENTIFICATION OF 1,25D3 TARGET GENES IN
OSTEOBLASTS

In the past various studies have investigated the effects of 1,25D3
on target gene expression and VDR binding to DNA response
elements. Only a few of these genome-wide studies have investi-
gated the effects of 1,25D3 in the context of osteoblasts (Table 1).
The studies that carried out are very heterogenic with regard to
the differentiation stage of the cells (MSC vs. primary osteoblasts
vs. Cell line), time points of treatment (2-6h after treatment)
and the 1,25D3 concentration that is used (1-100 nM). Together
this makes it difficult to compare the different studies. Systematic
analyses of both mRNA gene expression profiling and VDR bind-
ing experiments at early time points after induction with 1,25D3
will uncover direct target genes. Below we will address a few of
these studies and the results obtained.

ChIP ANALYSES IN OSTEOBLASTS

Upon binding of 1,25D3 to the VDR, the VDR binds with its
heterodimeric partner retinoid X receptor (RXR) on the vita-
min D receptor response elements (VDRE). The VDRE consists
of the hexameric sequence AGGTCAxxxAGGTCA (Ozono et al.,

1990) but variants to the conserved sequence have been identified
(Meyer, 2005). Due to the diversity of VDRE, bioinformatics
approaches are limited in identifying whole genome VDR bind-
ing sites. To identify direct target genes of VDR, genome-wide
approaches such as ChIP-chip or ChIP-seq approaches have to be
performed. Systematic analyses of VDR binding upon activation
by 1,25D3 combined with bioinformatics approaches identifies
VDRE (VDR response elements) and subsequently direct targets
of Vitamin D signaling. A few studies have started to identify
1,25D3 target genes is various cell types such as a human derived
lymphoblastoid cell line (Ramagopalan et al., 2010) and mono-
cytes (Heikkinen et al., 2011). Recently, the first VDR binding
experiments in osteoblasts were published (Meyer et al., 2010).
Meyer et al. analyzed the genomic locations that bind VDR, RXR,
RNA polymerase II and acetylated H4 after 3h treatment with
1,25D3 in mouse MCT3T-E1 osteoblasts. Interestingly, only 13%
of the identified sites was located in classical promoter regions
upstream vitamin D target genes. The majority of sites that were
found to bind VDR, RXR and acetylated H4 were located dis-
tal (43%) and within intronic and exonic regions (44%). This
demonstrates that distal transcriptional control contributes to
the majority of vitamin D3-mediated transcription. Genome
wide ChIP-seq analyses with human osteoblasts should illustrate
whether binding of VDR at distal locations is conserved.

Pilot analysis of our gene expression profiles of osteogenic and
adipogenic MSCs illustrated that many known 1,25D3 responsive
genes (on basis of Ingenuity database; www.ingenuity.com) are
dynamically expressed during adipogenic as well as osteogenic
differentiation (data not published). This data does not directly
show that these genes are regulated by 1,25D3 but it suggests
that 1,25D3-responsive genes can have a role during the dif-
ferentiation of mesenchymal precursors. Many of the two-fold
regulated genes during osteogenic differentiation and those that
were identified previously to be regulated by 1,25D3 are involved
in Cell Cycle (41/162; GO:0007049), response to steroid hor-
mone (21/162; GO:0048545), regulation of phosphate metabolic
process (26/162, GO:0019220), regulation of apoptosis (31/162,
GO:0042981), extracellular region part (36/162; GO:0044421).
ChIP analyses using VDR and expression profiling of 1,25D3

Table 1 | Genome-wide studies of vitamin D and osteoblasts.

Publication Experiment Species

Cell type Treatment

Lisse et al., 2013a,b
Woeckel et al., 2012
Tarroni et al., 2012
Grundberg et al., 2011
Piek et al., 2010

Expression profiling miRNA
Expression profiling mRNA
Expression profiling mRNA
Expression profiling mRNA
Expression profiling mRNA

Meyer et al., 2010
Woeckel et al., 2010

VDR localization ChIP-chip
Expression profiling mRNA

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens

Mus musculus
Homo sapiens

1,25D3 1078 M 6h

1,25D3 1078 M 2 and 24 h

1,25D3 10~ M 24h

1,25D3 1077 M 2 and 24 h

1,25D3 1078 M 0, 1, 3, 6, 12, 24,
48,72, 120, 192, and 288h

1,256D3 10~/ M 3h

1,25D3 1078 M 3, 7. 12, and 19 days

Primary osteoblasts
Pre-osteoblasts svHFO
Primary osteoblasts
Trabecular bone

MSCs

Pre-osteoblasts MC3T3-E1
Pre-osteoblasts svHFO

Eelen et al., 2004
Farach-Carson and Xu, 2002

Expression profiling mRNA
Expression profiling mRNA

Mus musculus
Rattus norvegicus

Pre-osteoblasts MC3T3-E1
Osteosarcoma ROS 17/2.8

1,25D3 1078 M 6 and 12 h
1,25D3 1079 M 0, 6 and 24 h

Database searches were performed using Bone[Title/Abstract] OR  osteoblast(Title/Abstract] AND Pubmed

