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Abstract: Various epidemiological studies have demonstrated that vitamin D may play important roles in the pathogene-
sis and progression of cancer. Vitamin D is one of the most pivotal nutraceuticals whose active metabolite, calcitriol
(1,25-dihydroxyvitamin Ds), possesses anti-proliferative, pro-apoptotic, and pro-differentiating capabilities. Accumulating
evidence indicates that the potential benefits of using vitamin D in cancer are not only anti-cancer cell proliferation which
is linked with its anti-inflammatory effects, including the suppression of prostaglandin metabolism and inhibition of NF-
kB signaling, but also suppressing tumor metastasis and angiogenesis. Here, we present a systematic summary of the ef-
fects of vitamin D in the chemoprevention and chemotherapy of cancer, especially anti-metastatic and anti-angiogenic ac-

tions.
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INTRODUCTION

Despite the therapeutic advances, cancer is still the sec-
ond leading cause of death in the United States, with an es-
timated 1,638,910 new cases and 577,190 deaths in 2012.
The most common fatal cancers are lung, bronchus, prostate,
breast and colorectum cancer, which account for approxi-
mately half of the total cancer deaths among men and
women [1]. Metastasis is responsible for nearly 90% of can-
cer-related deaths [2]. In recent years, epithelial-
mesenchymal transition (EMT), an orchestrated event of
cells characterized with a loss of cell-cell adhesion mediated
by E-cadherin repression and enhanced cell mobility, has
received significant attention in cancer progression. EMT in
cancer invasion, metastasis, recurrence, and chemoresistance
has been found in a variety of epithelial cancers, such as
prostate cancer, breast cancer, lung cancer, gastrointestinal
tumors and malignant melanoma [3-4]. In addition, angio-
genesis is also a crucial step for cancer progression [5]. The
new blood vessels embedded in the tumor not only offer sup-
plies for tumor growth, but also provide an efficient route for
tumor cells to enter the blood circulation and to colonize to
distant organs, such as liver, lung or even bone. Therefore,
therapeutic approaches targeting cancer metastasis and
angiogenesis are attractive strategies for the prevention and
treatment of cancer.
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A group of nutraceuticals including soy isoflavone, cur-
cumin, tea polyphenols, resveratrol, indole-3-carbinol, lyco-
pene, and vitamin D have been demonstrated to prevent or
inhibit the cancer process [6-7], among which vitamin D not
only exerts anti-proliferative, pro-apoptotic and pro-
differentiating actions in cancer, but also suppresses tumor
invasion, metastasis and angiogenesis [8-10]. Vitamin D
levels have been regarded as an independent prognostic fac-
tor of many cancers [11-12]. In this review, the anti-
metastatic and anti-angiogenic actions of vitamin D and its
related mechanisms will be discussed.

VITAMIN D SYNTHESIS AND METABOLISM

As a lipid soluble substance, vitamin D belongs to the
family of secosteroid hormones. Vitamin D is readily acces-
sible from a few foods and dietary supplements. Dietary vi-
tamin D exists in two forms: vitamin D, (ergocalciferol),
which is derived from fungi or plant, and vitamin Ds (chole-
calciferol), which is present in animal sources [9]. Skin can
also synthesize vitamin D under sunlight exposure. Ultravio-
let light with certain wavelength (270-300nm) converts the
precursor 7-dehydrocholesterol to the secosteroid vitamin
Ds. It is then metabolized in the liver by the enzyme 25-
hydroxylase (CYP27Al) to form the prohormone 25-
hydroxy vitamin D3 [25 (OH) Ds]. 25 (OH) D; further con-
verts to 1,25(OH), D5 (or calcitriol) in the kidney by la-
hydroxylase (CYP27B1) afterwards [9,13]. Importantly,
CYP27BI is also expressed in many other tissues, including
colon, breast, prostate, lung, pancreas, placenta and various
cells of the immune system, to synthesize calcitriol and in-
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duce an autocrine/paracrine action of vitamin D; [14-15].
Converting 24-hydroxylation of 25 (OH) D; and calcitriol to
the metabolites 24,25 (OH), D; and 10,24,25(OH), D3 by
24-hydroxylase (CYP24A1) is the rate-limiting step for the
catabolism of 25 (OH) Dj; and calcitriol (Fig. 1) [16].

Vitamin D-Metabolizing Enzymes

The synthesis and degradation of vitamin D are regulated
by the enzymes CYP27B1 and CYP24A1 respectively.
Lopes et al. [17] have shown that CYP27B1 expression is
lower in invasive breast carcinomas compared with benign
lesions and CYP24A1 expression was elevated in carcino-
mas than that in benign lesions. McCarthy et al. [18] also
demonstrated that CYP27B1 mRNA expression was signifi-
cantly down-regulated in adjacent non-cancerous breast tis-
sue from patients with breast cancer in comparison with that
from individuals without breast cancer. The similar results
were also observed in colon cancer by Bises and colleagues

T

HOY

Vitamin D,

Vitamin Dy

Xu et al.

that high-grade undifferentiated colorectal cancers have a
lower expression of CYP27BI1 than low grade tumors [19].
These results imply that reduced synthesis or enhanced deg-
radation of vitamin D may be associated with cancer pro-
gression.