(http.//www.ncbi.nlm.nih.gov/pubmed) and GEO (http.//www.ncbi.nim.nih.gov/geo/).

vitamin D AND microarray in
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transcriptional activity against the backdrop of osteogenic MSC
will be needed to demonstrate the importance of VDR—1,25D3
binding in osteoblast function either in bone formation, regu-
lation of osteoclast formation and activity or in the stem cell
niche.

GENE EXPRESSION PROFILING IN OSTEOBLASTS

Besides binding of the VDR to gene regulatory elements, impor-
tant information on the effect of 1,25D3 on osteoblasts comes
from expression profiling studies upon 1,25D3 treatment. Several
gene expression profiling studies have been performed to exam-
ine the effect of 1,25D3 on RNA expression in osteoblasts.
Gene expression profiling in murine MC3T3 cells showed down-
regulation of DNA replication genes (Eelen et al., 2004) which
fits the earlier observed inhibition of proliferation in these cells.
Gene profiling of 1,25D3 treated human osteoblasts at mul-
tiple days during the differentiation phase before mineraliza-
tion did not show regulation a specific set of DNA replication
genes (Woeckel et al., 2010). Cell death, RNA splicing trans-
lation, and cell cycle genes were identified by Gene Ontology
analyses as being most significantly overrepresented (Woeckel
et al., 2010). Only 0.6 % (3 genes) of the genes changed in
expression during the mineralizing period were also changed
prior to mineralization (Woeckel et al., 2010). This study
demonstrated that 1,25D3 has different effects on gene expres-
sion dependent on the differentiation stage of the cells and
should be carefully addressed when investigating the effects of
1,25D3 on mesenchymal stem/stromal cells and differentiated
osteoblasts.

Tarroni et al. found that upon 24h treatment of human
osteoblasts with 1,25D3 most genes were upregulated (136 up
vs. 20 down) indicating the transcriptional activation of 1,25D3
(Tarroni et al., 2012). Pathway analyses identified various bio-
logical functions and/or diseases related to bone metabolism and
cellular processes/molecular functions related to skeletal develop-
ment. The link with skeletal development is supported by another
study showing 1,25D3 induced expression in human and mouse
osteoblasts of the odd-skipped related genes Osrl and Osr2,
known from expression in the developing limb (Verlinden et al.,
2013).

Tarroni et al. also showed strong change in expression of genes
linked to inflammation or immune and lymphatic system devel-
opment (Tarroni et al., 2012). In line with this, is the observation
of a gene profiling study showing interferon-related genes being
overrepresented after 1,25D3 treatment of human osteoblasts.
The interferon signaling related genes were down-regulated by
1,25D3 (Woeckel et al., 2012). The observations on processes
related to the immune system are interesting from at least two
points of view. Firstly, because of the link between the immune
system and bone and the effect of immune cells-derived cytokines
on bone metabolism, e.g., in conditions like rheumatoid arthritis.
Secondly, considering the above mentioned role of the osteoblasts
in the stem cell niche and control of hematopoietic stem cell
renewal and differentiation. The expression profiling data and the
identification of functions and processes related to the immune
system may support a role of vitamin D in osteoblasts control the
stem cell niche (Kawamori et al., 2010).

CONCLUSION

Vitamin D can regulate bone metabolism in an indirect way via
controlling calcium and phosphate homeostasis but also via direct
effects on osteoblasts. In fact, the complete vitamin D endocrine
system is present in osteoblasts. This enables osteoblasts to
respond not only to vitamin D via the VDR but also to synthesize
the biological most active vitamin D metabolite 1,25D3 and to act
in an autocrine/paracrine manner. Vitamin D directly regulates
gene expression and stimulates mineralization in ex vivo cultures
of human and rat osteoblasts. The effect on mineralization may
depend on species and/or environmental context that can alter
the eventual vitamin D effect. Besides effects on bone metabolism,
vitamin D effects on osteoblasts may be related to additional func-
tions of osteoblasts such as the hematopoietic stem cell niche.
Interesting in this respect is that gene expression profiling stud-
ies on vitamin D-treated osteoblasts revealed genes and processes
related to the immune system. Further studies are needed to
delineate these non-bone metabolism related effects of vitamin
D in osteoblasts in greater detail at cellular and molecular level.
A future challenge will be to construct networks representing the
effects of vitamin D, either in bone metabolism- or in non-bone
metabolism-related processes, against the backdrop of osteoblast
differentiation by systems biological approaches.

REFERENCES

Anderson, H. C. (1995). Molecular biology of matrix vesicles. Clin. Orthop. Relat.
Res. 266-280. doi: 10.1097/00003086-199505000-00034

Anderson, H. C., Garimella, R., and Tague, S. E. (2005). The role of matrix vesicles
in growth plate development and biomineralization. Front. Biosci. 10:1576. doi:
10.2741/1576

Anderson, P. H., Lam, N. N., Turner, A. G., Davey, R. A, Kogawa, M.,
Atkins, G. J., et al. (2013). The pleiotropic effects of vitamin D in bone.
J. Steroid Biochem. Mol. Biol. 136, 190-194. doi: 10.1016/j.jsbmb.2012.
08.008

Atkins, G. J., Anderson, P. H., Findlay, D. M., Welldon, K. J., Vincent,
C., Zannettino, A. C. W,, et al. (2007). Metabolism of vitamin D3 in
human osteoblasts: evidence for autocrine and paracrine activities of la,
25-Dihydroxyvitamin D3. Bone 40, 1517-1528. doi: 10.1016/j.bone.2007.
02.024

Atkins, G. J., and Findlay, D. M. (2012). Osteocyte regulation of bone mineral:
a little give and take. Osteoporos Int. 23, 2067-2079. doi: 10.1007/s00198-012-
1915-z

Bilezikian, J. P, Raisz, L. G., Rodan, G. A., and Karaplis, A. C. (2002). “Embryonic
development of bone and the molecular regulation of intramembranous and
endochondral bone formation,” in Principles of Bone Biology, ed A. C. Karaplis
(San Diego, CA: Academic Press), 53—84. doi: 10.1016/B978-0-12-373884-4.
00025-2

Birkenhiger-Frenkel, D. H., Pols, H. A., Zeelenberg, J., Eijgelsheim, J. J., Schot, R.,
Nigg, A. L., etal. (1995). Effects of 24R,25-dihydroxyvitamin D3 in combination
with 1 alpha-hydroxyvitamin D3 in predialysis renal insufficiency: biochemistry
and histomorphometry of cancellous bone. J. Bone Miner. Res. 10, 197-204. doi:
10.1002/jbmr.5650100205

Bonewald, L. E (2011). The amazing osteocyte. J. Bone Miner. Res. 26, 229-238. doi:
10.1002/jbmr.320

Bonewald, L. E, Kester, M. B., Schwartz, Z., Swain, L. D., Khare, A., Johnson, T. L.,
et al. (1992). Effects of combining transforming growth factor beta and 1,25-
dihydroxyvitamin D3 on differentiation of a human osteosarcoma (MG-63).
J. Biol. Chem. 267, 8943—-8949.

Boyle, W. J., Simonet, W. S., and Lacey, D. L. (2003). Osteoclast differentiation and
activation. Nature 423, 337-342. doi: 10.1038/nature01658

Bruedigam, C., Eijken, M., Koedam, M., van de Peppel, J., Drabek, K., Chiba, H.,
et al. (2010). A new concept underlying stem cell lineage skewing that explains
the detrimental effects of thiazolidinediones on bone. Stem Cells 28, 916-927.
doi: 10.1002/stem.405

Frontiers in Physiology | Integrative Physiology

April 2014 | Volume 5 | Article 137 | 117


http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive

van de Peppel and van Leeuwen

Vitamin D and human osteoblasts

Calvi, L. M., Adams, G. B., Weibrecht, K. W., Weber, J. M., Olson, D. P., Knight, M.
C., et al. (2003). Osteoblastic cells regulate the haematopoietic stem cell niche.
Nature 425, 841-846. doi: 10.1038/nature02040

Chen, C. T.,, Shih, Y. R, Kuo, T. K., Lee, O. K., and Wei, Y. H. (2008).
Coordinated changes of mitochondrial biogenesis and antioxidant enzymes
during osteogenic differentiation of human mesenchymal stem cells. Stem Cells
26, 960-968. doi: 10.1634/stemcells.2007-0509

Chen, J., Dosier, C. R., Park, J. H, De, S., Guldberg, R. E., Boyan, B. D,, et al.
(2013). Mineralization of three-dimensional osteoblast cultures is enhanced by
the interaction of 1a,25-dihydroxyvitamin D3 and BMP2 via two specific vita-
min D receptors. J. Tissue Eng. Regen. Med. doi: 10.1002/term.1770. [Epub ahead
of print].