Retinol X Receptor (RXR) and Vitamin D Receptor
(VDR)

Vitamin D binding protein (DBP) (300-600 mg/mL in
bloodstream) is the main transporter of vitamin D in the cir-
culatory system [20]. Vitamin D receptor (VDR), which is a
member of the steroid hormone receptor superfamily of
ligand-activated transcription factors, is a crucial mediator
for the cellular effects of vitamin D [21]. The VDR gene is
located on chromosome 12ql12—ql4 and several single-
nucleotide polymorphisms including FokI (rs2228570) and
Bsml (rs1544410) have been identified that may influence
cancer risk [22]. The binding of calcitriol to the nuclear VDR

| 7- dehydrocholesterol |

24,25 (OH), D,

25(0OH) D, Calcitriol
Skin | Diet / Supplements
Vitamin D,
Vitamin D,
CYP27AL liver |
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Fig. (1). The chemical structures and metabolism of vitamin D. The production of vitamin D in the skin resulted from sunlight exposure
and the intake of vitamin D from diet or supplements are the main sources of vitamin D. It is then metabolized to calcitriol (active form of
vitamin Ds) in the liver and kidney by the enzymes including 25-hydroxylase (CYP27A1) and la-hydroxylase (CYP27B1). Importantly,
CYP27B1 also expresses in many other extrarenal tissues, including malignant cancer cells, to synthesize calcitriol and induce an

autocrine/paracrine action of vitamin D;.
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regulates various transcriptional factors which play impor-
tant roles in cancer progression [23,16]. Activation of vita-
min D receptors can inhibit proliferation, angiogenesis and
invasiveness in the intestinal tumors [24-26]. A comprehen-
sive meta-analysis that performed on the association between
the VDR polymorphisms and the risk of cancer (breast, skin
and prostate) in Caucasian populations showed that a 6-7%
reduction of cancer risk at any site was observed in those
who carried at least one copy of the Bsml B allele; On the
other hand, FokI ff genotype increased the cancer risk which
was associated with vitamin D levels [22]. After binding to
VDR, the primary molecular action of calcitriol is initiated.
Consequently, a VDR-retinoid X receptor (RXR) heterodi-
mer will be formed which interacts with specific DNA-
binding sites (vitamin D response elements, VDREs) and
finally induces the transcription of vitamin D responsive
genes [27,25,28]. The degradation of calcitriol to 1, 24,
25(0OH);Ds5 is initiated by 24-hydroxylase (CYP24Al) in
response to 1, 25(OH),D. 1,24,25(0OH); D5 will be in turn
metabolized to excreted products such as calcitroic acid [13].
Such feedback mechanism helps to avoid vitamin D intoxi-
cation in our body.

RXR which consists of 3 subtypes (o, f and y) is a family
of nuclear receptors that regulate multiple signalling path-
ways [29]. The nuclear RXR is the preferential heterodimeric
partner of VDR. Accumulative evidence has proven that the
expression of RXR was positively associated with the risk of
cancer [30-33]. Egan and colleagues indicated that allelic
variation in RXRa, influences the risk of colorectal adenoma
recurrence [30]. Jacobs ef al. [31] also proved that RXRa
single nucleotide polymorphisms (SNPs) rs7861779 and
rs12004589 may be important markers for colorectal neopla-
sia. Studies also showed that decreased RXRp expression
may be related to the progression of prostate cancer [32].
Obara et al. [33] further demonstrated that the expression of
RXRy correlated with tumor stage, distant metastasis, and
the 5-year cancer specific survival rate in patients with renal
cell carcinoma. RXRs can be, therefore, identified as poten-
tial targets for cancer prevention and treatment.

THE EPIDEMIOLOGY OF VITAMIN D AND CAN-
CER

Exposure to sunlight and/or intake of vitamin D from
food are the major sources for human to get vitamin D. Epi-
demiological studies suggest that many factors that directly
or indirectly influence the serum vitamin D levels, including
vitamin D intake, sunlight exposure, geography and skin
pigmentation and serum 25 (OH) D levels, are intimately
correlated with cancer progression.