Chen, K., Aenlle, K. K., Curtis, K. M., Roos, B. A., and Howard, G. A. (2012a).
Hepatocyte growth factor (HGF) and 1,25-dihydroxyvitamin D together
stimulate human bone marrow-derived stem cells toward the osteogenic
phenotype by HGF-induced up-regulation of VDR. Bone 51, 69-77. doi:
10.1016/j.bone.2012.04.002

Chen, Y.-C., Ninomiya, T., Hosoya, A., Hiraga, T., Miyazawa, H., and Nakamura,
H. (2012b). 1a,25-dihydroxyvitamin D3 inhibits osteoblastic differentia-
tion of mouse periodontal fibroblasts. Arch. Oral Biol. 57, 453-459. doi:
10.1016/j.archoralbio.2011.10.005

Chow, J. W., Wilson, A. J., Chambers, T. J., and Fox, S. W. (1998). Mechanical load-
ing stimulates bone formation by reactivation of bone lining cells in 13-Week-
Old Rats. J. Bone Miner. Res. 13, 1760-1767. doi: 10.1359/jbmr.1998.13.11.1760

Corrado, A., Neve, A., and Cantatore, F. P. (2013). Expression of vascular endothe-
lial growth factor in normal, osteoarthritic and osteoporotic osteoblasts. Clin.
Exp. Med. 13, 81-84. doi: 10.1007/s10238-011-0170-5

Cui, J., Ma, C,, Qiu, J., Ma, X., Wang, X., Chen, H., et al. (2011). A novel inter-
action between insulin-like growth factor binding protein-6 and the vitamin D
receptor inhibits the role of vitamin D3 in osteoblast differentiation. Mol. Cell.
Endocrinol. 338, 84-92. doi: 10.1016/j.mce.2011.03.011

Dobnig, H., and Turner, R. T. (1995). Evidence that intermittent treatment with
parathyroid hormone increases bone formation in adult rats by activation of
bone lining cells. Endocrinology 136, 3632—-3638. doi: 10.1210/en.136.8.3632

Drissi, H., Pouliot, A., Koolloos, C., Stein, J. L., Lian, J. B., Stein, G. S., et al.
(2002). 1, 25-(OH)2-vitamin D3 suppresses the bone-related Runx2/Cbfal gene
promoter. Exp. Cell Res. 274, 323-333. doi: 10.1006/excr.2002.5474

Eelen, G., Verlinden, L., Meyer, M. B., Gijsbers, R., Pike, J. W., Bouillon, R., et al.
(2013). 1,25-dihydroxyvitamin D3 and the aging-related forkhead box O and
sestrin proteins in osteoblasts. J. Steroid Biochem. Mol. Biol. 136, 112-119. doi:
10.1016/j.jsbmb.2012.09.011

Eelen, G., Verlinden, L., Van Camp, M., Mathieu, C., Carmeliet, G., Bouillon,
R., et al. (2004). Microarray analysis of 1a,25-dihydroxyvitamin D3-treated
MC3T3-E1 cells. J. Steroid Biochem. Mol. Biol. 89-90, 405-407. doi:
10.1016/j.jsbmb.2004.03.008

Eijken, M., Koedam, M., van Driel, M., Buurman, C. J., Pols, H. A. P,, and
van Leeuwen, J. P. T. M. (2006). The essential role of glucocorticoids for
proper human osteoblast differentiation and matrix mineralization. Mol. Cell.
Endocrinol. 248, 87-93. doi: 10.1016/j.mce.2005.11.034

Eijken, M., Swagemakers, S., Koedam, M., Steenbergen, C., Derkx, P., Uitterlinden,
A. G, etal. (2007). The activin A-follistatin system: potent regulator of human
extracellular matrix mineralization. FASEB J. 21, 2949-2960. doi: 10.1096/fj.07-
8080com

Endo, H., Kiyoki, M., Kawashima, K., Naruchi, T., and Hashimoto, Y. (1980).
Vitamin D3 metabolites and PTH synergistically stimulate bone formation of
chick embryonic femur in vitro. Nature 286, 262—264. doi: 10.1038/286262a0

Erben, R. G., Weiser, H., Sinowatz, F., Rambeck, W. A., and Zucker, H. (1992).
Vitamin D metabolites prevent vertebral osteopenia in ovariectomized rats.
Calcif. Tissue Int. 50, 228-236. doi: 10.1007/BF00296287

Everts, V., Delaisse, J. M., Korper, W., Jansen, D. C., Tigchelaar-Gutter, W., Saftig,
P, et al. (2002). The bone lining cell: its role in cleaning lacunae and initiating
bone formation. J. Bone Miner. Res. 17, 77-90. doi: 10.1359/jbmr.2002.17.1.77

Farach-Carson, M. C., and Xu, Y. (2002). Microarray detection of gene expression
changes induced by 1,25(0OH)(2)D(3) and a Ca(2+) influx-activating analog
in osteoblastic ROS 17/2.8 cells. Steroids 67, 467-470. doi: 10.1016/S0039-
128X(01)00168-4

Franceschi, R. T., Romano, P. R., and Park, K. Y. (1988). Regulation of type I
collagen synthesis by 1,25-dihydroxyvitamin D3 in human osteosarcoma cells.
J. Biol. Chem. 263, 18938—18945.

Fretz, J. A., Zella, L. A, Kim, S., Shevde, N. K., and Pike, J. W. (2007). 1,25-
dihydroxyvitamin D3 induces expression of the Wnt signaling co-regulator
LRP5 via regulatory elements located significantly downstream of the genes
transcriptional start site. J. Steroid Biochem. Mol. Biol. 103, 440-445. doi:
10.1016/j.jsbmb.2006.11.018

Friedenstein, A. J., Deriglasova, U. E, Kulagina, N. N., Panasuk, A. F.,, Rudakowa,
S. E, Luria, E. A, et al. (1974). Precursors for fibroblasts in different popula-
tions of hematopoietic cells as detected by the in vitro colony assay method.
Exp. Hematol. 2, 83-92.

Galus, K., Szymendera, J., Zaleski, A., and Schreyer, K. (1980). Effects of la-
hydroxyvitamin D3 and 24R, 25-dihydroxyvitamin D3 on bone remodeling.
Calcif. Tissue Int. 31, 209-213. doi: 10.1007/BF02407183

Gardiner, E. M., Baldock, P. A., Thomas, G. P, Sims, N. A., Henderson, N. K.,
Hollis, B., et al. (2000). Increased formation and decreased resorption of bone in
mice with elevated vitamin D receptor in mature cells of the osteoblastic lineage.
FASEB J. 14, 1908-1916. doi: 10.1096/£j.99-1075com

Geng, S., Zhou, S., and Glowacki, J. (2011a). Effects of 25-hydroxyvitamin D(3)
on proliferation and osteoblast differentiation of human marrow stromal cells
require CYP27B1/1a-hydroxylase. J. Bone Miner. Res. 26, 1145-1153. doi:
10.1002/jbmr.298

Geng, S., Zhou, S., and Glowacki, J. (2011b). Age-related decline in osteoblasto-
genesis and la-hydroxylase/CYP27B1 in human mesenchymal stem cells: stim-
ulation by parathyroid hormone. Aging Cell 10, 962-971. doi: 10.1111/j.1474-
9726.2011.00735.x

Godschalk, M., Levy, J. R., and Downs, R. W. (1992). Glucocorticoids decrease
vitamin D receptor number and gene expression in human osteosarcoma cells.
J. Bone Miner. Res. 7, 21-27. doi: 10.1002/jbmr.5650070105

Grundberg, E., Adoue, V., Kwan, T., Ge, B., Duan, Q. L., Lam, K. C. L., et al. (2011).
Global analysis of the impact of environmental perturbation on cis-regulation
of gene expression. PLoS Genet. 7:¢1001279. doi: 10.1371/journal.pgen.1001279

Haussler, M. R., Haussler, C. A., Whitfield, G. K., Hsieh, J.-C., Thompson, P.
D., Barthel, T. K., et al. (2010). The nuclear vitamin D receptor controls
the expression of genes encoding factors which feed the “Fountain of Youth”
to mediate healthful aging. J. Steroid Biochem. Mol. Biol. 121, 88-97. doi:
10.1016/j.jsbmb.2010.03.019

Haussler, M. R., Whitfield, G. K., Haussler, C. A., Hsieh, J. C., Thompson, P. D.,
Selznick, S. H., et al. (1998). The nuclear vitamin D receptor: biological and
molecular regulatory properties revealed. J. Bone Miner. Res. 13, 325-349. doi:
10.1359/jbmr.1998.13.3.325

Heikkinen, S., Viisinen, S., Pehkonen, P., Seuter, S., Benes, V., and Carlberg, C.
(2011). Nuclear hormone 1,25-Dihydroxyvitamin D3 elicits a genome-wide
shift in the locations of VDR chromatin occupancy. Nucleic Acids Res. 39,
9181-9193. doi: 10.1093/nar/gkr654

Henry, H., and Norman, A. (1978). Vitamin D: two dihydroxylated metabolites
are required for normal chicken egg hatchability. Science 201, 835-837. doi:
10.1126/science.684411

Hewison, M., Freeman, L., Hughes, S. V., Evans, K. N,, Bland, R., Eliopoulos, A.
G., et al. (2003). Differential regulation of vitamin D receptor and its ligand in
human monocyte-derived dendritic cells. J. Irnmunol. 170, 5382-5390.