Vitamin D Intake

Dietary sources of vitamin D include 1) vitamin Dj in
some animal derived foods or animal products such as liver,
egg yolk and fatty saltwater fish, 2) vitamin D, from plants,
and 3) vitamin D fortified foods such as fortified milk and
margarines [16]. It has been recommended that toxicity
threshold is between 10,000 and 40,000 IU of vitamin D per
day [34-36]. Several lines of evidence have shown that
higher intakes of vitamin D from food and supplements and
higher levels of vitamin D in the circulation are associated
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with lower cancer risk [37-42]. Individuals consume vitamin
D supplements were observed to have a lower risk of ade-
noma recurrence [43]. A prostate, lung, colorectal, and ovar-
ian cancer screening trial showed that dietary supplementa-
tion with more than 600 IU of vitamin D could reduce the
risk of prostate cancer supporting the protective role of vita-
min D [37]. In a recent randomized controlled trial, Lappe el
al. [40] announced that postmenopausal women that pro-
vided with 1,100 IU/day of vitamin D; combined with 1400-
1500 mg supplemental calcium/day, leaded to a 60% reduc-
tion of incidence of all invasive cancers. However, whether
vitamin D can help reduce cancer risk or not is still debatable
since controversial results were yielded in some epidemi-
ologic studies in other cancers, such as breast cancer [44]
and pancreatic cancer [45]. Noteworthy, failing to consider
some important variables, such as the interaction of vitamin
D with hormone treatment, other dietary supplements, sea-
sonal change, and tobaccos, may lead to unreliable conclu-
sions. For example, a reanalysis of data from the Women’s
Health Initiative (WHI) randomized trial has demonstrated a
strong interaction between estrogen with the effects of cal-
cium and vitamin D supplementation on colorectal cancer
risk [46]. The calcium and vitamin D supplementation was
beneficial only to the women assigned to placebo arms of the
estrogen trials but not the women receiving estrogen therapy
[46]. Therefore, well designed, large, randomized trials are
in dire need to characterize the exact role of vitamin D in
cancer.

Sunlight, Geography, and Skin Pigmentation

For most people, solar ultraviolet B (UVB) radiation is
the major source of vitamin D [25]. UVB exposure has a
significant protective effect in cancer incidence and mortality
rate [47-48]. In addition, living at higher latitudes with lower
sunlight exposure also associated with higher cancer mortal-
ity [49]. In a case-control study, men with more sunlight
exposure or high occupational outdoor activities had obvi-
ously reduced risk of advanced prostate cancer [50]. Simi-
larly, women who lived in the regions with high solar radia-
tion in the National Health and Nutrition Examination Sur-
vey of the United States had about half the incidence of
breast cancer than those lived in the regions with low solar
radiation [51]. The survival of patients with colon cancer,
breast cancer, prostate cancer and male patients with lung
cancer in Norway were higher for those diagnosed in the
summer and autumn rather than in the winter and spring due
to the higher levers of Vitamin D production [52-53]. In-
creased incidences of pancreatic cancer and ovarian cancer
were also observed among participants with low residential
UVB exposure [54-55]. Moreover, the degree of skin pig-
mentation also influences vitamin D status. Negro subjects
have been reported to require almost 10-50 times of exposure
to UVB radiation to produce an equivalent amount of vita-
min D than that does for Caucasian subjects [56,25].

Serum 25 (OH) D; Levels

As the major vitamin D metabolite in the circulation and
the best indicator of overall vitamin D status, 25(OH)D; is
inversely associated with cancer incidence and recurrence
[57-58]. Ren et al. [12] recently demonstrated that most gas-
tric cancer patients were deficient in serum 25(OH)D; and,
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the clinical staging, e.g., lymph node invading or distant me-
tastasis, were inversely correlated with patients' vitamin D
levels. The association between prediagnosis plasma
25(0OH)D; levels and colorectal cancer mortality was also
tested in the Nurses' Health Study (NHS) and the Health Pro-
fessionals Follow-Up Study (HPFS), which suggested that
patients with higher plasma 25(OH)D; levels were associated
with a significant improvement in overall survival of colo-
rectal cancer [59]. Moreover, a higher 25(OH)D; level at
surgery has been recently linked with a better survival rate of
patients with colorectal cancer [60]. On the other hand,
Freedman et al. [38] demonstrated in the Third National
Health and Nutrition Examination Survey (NHANES III)
cohort that there was a significant inverse relationship be-
tween colorectal cancer mortality and 25(OH)D; levels. The
mortality rate in the colorectal cancer Patients with serum
25(0OH)D; levels higher than 80 nmol/L had about three
fourth less than those with 25(OH)D; levels lower than 50
nmol/L. Further, Li and co-workers of the Physicians’ Health
Study cohort suggested that a large proportion of the US men
had suboptimal vitamin D status and both 25(OH)D; and
1,25(0OH),D3 may play an important role in preventing pros-
tate cancer progression [61].