Hewison, M., Zehnder, D., Chakraverty, R., and Adams, J. S. (2004). Vitamin D
and barrier function: a novel role for extra-renal la-hydroxylase. Mol. Cell.
Endocrinol. 215, 31-38. doi: 10.1016/j.mce.2003.11.017

Hicok, K. C., Thomas, T., Gori, F, Rickard, D. J., Spelsberg, T. C., and Riggs,
B. L. (1998). Development and characterization of conditionally immortalized
osteoblast precursor cell lines from human bone marrow stroma. J. Bone Miner.
Res. 13, 205-217. doi: 10.1359/jbmr.1998.13.2.205

Holick, M. E. (1995). Defects in the synthesis and metabolism of vitamin D. Exp.
Clin. Endocrinol. Diabetes 103, 219-227. doi: 10.1055/s-0029-1211354

Hong, D., Chen, H.-X,, Yu, H.-Q., Liang, Y., Wang, C., Lian, Q.-Q., et al. (2010).
Morphological and proteomic analysis of early stage of osteoblast differen-
tiation in osteoblastic progenitor cells. Exp. Cell Res. 316, 2291-2300. doi:
10.1016/j.yexcr.2010.05.011

Ingram, R. T., Bonde, S. K., Riggs, B. L., and Fitzpatrick, L. A. (1994). Effects of
transforming growth factor beta (TGFf) and 1,25 dihydroxyvitamin D3 on
the function, cytochemistry and morphology of normal human osteoblast-
like cells. Differentiation 55, 153-163. doi: 10.1046/j.1432-0436.1994.552
0153.x

Ito, N., Findlay, D. M., Anderson, P. H., Bonewald, L. E, and Atkins, G. J. (2013).
Extracellular phosphate modulates the effect of 1a,25-dihydroxy vitamin D3

www.frontiersin.org

April 2014 | Volume 5 | Article 137 | 118


http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive

van de Peppel and van Leeuwen

Vitamin D and human osteoblasts

(1,25D) on osteocyte like cells. J. Steroid Biochem. Mol. Biol. 136, 1-4. doi:
10.1016/j.jsbmb.2012.09.029

Jilka, R. L., Weinstein, R. S., Bellido, T., Parfitt, A. M., and Manolagas, S. C.
(1998). Osteoblast programmed cell death (apoptosis): modulation by growth
factors and cytokines. J. Bone Miner. Res. 13, 793-802. doi: 10.1359/jbmr.1998.
13.5.793

Jorgensen, N. R., Henriksen, Z., Serensen, O. H., and Civitelli, R. (2004).
Dexamethasone, BMP-2, and 1,25-dihydroxyvitamin D enhance a more
differentiated osteoblast phenotype: validation of an in vitro model for
human bone marrow-derived primary osteoblasts. Steroids 69, 219-226. doi:
10.1016/j.steroids.2003.12.005

Karunaratne, A., Esapa, C. T,, Hiller, ]., Boyde, A., Head, R., Bassett, J. H. D., et al.
(2012). Significant deterioration in nanomechanical quality occurs through
incomplete extrafibrillar mineralization in rachitic bone: evidence from in-situ
synchrotron X-ray scattering and backscattered electron imaging. J. Bone Min.
Res. 27, 876-890. doi: 10.1002/jbmr.1495

Kato, A., Seo, E. G., Einhorn, T. A., Bishop, J. E., and Norman, A. W. (1998). Studies
on 24R,25-dihydroxyvitamin D3: evidence for a nonnuclear membrane receptor
in the chick tibial fracture-healing callus. Bone 23, 141-146. doi: 10.1016/S8756-
3282(98)00085-4

Kawamori, Y., Katayama, Y., Asada, N., Minagawa, K., Sato, M., Okamura, A., et al.
(2010). Role for vitamin D receptor in the neuronal control of the hematopoi-
etic stem cell niche. Blood 116, 5528-5535. doi: 10.1182/blood-2010-04-
279216

Kearns, A. E., Donohue, M. M., Sanyal, B., and Demay, M. B. (2001). Cloning and
characterization of a novel protein kinase that impairs osteoblast differentiation
in vitro. J. Biol. Chem. 276, 42213-42218. doi: 10.1074/jbc.M106163200

Kitanaka, S., Takeyama, K., Murayama, A., Sato, T., Okumura, K., Nogami, M.,
et al. (1998). Inactivating mutations in the 25-hydroxyvitamin D3 lalpha-
hydroxylase gene in patients with pseudovitamin D-deficiency rickets. N. Engl.
J. Med. 338, 653—661. doi: 10.1056/NEJM199803053381004

Komarova, S. V., Ataullakhanov, E I., and Globus, R. K. (2000). Bioenergetics
and mitochondrial transmembrane potential during differentiation of cultured
osteoblasts. Am. J. Physiol. Cell Physiol. 279, C1220-C1229.

Koshihara, Y., and Hoshi, K. (1997). Vitamin K2 enhances osteocalcin accumula-
tion in the extracellular matrix of human osteoblasts in vitro. J. Bone Miner. Res.
12, 431-438. doi: 10.1359/jbmr.1997.12.3.431

Kostenuik, P. J., and Shalhoub, V. (2001). Osteoprotegerin: a physiological and
pharmacological inhibitor of bone resorption. Curr. Pharm. Des. 7, 613-635.
doi: 10.2174/1381612013397807

Kveiborg, M., Flyvbjerg, A., Eriksen, E. F, and Kassem, M. (2001). 1,25-
dihydroxyvitamin D3 stimulates the production of insulin-like growth factor-
binding proteins-2, -3 and -4 in human bone marrow stromal cells. Eur. J.
Endocrinol. 144, 549-557. doi: 10.1530/eje.0.1440549

Lacey, D. L., Timms, E., Tan, H. L., Kelley, M. J., Dunstan, C. R., Burgess, T., et al.
(1998). Osteoprotegerin ligand is a cytokine that regulates osteoclast differenti-
ation and activation. Cell 93, 165-176. doi: 10.1016/S0092-8674(00)81569-X

Li, J.,, Jin, D., Fu, S., Mei, G., Zhou, J., Lei, L., et al. (2013). Insulin-like growth
factor binding protein-3 modulates osteoblast differentiation via interaction
with vitamin D receptor. Biochem. Biophys. Res. Commun. 436, 632—637. doi:
10.1016/j.bbrc.2013.04.111

Li, J. J., and Sodek, J. (1993). Cloning and characterization of the rat bone
sialoprotein gene promoter. Biochem. J. 289(Pt 3), 625-629.

Li, Y. C, Pirro, A. E,, Amling, M., Delling, G., Baron, R., Bronson, R., et al.
(1997). Targeted ablation of the vitamin D receptor: an animal model of vita-
min D-dependent rickets type II with alopecia. Proc. Natl. Acad. Sci. U.S.A. 94,
9831-9835. doi: 10.1073/pnas.94.18.9831

Lian, J. B., Shalhoub, V., Aslam, E,, Frenkel, B., Green, J., Hamrah, M., et al. (1997).
Species-specific glucocorticoid and 1,25-dihydroxyvitamin D responsiveness in
mouse MC3T3-E1 osteoblasts: dexamethasone inhibits osteoblast differentia-
tion and vitamin D down-regulates osteocalcin gene expression. Endocrinology
138, 2117-2127.

Lian, J. B., Stein, G. S., van Wijnen, A. J., Stein, J. L., Hassan, M. Q., Gaur, T,
et al. (2012). MicroRNA control of bone formation and homeostasis. Nat. Revi.
Endocrinol. 8,212-227. doi: 10.1038/nrendo.2011.234

Lieben, L., Masuyama, R., Torrekens, S., Van Looveren, R., Schrooten, J., Baatsen,
P, et al. (2012). Normocalcemia is maintained in mice under conditions of cal-
cium malabsorption by vitamin D—induced Inhibition of Bone Mineralization.
J. Clin. Invest. 122, 1803-1815. doi: 10.1172/JCI45890

Lisse, T. S., Adams, J. S., and Hewison, M. (2013a). Vitamin D and
microRNAs in bone. Crit. Rev. Eukaryot. Gene Expr. 23, 195-214. doi:
10.1615/CritRevEukaryotGeneExpr.2013007147

Lisse, T. S., Chun, R. E, Rieger, S., Adams, J. S., and Hewison, M. (2013b). Vitamin
D activation of functionally distinct regulatory miRNAs in primary human
osteoblasts. J. Bone Miner. Res. 28, 1478-1488. doi: 10.1002/jbmr.1882

MacDonald, P. N., Dowd, D. R., Nakajima, S., Galligan, M. A., Reeder, M. C,,
Haussler, C. A., et al. (1993). Retinoid X receptors stimulate and 9-cis retinoic
acid inhibits 1,25-dihydroxyvitamin D3-activated expression of the rat osteo-
calcin gene. Mol. Cell. Biol. 13, 5907-5917.