VITAMIN D AND CANCER METASTASIS

In addition to the epidemiologic evidence, data from in
vitro and in vivo studies also revealed that vitamin D has the
anti-cancer effects. Flanagan ef al. showed that 1,25(OH),D;
not only mediated breast cancer cell proliferation and apop-
tosis, but also inhibited cancer cell invasive ability [62]. Us-
ing the VDR transgenic mice, Nakagawa ef al. [63] demon-
strated that VDR™ mice exhibited high serum levels of
1,25(0OH),D; which inhibited Lewis lung carcinoma cells
metastasis. These results indicate that vitamin D may work
as an intrinsic factor for the prevention of metastasis.

EMT has been considered as a critical step in cancer pro-
gression, especially in cancer metastasis in recent years [3-
4]. EMT includes four important steps: 1) loss of epithelial
cell adhesion, 2) expression of mesenchymal cell markers, 3)
degradation of basement membranes, and 4) enhancement of
cell migration and invasion that facilitate tumor cells’ inva-
sion into stroma and entrance to the circulation. A typical
symbol of EMT is the loss of the expression of cell-cell ad-
hesion molecule E-cadherin and the gain of mesenchymal
markers (vimentin, fibronectin, N-cadherin and others) [64].
In vitro and in vivo studies have suggested that vitamin D
could effectively inhibit EMT. Calcitriol, the biologically
active form of vitamin D, has been demonstrated to inhibit -
catenin transcriptional activity which has been shown to be
important for Wnt signal induced EMT [65-66] by promot-
ing VDR binding to B-catenin, which in turn results in the
induction of the expression of E-cadherin in colon cancer
cells [67]. Calcitriol can also inhibit the Wnt/B-catenin sig-
naling pathway by increasing the expression of two genes
that encode the extracellular Wnt inhibitors DICKKOPF-1
and DICKKOPF-4 (DKK-1, DKK-4) [67]. Adhesion of cir-
culating cancer cells to the microvascular endothelium is one
of the key steps for cancer metastasis. Hsu et al. [8] found
that calcitriol was able to increase the expression of E-
cadherin in prostate cancer cells and promote the homotypic
cell-cell aggregation that further prevent the circulating can-

Xu et al.

cer cells to adhere to microvascular endothelial cells and
finally reduce the metastatic potential. Calcitriol and its ana-
logues EB1089 and KH1060 can suppress the expression of
carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM]1) and results in potentially beneficial effects on
metabolic disorders [68]. The modulation of the expression
of a6 and PB4 integrins is also an important mechanism for
calcitriol to enhance cancer cell adhesion [69]. A recent
study showed that E-cadherin was down-regulated by the
activation of epidermal growth factor (EGF) receptor
(EGFR) via the up-regulation of Snail, whereas, calcitriol
could decrease the expression of EGFR, indicating that cal-
citriol may promote E-cadherin expression through the inhi-
bition of EGFR/Snail signaling [70-71].

Cystatin D could inhibit the migration of human colon
cancer cells via repressing the expression of the EMT induc-
ers, such as Snail, Slug, ZEB1 and ZEB2, and conversely,
inducing the expression of E-cadherin and other adhesion
proteins [72]. Based on a transcriptomic analysis per-
formed in human colon cancer cells, calcitriol is able
to increase the level of cystatin D [73]. Alvarez-Diaz et al.
[72] demonstrated that calcitriol could induce VDR to acti-
vate the cystatin D promoter and increase cystatin D expres-
sion. The transcriptomic analysis also revealed a decrease in
the level of Sprouty-2 (SPRY2), a negative feedback regula-
tor of several receptor tyrosine kinase receptors including
EGFR, RNA on the treatment with calcitriol [73]. Bar-
bachano and colleagues recently found that SPRY2 gene and
its induced EMT related gene ZEB1 were inhibited by cal-
citriol in colon cancer cells which in part due to the induction
of E-cadherin mediated cell adhesion [74]. As a histone H3
lysine demethylase, JmjC domain-containing protein 3
(JMJD3) is up-regulated by 1,25(OH),D; in colon cancer
cells [75], which imply that vitamin D might influence EMT
process via JMJID3. In addition, calcitriol can also decrease
the expression of mesenchymal markers, such as N-cadherin,
a-smooth muscle actin (a-SMA) and fibronection in tumor
cells, which further supports the idea that vitamin D can in-
hibit the EMT [76-77]. Increasing evidence has shown that
Snail and some other EMT related transcriptional factors can
repress VDR expression with a loss of responsiveness to
calcitriol, thus suppressed VDR expression may be regarded
as an indicator for patients who are not able to respond to
vitamin D related therapy [78-81].

Matrix metalloproteinases (MMPs), plasminogen activa-
tor (PAs) and cathepsins (CPs) are the enzymes that mediate
the degradation of the extracellular matrix and the basement
membrane of the vascular epithelium and consequently allow
the cancer cells to invade through the matrix and capillaries
for further metastasis [9,82,15]. These three proteases are
negatively regulated by tissue inhibitors of metalloprotein-
ases (TIMPs), plasminogen activator inhibitors (PAIs) and
cathepsin inhibitors (CIs), respectively [15]. Decreased ex-
pression levels of urokinase PA, tissue-type PA, MMP-2 and
MMP-9 in cancer patients often linked with tumor metastasis
[83]; in response to calcitriol and its analogues, the expres-
sion levels of these enzymes were decreased while the ex-
pression of plasminogen activator inhibitors (PAls) was in-
creased in breast, lung and prostate cancer cells [84-87]. In
prostate cancer cells, calcitriol could not only decrease the
expression of MMP-9 and CPs but also increase the activity
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of their counterparts, tissue inhibitor of metalloproteinases
(TIMP)-1 and cathepsin inhibitors (CIs) [84]. Moreover,
Tenascin-C, an extracellular matrix protein with the ability to
promote tumor growth, invasion and angiogenesis, can be
inhibited by calcitriol in a variety of normal or malignant
mouse and human epithelial cell lines [88]. As a product of
selective deglycosylation of DBP, vitamin D binding pro-
tein-macrophage activating factor (DBP-maf) has been
proved to be an anti-tumorigenic agent [89]. Gregory et al.
[90] recently showed that DBP-maf was able to cause the
reduction in expressing urokinase PA receptor (uPAR) and
in turn inhibited the migratory and invasive ability of pros-
tate cancer cells. DBP-maf can also enhance the cell-cell
adhesion through the reduction of vimentin expression,
which indicating a reversal effect of EMT [91] (Fig. 2).

CD44 is a multifunctional transmembrane glycoprotein
involved in cell adhesion, invasion, angiogenesis and metas-
tasis, and recognized as a key marker of cancer stem cells in
many cancers, such as prostate, breast and pancreatic cancer
[92-94]. A recent study showed that calcitriol inhibited the
expression of CD44 and enhanced the expression of E-
cadherin in colon cancer, which may lead to the inhibitory
effect on ApcM'“/+- driven tumorigenesis [95]. CD44 has
multiple variants produced by alternative splicing [96],
among which CD44v (100-250 kDa) rather than CD44s (85
kDa) has been strongly associated with cancer metasta-
sis[97]. CD44v3 and CD44v6, which are related to cancer
cell invasion, migration and metastasis, have been proved to
be inhibited by a novel Gemini vitamin D analog, BXL0124
in breast cancer [98,94]. So ef al. found that BXL0124 given
intraperitoneally at the dose of 0.1 g/kg body weight sup-
pressed 75% tumor size and 66% tumor weight in SCID
mice. BXL0124 also inhibits the expression levels of CD44
protein and mRNA in highly aggressive breast cancer cell
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line MCF10DCIS in a dose dependent manner [94]. A fur-
ther study from the same group found that the expression
level of VDR protein was increased while the expression
level of CD44 protein was suppressed by BXLO0124 treat-
ment in MCF10CAla and MDA-MB-468 cells [99]. Using
cDNA microarrays, Krishnan et al. [100] identified many
vitamin D-regulated genes, of which the N-myc downstream
regulated 1(NDRGV1), also known as Drg 1, being suppressed
in prostate cancer [101] was up-regulated by vitamin D.
NDRGI1 has also been demonstrated to inhibit colorectal
metastasis by inducing differentiation and reversing the me-
tastatic phenotype [102]. Therefore, the up-regulation of
NDRGT is likely a mechanism for the anti-metastatic action
of vitamin D. Interleukin-6 (IL-6), which is a p38-regulated
pleiotropic cytokine, was elevated and positively correlated
with tumor burden and the number of bone metastases in
prostate cancer [103]. Nonn ef al. [104] demonstrated that
vitamin D could reduce IL-6 production through the inhibi-
tion of p38 via MKPS5. Furthermore, transcription factor
Stat3 is involved in metastatic behavior of human prostate
cancer cells [105]. Over-expression of Stat3 induced the
formation of lamellipodia and promoted a migratory pheno-
type of cancer cells [105]. Recent studies have shown that
vitamin D might interfere with Stat3 activation and therefore
intake of vitamin D may provide therapeutic value to the
cancer patients by reducing Stat3 [106].

Bone is one of the most preferential metastatic target
sites for cancer cells [107]. Bone resorption is important for
cancer cell metastasis. Cancer cells can produce the bone-
resorbing cytokines and increase osteoclastic bone resorp-
tion, which in turn promote cancer cells to get abundant sup-
plies of bone-stored growth factors [108]. This vicious cycle
promotes both bone resorption and cancer cell growth. Using
a bone metastasis model established by Arguello ef al. [109],
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Fig. (2). The molecular mechanisms of the anti-EMT actions of calcitriol. Calcitriol can inhibit the process of EMT by 1) increasing
epithelial cell adhesion [8, 65-74], 2) decreasing the expression of mesenchymal protein markers [76-81], 3) inhibiting the expression of
proteases that in turn halt the degradation of basement membranes and negatively modulate the cancer cell migratory and invasive abilities

[9, 15, 82-91].
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El Abdaimi and colleagues found that vitamin D analogue
EB 1089 could reduce not only the development of osteolytic
bone metastases but also the tumor burden within bone
[110]. Evidence has shown that vitamin D deficiency could
increase both the growth of tumors and the osteoclastic activ-
ity in the tibiae of mice following intra-tibial implantation of
breast cancer cells [111]. Evidence also showed that intra-
tibially implanted prostate cancer cells resulted in mixed
osteolytic and osteosclerotic lesion. Vitamin D deficiency
stimulates prostate cancer growth in bone via the modulation
of bone microenvironment [112].

Bhatia ef al. [113] showed that the noncalcemic vitamin
D analogue EB1089 (seocalcitol, 1a-dihydroxy-22,24-diene-
24.26,27-trihomovitaminD3) could inhibit the parathyroid
hormone-related protein (PTHrP)-enhanced bone metasta-
sis and xenograft growth as well as intra-tumor vessel den-
sity of human prostate cancer. Paricalcitol, another synthetic
analog of vitamin D (19-nor-1a-25-dihydroxyvitamin D2),
has been approved by the Food and Drug Administration for
the clinical treatment of secondary hyperparathyroidism.
Park et al. [10] recently proved that treatment with paricalci-
tol not only inhibited gastric cancer cell growth and induced
cell cycle arrest, but also induced apoptosis and showed anti-
inflammatory activity. Moreover, the growth of intraperito-
neal metastases in vivo was reduced in mice treated with
paricalcitol. Besides, a novel Gemini vitamin D analog,
BXL0124 [1a,25-dihydroxy-20R-21 (3-hydroxy -3-deutero-
methy 1-4,4,4-trideuterobutyl)-23-yne-26,27-hexafluro-cho-
lecalciferol) was able to repress the expression of CD44,
which further resulted in a decreased amount of the CD44-
STAT3-JAK2 complex and inhibited the invasive ability of
the basal-like breast cancer [99].

VITAMIN D AND CANCER ANGIOGENESIS

Angiogenesis, the formation of new blood vessels from
existing vasculatures, is connected with cancer invasion and
metastasis tightly [114]. In tumor-derived endothelial cells
(TDECsS), calcitriol inhibits the proliferation via promoting
GO0-G1 cell cycle arrest and induces apoptosis [115-116].
These effects observed in TDECs are accompanied by the
modulation of cell cycle proteins (induction of p27 and
down-regulation of p21 protein expression), anti-apoptotic
protein (down-regulation of bcl-2), survival markers (down-
regulation of phosphorylated-Akt and phosphorylated-Erk)
and the cleavage of caspase-3 [115-116]. Interestingly, the
anti-proliferating and pro-apoptotic effects of calcitriol do
not occur in normal endothelial cells (mouse embryonic yolk
sac endothelial cells or Matrigel-derived endothelial cells)
[117,116]. This phenomenon may due to the higher binding
affinity of VDR for calcitriol in TDEC than that in normal
endothelial cells [116]. Chung ef al. [117] proved that the
sensitivity of TDECs to calcitriol is attributed to epigenetic
silencing of CYP24. Recently, by comparing the effects of
calcitriol on transgenic adenocarcinoma of the mouse pros-
tate (TRAMP)-2 tumors in either VDR wild type (WT) or
knockout (KO) mice, Chung and colleagues further demon-
strated that calcitriol mediated growth inhibition on TDECs
is VDR-dependent [23].

Hypoxia, a common pathophysiologic condition in many
cancers promotes cancer progression via stimulating many
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cellular events including angiogenesis. Cells are 100-150
mm away from blood vessels experiencing diffusion-limited
chronic hypoxia, which is very common in the fast growing
tumors due to the intermittent blood supply caused by ab-
normal tumor vasculature [118]. Stimulation of angiogenesis
in response to hypoxia is mediated by hypoxia-induced fac-
tor-1(HIF-1), which is a heterodimeric transcription factor
that consists of HIF-1a and B subunits. Under normoxic con-
ditions, HIF-1a is rapidly degraded, whereas under hypoxic
condition, HIF-la is stabilized and heterodimerizes with
HIF-1B and lead to the up-regulation of many hypoxia-
response proteins, including endothelin-1 (ET-1), vascular
endothelial growth factor (VEGF), VEGF receptor-1 (Flt-1)
and glucose transporter-1 (Glut-1) [119-120]. VEGF, the
most potent stimulator of angiogenesis, binds to its receptor
on the vascular endothelial cells of nearby blood vessels and
promotes cell proliferation, migration and invasion into the
tumor [121]. It has been shown that calcitriol possesses anti-
angiogenic activities by suppressing VEGF signaling in vitro
and in vivo [122-123,86]. VEGF-induced endothelial cell
tube formation and tumor vascularization could be inhibited
by calcitriol in mice bearing xenografts of VEGF-over-
expressing breast cancer cells [123]. Ben-Shoshan er al.
[122] demonstrated that calcitriol can not only reduce the
protein expression of HIF-1a and VEGF in various human
cancer cells, but also inhibit HIF-1 transcriptional activity as
well as HIF-1 target genes, such as VEGF, ET-1 and Glut-1.
Calcitriol reduced VEGF expression might be attributed to
the transcriptional repression of HIF-1 [122]. In addition to
VEGF, the angiopoietins, Ang-1 and Ang-2, can also en-
hance the maturation and stabilization of newly formed
blood vessels via the tyrosine kinase receptor Tie-2 [124].
Although evidence has shown that Angl does not stimulate
proliferation of endothelial cells, it can induce endothelial
survival, sprouting, migration and tube formation [125]. On
the other hand, Ang2 destabilizes the vasculature and in turn
makes the endothelial cells more sensitive to the angiogenic
signals [126]. Studies have also shown the inhibition effect
of calcitriol on both Ang-1 and Ang-2 [127-128]. Moreover,
calcitriol can also modulate the expression of the potent anti-
angiogenic factor thrombospondin-1lin human colon carci-
noma cells [129].

As the controller of DNA transcription, nuclear factor kB
(NF-kB) not only regulates the immune responses and in-
flammation, but also contributes to the malignant behavior,
including metastasis and angiogenesis, by increasing the
transcription of proteolytic enzymes such as MMP9, uPA
and uPA receptor or angiogenic factors such as Interleukin -8
(IL-8) and VEGEF [130]. IL-8, a multifunctional inflamma-
tory cytokine, has been proved to regulate pathological angi-
ogenesis [131]. Calcitriol is known to modulate the NF-kB
activity in many cancer cells, including breast cancer and
prostate cancer [132-133]. Calcitriol can also inhibit the ex-
pression of the proangiogenic factor IL-8 in an NF-kB de-
pendent manner [134]. Hepatocyte growth factor (HGF) is a
mitogen for epithelial cells that stimulates vascular endothe-
lial cell migration, proliferation, and organization into capil-
lary-like tubes, and also promotes tumor invasiveness and
angiogenesis [135]. It has been demonstrated that calcitriol
can suppress the synthesis and secretion of HGF [136]. Cal-
citriol hence may inhibit tumor angiogenesis via suppression
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of HGF. In addition, calcitriol can also inhibit NF-kB by
indirectly up-regulating the expression of insulin-like growth
factor binding protein-3 (IGFBP-3), which has been reported
to suppress tumor growth and angiogenesis by both Insulin-
like growth factor (IGF)-dependent and IGF-independent
mechanisms [137-138].

Cycloxygenase-2 (COX-2), the enzyme responsible for
prostaglandins (PGs) synthesis, is associated with tumor
growth, angiogenesis, lymphatic invasion, and metastasis
[139-141]. Most actions of COX-2 are known to be mediated
by prostaglandin E2 (PGE2). Chang er al. [142] demon-
strated that PGE2 could stimulate the expression of angio-
genic regulatory genes in mammary tumor cells isolated
from COX-2 transgenic mice, which indicated that COX-2-
derived PGE2, a potent inducer of angiogenic switch during
mammary cancer progression may play its important role by
increasing the expression of HIF-la protein [143]. Excess
PGE2 that undergoes metabolic inactivation is catalyzed by
15-hydroxyprostaglandin dehydrogenase (15-PGDH) [144].
15-PGDH has been shown to act as a tumor suppressor in a
variety of cancers [145-148]. Calcitriol regulates the expres-
sion of several genes under PG pathway in human cancer
cells [149-150]. Swami et al. [150] showed that calcitriol
could inhibit the PG pathway in 3 separate ways: by decreas-
ing COX-2 expression, stimulating 15-PGDH expression,
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and decreasing PG receptors EP2 and FP. The suppression of
PG pathway can therefore be deemed as an important addi-
tional mechanism for calcitriol-induced anti-angiogenesis.

Moreover, as mentioned above, MMPs also play an im-
portant role in cancer angiogenesis, because MMP-induced
degradation of extracellular matrix and disruption of capil-
lary basement membrane are vital for endothelial cell migra-
tion and invasion [126]. Vitamin D induced proteases sup-
pression is an essential mechanism for anti-angiogenic
treatment (Fig. 3).

CONCLUSIONS AND FUTURE PERSPECTIVES

Many epidemiologic studies suggest that vitamin D and
the vitamin D metabolic contributors such as sunlight, geog-
raphy and vitamin D-metabolizing enzymes are related with
cancer progression and outcomes. Clinical trials showed that
1,25(OH),D; in combination with other anticancer agents
demonstrate synergistic interactions [151-154]. Recently,
several clinical trials reported to use 1,25(OH),D; plus pacli-
taxel and 1,25(OH),D; plus gefitinib [155-156] for the
treatment of advanced malignancies, and 1,25(OH),D; plus
carboplatin and 1,25(OH),D; plus docetaxel for the treat-
ment of prostate cancer [157-158]. However, most of these
studies are only based on persuasive preclinical data, and
thus, the use of 1, 25(0OH),D; as a single agent is limited due
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Fig. (3). The molecular pathways that participate in the anti-angiogenesis action of calcitriol. Calcitriol can suppress tumor angiogene-
sis by the following mechanisms: 1) modulation of tumor-derived endothelial cells (TDECs) cycle proteins (p27 and p21) [115-117]; 2)
induction of the apoptosis of TDECs [115-117]; 3) inhibition of Cycloxygenase-2 (COX-2) and prostaglandin E2 (PGE2) expression that can
further increase hypoxia-induced factor-1a (HIF-10a) expression [149-150]; 4) suppression of the expression of pro-angiogenic factors includ-
ing HIF-1a and vascular endothelial growth factor (VEGF) [86, 122-123]; 5) inhibition of the Ang-1 and Ang-2 expressions [127-128]; 6)
up-regulation of the expression of insulin-like growth factor binding protein-3 (IGFBP-3), which suppresses tumor angiogenesis and nuclear
factor kB (NF-kB) activation [137-138]; 7) inhibition of NF-kB signaling that further modulating the expression of VEGF, Interleukin -8
(IL-8) and proteases [132-134]; 8) down-regulation of hepatocyte growth factor (HGF) that can promote tumor angiogenesis and NF-xB
activation[135-136] and 9) decreasing the expression of matrix metalloproteinases (MMPs) and urokinase plasminogen activator (uPA) [9,
15, 82-84, 126].
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to lack of dose, toxicity and pharmacokinetic data, which not
usually confronted in phase I studies in cancer. Here, we
summarized the effects and possible mechanisms of vitamin
D with a focus on its anti-metastatic and anti-angiogenic
activities. Compelling evidence suggests vitamin D’s anti-
metastatic effects may attribute to its influence on the pro-
gression of EMT. Calcitriol can not only increase the expres-
sion of epithelial proteins and decrease mesenchymal pro-
teins’ expression but also inhibit the expression of proteases
that in turn halted the degradation of basement membranes
and negatively modulated the cancer cell migratory and in-
vasive ability. The anti-angiogenesis effects of vitamin D
have been implicated with its inhibition of TDECs growth
and suppression of the expression of many pro-angiogenic
factors, including HIF-1, VEGF and Angl. Additionally,
anti-inflammatory effects including inhibition of PG synthe-
sis and NF-kB activation may also contribute to the anti-
angiogenesis effects of vitamin D. Therefore, vitamin D,
calcitriol or its analogs may represent promising therapeutic
strategies targeting cancer metastasis and angiogenesis.
Well-designed experimental and clinical studies with dietary
vitamin D or calcitriol/analogs therapies as well as combina-
tion therapies with other drugs are anticipated for uncovering
the therapeutic opportunity of using vitamin D for the im-
provement of cancer prevention and treatment.
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ABBREVIATIONS

a-SMA = a-smooth muscle actin

Angl = Angiopoeitin 1

CEACAMI1 = Carcinoembryonic antigen-related cell ad-
hesion molecule 1

Cls = Cathepsin inhibitors

COX-2 = Cycloxygenase-2

CPs = Cathepsins

DBP = Vitamin D binding protein

EGF = Epidermal growth factor

EMT = Epithelial-mesenchymal transition

ET-1 = Endothelin-1

Glut-1 = Glucose transporter-1

HGF = Hepatocyte growth factor

HIF-1a = Hypoxia-induced factor-1a

IGFBP-3 = Insulin-like growth factor binding protein-
3

IL-6 = Interleukin-6

Xu et al.
MAPK = Mitogen-activated protein kinase
MKP5 = Mitogen-activated protein kinase phospha-
tase 5
MMPs = Matrix metalloproteinases
PAs = Plasminogen activator
PDGF = Platelet-derived growth factor
PGE2 = Prostaglandin E2
TDECs = Tumor-derived endothelial cells
TIMPs = Tissue inhibitors of metalloproteinases
VDR = Vitamin D receptor
VEGF = Vascular endothelial growth factor
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