Mackie, E. J.,, Ahmed, Y. A., Tatarczuch, L., Chen, K.-S., and Mirams, M.
(2008). Endochondral ossification: how cartilage is converted into bone
in the developing skeleton. Int. J. Biochem. Cell Biol. 40, 46-62. doi:
10.1016/j.biocel.2007.06.009

Mackie, E. J., Tatarczuch, L., and Mirams, M. (2011). The skeleton: a multi-
functional complex organ. The growth plate chondrocyte and endochondral
ossification. J. Endocrinol. 211, 109-121. doi: 10.1530/JOE-11-0048

Maehata, Y., Takamizawa, S., Ozawa, S., Kato, Y., Sato, S., Kubota, E., et al.
(2006). Both direct and collagen-mediated signals are required for active
vitamin D3-elicited differentiation of human osteoblastic cells: roles of
osterix, an osteoblast-related transcription factor. Matrix Biol. 25, 47-58. doi:
10.1016/j.matbio.2005.09.001

Martinello, T., Bronzini, I, Volpin, A., Vindigni, V., Maccatrozzo, L., Caporale,
G., et al. (2012). Successful recellularization of human tendon scaffolds using
adipose-derived mesenchymal stem cells and collagen gel. J. Tissue Eng. Regen.
Med. doi: 10.1002/term.1557. [Epub ahead of print].

Mathieu, C., Van Etten, E., Gysemans, C., Decallonne, B., Kato, S., Laureys, J.,
et al. (2001). In vitro and in vivo analysis of the immune system of vita-
min D receptor knockout mice. J. Bone Miner. Res. 16, 2057-2065. doi:
10.1359/jbmr.2001.16.11.2057

Matsumoto, T., Ezawa, 1., Morita, K., Kawanobe, Y., and Ogata, E. (1985).
Effect of vitamin D metabolites on bone metabolism in a rat model of
postmenopausal osteoporosis. J. Nutr. Sci. Vitaminol. 31, S61-S65. doi:
10.3177/jnsv.31.Supplement_S61

Matsumoto, T., Igarashi, C., Takeuchi, Y., Harada, S., Kikuchi, T., Yamato, H., et al.
(1991). Stimulation by 1, 25-dihydroxyvitamin D3 of in vitro mineralization
induced by osteoblast-like MC3T3-E1 cells. Bone 12, 27-32. doi: 10.1016/8756-
3282(91)90051-]

McCollum, E. V., Pitz, W., Simmonds, N., Becker, J. E., Shipley, P. G., and Bunting,
R. W. (2002). The effect of additions of fluorine to the diet of the rat on the
quality of the teeth. 1925. Studies on experimental rickets. XXI. An experi-
mental demonstration of the existence of a vitamin which promotes calcium
deposition. 1922. The effect of addition. J. Biol. Chem. 277:E8.

Meyer, M. B. (2005). The human transient receptor potential vanilloid type 6 dis-
tal promoter contains multiple vitamin D receptor binding sites that mediate
activation by 1,25-dihydroxyvitamin D3 in intestinal cells. Mol. Endocrinol. 20,
1447-1461. doi: 10.1210/me.2006-0031

Meyer, M. B., Goetsch, P. D., and Pike, J. W. (2010). Genome-wide analysis of the
VDR/RXR cistrome in osteoblast cells provides new mechanistic insight into the
actions of the vitamin D hormone. J. Steroid Biochem. Mol. Biol. 121, 136—141.
doi: 10.1016/j.jsbmb.2010.02.011

Minguell, J. J., Erices, A., and Conget, P. (2001). Mesenchymal stem cells. Exp. Biol.
Med. (Maywood). 226, 507-520.

Misof, B. M., Roschger, P,, Tesch, W., Baldock, P. A., Valenta, A., Messmer, P., et al.
(2003). Targeted overexpression of vitamin D receptor in osteoblasts increases
calcium concentration without affecting structural properties of bone mineral
crystals. Calcif. Tissue Int. 73, 251-257. doi: 10.1007/s00223-002-2139-6

Nakashima, T., Hayashi, M., Fukunaga, T., Kurata, K., Oh-hora, M., Feng, J. Q.,
et al. (2011). Evidence for osteocyte regulation of bone homeostasis through
RANKL expression. Nat. Med. 17, 1231-1234. doi: 10.1038/nm.2452

Nishimura, R., Hata, K., Ono, K., Amano, K., Takigawa, Y., Wakabayashi, M., et al.
(2012). Regulation of endochondral ossification by transcription factors. Front.
Biosci. 17:4076. doi: 10.2741/4076

Noda, M., Vogel, R. L., Craig, A. M., Prahl, J., DeLuca, H. E, and Denhardt, D.
T. (1990). Identification of a DNA sequence responsible for binding of the
1,25-dihydroxyvitamin D3 receptor and 1,25-dihydroxyvitamin D3 enhance-
ment of mouse secreted phosphoprotein 1 (SPP-1 or Osteopontin) gene
expression. Proc. Natl. Acad. Sci. U.S.A. 87, 9995-9999. doi: 10.1073/pnas.87.
24.9995

Frontiers in Physiology | Integrative Physiology

April 2014 | Volume 5 | Article 137 | 119


http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive

