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It seems that vitamin D deficiency may be one of the crucial factors responsible for increased cancer risk among

T2DM patients. Vitamin D via alleviation of insulin resistance, hyperglycemia, oxidative stress and inflammation

reduces diabetes driven cancer risk factors. Moreover, vitamin D strengthens the DNA repair process, and

regulates apoptosis and autophagy of cancer cells as well as signaling pathways involved in tumorigenesis i.e.,

tumor growth factor β (TGFβ), insulin-like growth factor (IGF) and Wnt-β-Cathenin. It should also be underlined that

many types of cancer cells present alterations in vitamin D metabolism and action as a result of Vitamin D

Receptor (VDR) and CYP27B1 expression dysregulation.

vitamin D deficiency  type 2 diabetes (T2DM)  cancer

1. Metabolic Phenotype of Vitamin D in Cancer Cells

Physiologically, VDR and CYP27B1 are expressed in numerous tissue in which they govern many functions .

However, in many type of cancer cells this VDR and CYP27B1-mediated regulation is disturbed which leads to

disorders of vitamin D metabolism and action .

1.1. CYP27B1

It was observed that CYP27B1 expression is inversely correlated with the progression of tumors of prostate, lung,

parathyroid, colon and skin , suggesting that local production of 1,25(OH) D   in CYP27B1-

expressed tissues could be crucial for cancer prevention. The results of recent study have revealed that pro-

inflammatory cytokines including IL-6 and TNF-α decreased CYP27B1 expression in colon cancer cells . Thus,

the pro-inflammatory tumor microenvironment is proposed to be a potential factor that reduces CYP27B1 level

during tumor progression. The molecular mechanisms responsible for reduced CYP27B1 expression in the process

of cancer progression are still not fully understood.

On the contrary, a positive association between reduced CYP27B1 expression and cancer progression was

observed in thyroid cancer , but inconsistent results were documented for breast  and renal cancers .

Additionally, the expression of CYP27B1 in alveolar macrophages from lung cancer patients presented a positive

correlation with cancer progression . Notably, pro-inflammatory cytokines including IFN-γ and TNF-α, and Toll-

like receptor (TLR) agonists increased CYP27B1 expression in macrophages, monocytes and dendritic cells .

These observations suggest that the pro-inflammatory tumor microenvironment may contribute to increased
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CYP27B1 expression in immune cells, which is inconclusive to the outcomes in colon cancer cells  mentioned

above.

Taken together, CYP27B1 is a biomolecule that may constitute a potential target in cancer therapy. Although, the

molecular mechanisms that regulate CYP27B1 expression in particular types of cancer are not fully recognized.

1.2. CYP24A1

Taking into consideration that CYP24A1 degrades both calcidiol and calcitriol, its expression might be upregulated

by cancer cells and lead to reduced local concentrations of 1,25(OH) D  reported by Albertson et al., who found

amplified CYP24A1 in breast cancer . The increased expression of CYP24A1 was demonstrated to be

correlated with the advanced stages of prostate, colon, lung and breast cancers, stimulating resistance to vitamin

D-mediated therapy . The overexpression of CYP24A1 has been also documented in

numerous other types of cancer, including cervical, ovarian, squamous cell and basal cell carcinoma .

Moreover, CYP24A1 up-expression is related to poor prognosis in colon, lung and esophageal cancer  The

oncogenic role of CYP24A1 is supported by results of studies presented that the suppression of CYP24A1 inhibited

tumor growth and strengthened antitumorigenic effects of 1,25(OH) D   in breast and lung cancers .

However, opposite data have been also published for prostate cancer  and a negative correlation between

expression of CYP24A1 and tumor progression has been observed in melanoma .

It was proposed that increased CYP24A1 expression observed in cancer cells is probably mediated via activation

of VDR, because both activity and expression of VDR are downregulated in most types of cancer. Moreover, the

overexpression of CYP24A1 in numerous cancer cells may not be a result of normal physiological processes

mediated by calcitriol–VDR-dependent mechanisms. Firstly, it has been shown that overexpression of CYP24A1 in

breast cancer is related to the amplification of chromosomal locus 20q13.2–20q13.3 comprising the CYP24A1

gene, that has been also found in other types of cancer, including colon malignancies . The amplification of

CYP24A1 was identified only in malignant, but not benign colon tumors, thus these observations suggest that

CYP24A1 overexpression and inactivation of calcitriol may be a key feature of tumor cells . Secondly, epigenetic

modifications, namely DNA methylation of the promoter region leads to modification of CYP24A1  expression in

cancer cells. It has been reported that  CYP24A1  expression is negatively correlated with the methylation of

the CYP24A1  promoter in prostate and lung cancer, in vivo and in vitro  Thirdly, the suppression of DNA

methyltransferase (DNMT) or histone deacetylase (HDAC) elevated  CYP24A1  expression in colon and lung

cancer. Fourthly, post-transcriptional regulation via microRNAs is related to the  CYP24A1  overexpression in

cancer. The expression of CYP24A1 has been found to be inversely correlated to the expression of miR-125b in

breast cancer , suggesting that decreased levels of miR-125b may be responsible for CYP24A1 overexpression

in cancer. The results of recent study also showed that the miR-17 to -92 cluster also control CYP24A1 expression

in lung cancer cells . It is also known that the serine/threonine protein kinase casein kinase 2 (CK2) signaling

pathway stimulates overexpression of  CYP24A1  in prostate cancers. CK2 is involved in the regulation

of CYP24A1 expression by 1,25(OH) D  and the CK2 inhibitor enhances 1,25(OH) D -mediated antitumor effect

. Moreover, CK2 overexpression has been shown in numerous cancers, including prostate, pancreatic, breast,
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colon and rectum, lung and bronchus cancer . It should be underlined that CK2 overexpression was found to be

related to poor clinical outcomes .

Summarizing, it seems that overexpression of CYP24A1 may lead to decreased level of calcitriol in cancer.

1.3. VDR/RXRα

Progressively reduced expression of VDR during dedifferentiation and tumor progression in many types of cancer

has been observed. Moreover, a negative correlation between VDR expression and tumor malignancy has been

shown during the analysis of VDR expression levels in normal, benign, and malignant tissues of ovarian, breast,

skin and prostate . Decreased expression of VDR protein has been also observed in urothelial

bladder cancer and related with poor prognosis . This evidence suggests that low VDR expression may be a

potential early diagnostic biomarker for high-risk subjects. Several mechanisms were identified to regulate the

expression of  VDR.  Snail1 and Snail2, members of Snail family transcriptional repressor upregulated in may

cancers engaged in tumor invasion and metastasis, were revealed to bind to E-boxes in the proximal promoter

region of the VDR gene leading to recruitment of co-repressors that strength the VDR transcription in breast and

colon cancer cells . It has been observed that the expression of H-Ras mutants in rat intestinal epithelial

cells and mouse colon as well as the expression of K-Ras mutants in human colon cancer cells suppress calcitriol-

mediated activation of VDR activation by inhibiting VDR transcription . Moreover, decreased expression of VDR,

H-Ras and K-Ras mutations in keratinocytes and human prostate epithelial cell lines are related to inhibition

of VDR  transcriptional activity. In turn, suppressed VDR  transcriptional activity is a result of stimulation of RXR

phosphorylation. RXR phosphorylation disturbs the recruitment of co-activator SRC-1 to RXR .

Epigenetic silencing of VDR has been also observed in cancer. The methylation of CpG island in the VDR promoter

region has been related to decreased VDR expression in breast and colon cancer cells . It was also observed

that, DNA methyltransferase (DNMT) inhibitor stimulated VDR expression and strengthened the anti-proliferative

effect of 1,25(OH) D  in breast cancer cells . The engagement of microRNA in the control of VDR expression in

cancer has also been proposed. mir-125b was demonstrated to downregulate of VDR  expression and resulting

resistance of melanoma cells to 1,25(OH) D   .

Taken together, decreased expression of VDR is a distinct feature of cancer cells and is associated with the

reduced action of vitamin D.

2. Molecular Insight into Anti-Cancer Activity of Vitamin D

2.1. Anti-Inflammatory Activity of Vitamin D

Both chronic and acute hyperglycemia trigger increased level of oxidative stress, which in turn contributes to the

activation of NF-kB and numerous pro-inflammatory mediators i.e., TNF-α and IL-6. The elevated level of pro-

inflammatory cytokines is a key component of low grade inflammation in T2DM subjects . Chronic inflammation
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extends inflammatory response, leading to progressive destruction and degeneration of tissues by the action of

reactive oxygen species (ROS) and cytokines secreted in the site of inflammation. Thereby, chronic inflammation

contributes to the initiation of tumorigenesis . Vitamin D exerts anti-inflammatory effects in tumorigenesis via

targeting several pathways, including prostaglandin, cyclooxygenase (COX), and mitogen activated protein kinase

(MAPK) pathway.

Vitamin D is able to regulate the interaction between immune system and cancer cells resulting in the inhibition of

pro-inflammatory cytokines secretion. Co-culture experiments using colon cancer cells and peripheral blood

mononuclear cells (PBMCs) showed significant reduction in the secretion of pro-inflammatory cytokines by PBMCs

i.e., TNF-α, IL-6 and, IL-10 after vitamin D treatment, supporting the anti-inflammatory properties of vitamin D in

tumor microenvironment .

Nuclear factor kappa B (NF-κB) is a well-known master regulator of crosstalk between carcinogenesis and

inflammation at multiple levels. Tumorous tissues are characterized by increased NF-κB activity, and the

accumulation of pro-inflammatory cytokines creates the so called pro-tumorigenic microenvironment . It has

been documented that 1,25(OH) D  suppresses the NFκB signaling pathway. Calcitriol inhibits the phosphorylation

of both AKT and its downstream target I kappa Bα (IκBα) via upregulation of thioesterase superfamily member 4

(THEM4) in macrophages. THEM4 is an AKT stimulator protein which upregulation results in the reduction of NF-

κB  and  COX-2  expression . Moreover, 1,25(OH) D   augments the stability of IκBα protein. In fibroblasts,

calcitriol augmented the protein stability of IκBα. VDR physically interacts with IκB kinase β (IKKβ) to suppress NF-

κB activation. VDR-IKKβ interaction blocks the formation of the IKK complex leading to the inhibition of IKKβ

phosphorylation at Ser-177 and abolishing IKK activity to phosphorylate IκBα. Finally, the stabilization of IκBα

suppresses the translocation of the p65/p50 complex of NFκB to the nucleus and expression of pro-inflammatory

cytokines . Together, these data define a novel mechanism of 1,25(OH) D –VDR mediated inhibition of NF-

κB activation (presented in Figure 1).
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Figure 1. The mechanism of 1,25(OH) D –VDR mediated inhibition of NF-κB activation.

It was proposed that 1,25(OH) D  inhibits prostaglandin pathway engaged in pro-inflammatory responses via the

suppression of the cyclooxygenase-2 and prostaglandin receptor EP2 as well as prostaglandin F receptor (FP)

expression, and degradation of prostaglandins. Additionally, the upregulation of 15-hydroxyprostaglandin-

dehydrogenase—NAD -dependent degrading enzyme was observed after exposure to 1,25(OH) D   in prostate

cancer cells . Reduced mRNA expression of cyclooxygenase-2 and production of prostaglandin E2 have

been also documented in 1,25(OH) D -stimulated breast cancer cells . Of note, an inverse correlation between

VDR expression and cyclooxygenase-2 expression has been also identified in ovarian cancer tissues and

malignant breast cancer cell lines , supporting the role of 1,25(OH) D -VDR axis in the inhibition of

cyclooxygenase expression and prostaglandins production.

P38 MAPK pathway was proposed as both a tumor suppressor and tumor promoter. Despite many studies that

provided experimental findings of the antitumorigenic role of p38, many results show also that this kinase promotes

cancer development via enhancing migration, survival, resistance to stress and chemotherapeutic agents in tumor

cells . 1,25(OH) D  was found to suppress the secretion of pro-inflammatory cytokines i.e., IL-6 via stimulation

of MAPK phosphatase-5 expression in both normal prostate epithelial cells and prostate cancer cells. MAPK

phosphatase-5 prevents phosphorylation and activation of p38 MAPK . Moreover, 1,25(OH) D   inhibited

lipopolysaccharides (LPS)-induced production of IL-6 as well as TNF-α via the activation of MAPK phosphatase-1

in murine macrophages and human monocytes .

Taken together, vitamin D shows anti-inflammatory properties, especially by the reduction of pro-inflammatory

cytokines expression and regulation of inflammatory signaling pathways.
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2.2. Antioxidant Properties of Vitamin D

Hyperglycemia, a typical sign of diabetes, leads to elevated production of reactive oxygen species (ROS), and

trigger to DNA damage . The major sources of free radicals in people with diabetes are as follows: increased

mitochondrial leakage of superoxide anions radical from respiratory chain, glucose autooxidation, oxidative

degradation of advanced glycation end-products, activation of sorbitol and hexosamine pathway . The

accumulation of free radicals, especially ROS and nitrogen reactive species leads, to the activation of numerous

pathways that control apoptosis and differentiation of cells . For these reasons, the maintenance of proper

function of antioxidant defense systems is a key step in preventing tumor development. It has been also proposed

that vitamin D may protect from DNA damage-induced by oxidative stress via the stimulation of antioxidant

defenses . Increased oxidative stress-induced DNA damage has been observed in colon epithelial cells of VDR-

knockout mice . Additionally, the supplementation of rats with calcitriol significantly decreased level of

malondialdehyde—the end product of lipid peroxidation . It has been also found that vitamin D supplementation

reduced oxidative DNA damage in human peripheral blood lymphocytes presenting its protective role against

oxidative stress-induced DNA damage in humans .

The protection against oxidative stress exhibited by vitamin D is related with its molecular mechanism of action that

stimulates the expression of numerous enzymes participating in ROS detoxification. It was shown that

1,25(OH) D   stimulated the expression of superoxide dismutase 1 and 2 in prostate epithelial cells and in

androgen-sensitive prostate cancer cells . Calcitriol also induced the expression of thioredoxin reductase 1 in

breast and prostate cancer cells . Moreover, 1,25(OH) D   induced expression of glucose-6-phosphate

dehydrogenase that is responsible for the production of NADPH for glutathione regeneration in ovarian and

prostate cancer cells . It has been also shown that NF-E2-related factor-2 (NRF2) increasing antioxidant

enzymes’ expression is regulated by vitamin D . Vitamin D has been also proposed as a regulator of cellular

bioenergetics in the mitochondria in VDR-dependent molecular mechanism. Proposed mechanism is related to the

upregulation of numerous molecules engaged in mitochondrial function, especially mitochondrial respiration .

It is also known that VDR is able to enter the mitochondrion by permeability transition pores  and governs its

functions . In turn, vitamin D deficiency is related to a decline in the mitochondrial respiration process as a

consequence of the decreasing of proteins and nuclear mRNA molecules involved this process .

Unfortunately, the observed mechanism is still not fully explored . Reduced respiration triggers a drop of

mitochondrial bioenergetics leading to changes in oxidative phosphorylation, reduced ATP formation, decreased

expression of complex 1 of the electron transport chain, and elevated production of ROS . In turn,

increasedROS level decreases the activity of the insulin signaling pathway by lowering of phosphorylation of IRS,

GLUT-4 transcription, and alterations of mitochondrial activity . Observed effects are supported by the

findings of the study presenting that 1,25(OH) D /VDR signaling suppresses the process of mitochondrial

respiration and differentiation of brown adipose cells . It was also shown that vitamin D in VDR-mediated

mechanism protected cells from the excess production of ROS that leads to cell damage .

Summarizing, vitamin D exhibits antioxidative properties, especially by the regulation of antioxidants’ genes

expression.
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2.3. DNA Repair Process

Both mitochondrial and nuclear DNA damage are a source of numerous mutations that in turn may trigger

malignant transformation . It has been also observed that T2DM is related not only to increased levels of

oxidative DNA damage, but also to elevated susceptibility to mutagens and reduced efficiency of DNA repair .

Currently, a lot of research into DNA repair disorders in diabetes is conducted. It was revealed that as a result of

hyperglycemia the NAD /NADH equilibrium is shifted toward NADH. The relevant level of NAD  is crucial for the

activity of poly (adenosine diphosphate-ribose) polymerase (PARP) protein directly involved in the double strand

breaks (DSB) repair process. PARP is inhibited by the NHD domain deleted in breast cancer 1 (DBC1) protein, and

binding of NAD  to the NHD domain releases PARP and allows DNA-DSB repair . Studies performed on

podocytes derived from mice models of diabetic kidney disease showed decreased expression of KAT5, that is

responsible for acetylation of ataxia telangiectasia mutant (ATM), a key protein in DNA-DSB repair. The decreased

activation of ATM resulting from diminished expression of KAT5 disturbs the control of checkpoints connected with

cell cycle arrest, DNA repair or apoptosis . It was also demonstrated that insulin via the inactivation of

glycogen synthase kinase-3 (GSK-3β) led to impaired DNA repair. GSK-3β phosphorylates DNA repair factors such

as uracil N-glycosylase (UNG2) participating in single-strand break repair associated with base excision repair

(BER) and p53 binding protein 1 (53BP1) involved in repair of DSBs induced during non-homologous end joining

(NHEJ) repair . Diabetes patients present reduced expression of sirtuin 1 (SIRT1) that is responsible for

deacetylation of multiple proteins, including transcription factors essential, not only for metabolic machinery, but

also for DNA repair. It was found that SIRT1 deacetylated KU70 and FOXO that are recruited to DSBs sites.

Thereby, SIRT1  decreased expression detected in diabetic patients significantly diminishes the efficacy of DNA

repair .

Moreover, high concentration of glucose may suppress the expression of DNA repair protein XPD induced by

insulin . Thus, both increased levels of DNA damage and decreased efficacy of DNA repair are considered as

cancer risk factors. Numerous studies have shown that vitamin D elevates the expression of genes engaged in

DNA damage repair including  p53, proliferating cell nuclear antigen (PCNA), and breast cancer 1 (BRCA1) in

breast cancer cells , ATM, recombinant DNA repair protein (RAD50) , and growth arrest and DNA damage-

inducible α (GADD45α) in ovarian cancer cells and squamous cell carcinoma (SCC) . It has been also

observed that vitamin D prevents the degradation of p53-binding protein 1 (53BP1) induced by cysteine proteinase

Cathepsin L, that is a lysosomal endopeptidase, in breast cancer cells .

To conclude, vitamin D strengthens the DNA repair process by increasing the expression of genes involved in this

process.

2.4. The Role of Vitamin D in Cell Cycle, Proliferation and Differentiation

It has been observed that 1,25(OH) D  possesses anti-proliferation and pro-differentiation activities both in normal

and malignant cells . The molecular mechanism responsible for the anti-proliferative activity of vitamin D is

mediated by growth factor expression, numerous signaling pathways and regulation of the cell cycle. It has been
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demonstrated that vitamin D upregulates IGFBP3 and the cyclin-dependent kinase (CDK) inhibitors, p21 and p27,

but downregulates CDK2, triggering the reduction of IGF-1- and IGF-2-induced cell proliferation, and thereby cell

cycle progression . Moreover, 1,25(OH) D  suppresses the Wnt/β-catenin signaling pathway via the inhibition

of the formation of transcription factor 4-β-catenin, (TCF4-β)–catenin complexes, or the stimulation of the

expression of the Wnt antagonist—Dickkopf-1 (DKK-1) . Vitamin D-mediated activation of transcription

factor, forkhead box O3/4 (FoxO3/4), has also been presented. Activated FOXO3/4 regulates the transcription of

target genes engaged in cell cycle arrest and anti-proliferation i.e.,  GADD45A  through the stimulation of its

dephosphorylation and deacetylation in neuroblastoma cells . Vitamin D was also observed to decrease

telomerase activity. Moreover, vitamin D induces the expression of transforming growth factor β (TGFβ), its

receptors, triggering the suppression of breast and colorectal cancer cell growth .

To sum up, vitamin D may also exert its anticancer activity by suppressing cell proliferation, inducing cell

differentiation.

2.5. Vitamin D Is Involved in Signaling Pathways Crucial in Tumorgenesis

2.5.1. Transforming Growth Factor β (TGFβ) Signaling Pathway

TGF-β signaling plays an important role in carcinogenesis as both a tumor suppressor and an oncogene. Tumor

cells escape antiproliferative effects of TGF-β via mutational inactivation or dysregulation of the expression of

components in the signaling pathway. Reduced receptor function and changed ratios of the TGF-β type 1 and type

2 receptors were found in numerous tumor cells. . TGFβ2 is known as a key molecule for the maintenance of

tissue homeostasis. Its anti-proliferative properties have been observed in normal epithelial cells and at the early

stages of carcinogenesis . The TGFβ-SMAD4 signaling pathway was recognized as responsible for

constraining growth and metastatic progression of prostate cancer in PTEN-null mice . The treatment with

1,25(OH) D   or vitamin D analog elevated mRNA expression of  TGFβ2  in MDA-MB-231 and MCF-7 ,

MCF10CA1a  as well as primary prostate cancer cells . Interestingly, 1,25(OH) D  and its analog EB1089

induce also expression of TGFβ1 and TGFβ receptors in MCF7 breast cancer cells and 185A1 cells (immortalized

mammary epithelial cells) in a mechanism requiring SMAD3 as a co-activator . In turn,

1,25(OH) D  suppressed negative regulators of TGFβ availability, including latent TGFβ binding protein 1 (LTBP1)

in OVCAR3 cells  andprimary prostate cancer cells .

1,25(OH) D –induced upregulation of growth differentiation factor 15 (GDF15) mRNA level has been observed in

prostate cancer LNCaP cells . GDF15 was demonstrated as a direct VDR target gene required for

1,25(OH) D –mediated growth inhibition . In prostate cancer PC-3 cells, induced expression of GDF15 reduced

cell proliferation, formation of soft agar clone, and xenograft tumor growth . The influence of 1,25(OH) D  on

the mRNA expression of other TGFβ family members, including TGFBR1, SMAD6, TGFβ1, was only observed

after prolonged treatment in various cell types suggesting that the observed effect may be indirect .

Bone morphogenic proteins (BMP) are a group of growth factors that belong to the TGFβ superfamily. BMPs play

an essential role in the regulation of tissue morphogenesis. In turn, BMP signaling is often disturbed in cancer,
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including colon cancer . It was also observed 1,25(OH) D  or vitamin D analog regulated mRNA expression of

several BMP forms i.e., BMP6 in primary prostate cancer cells , BMP2 and BMP6 in MCF10AT1 cells , and

TGFβ1 and BMP2A in squamous cell carcinoma lines .

2.5.2. Insulin-Like Growth Factor (IGF) Signaling Pathway

Hyperinsulinemia that is associated with diabetes and obesity exerts an effect on cancer development directly, or

by IGF and IGF receptors (IGFRs). It has been observed that insulin inhibits IGFBP-1 and thus elevates the free

fraction of IGF-1. It is well recognized that aberrant IGF signaling focused on elevated IGF-1R activity is involved in

cancer cell proliferation, migration, and invasion . An indirect effect of 1,25(OH) D  on the growth rate of cells,

as a result of interfering with the action of growth factors that induce proliferation or increase the secretion of

growth factors that stimulate cell differentiation, was also proposed. IGF1-induced cell growth was suppressed by

vitamin D analogs in MCF-7 cells. Moreover, observed effect was related to elevated release of IGFBP3 .

IGFBP3 is a molecule responsible for limiting the pro-proliferative, anti-apoptotic actions of IGF1 and IGF2 as a

result of its binding to them and suppressing their ability to interact with cell surface receptors. Notably,

1,25(OH) D   and vitamin D analogs were found to activate the accumulation of IGFBP3 in primary prostate

epithelial cell and prostate cancer cells. In turn, IGFBP3 subsequently suppresses IGF2 action .

1,25(OH) D –mediated increased mRNA expression of IGFBP3 was observed in LNCaP prostate cancer cells 

and RWPE1 cells (immortalized prostate epithelial cell line) . What is more, IGFBP3 was characterized as a

critical mediator of 1,25(OH) D –dependent inhibition of LNCaP cell growth . The upregulation of many IGFBP

isoforms, including IGFBP3 in prostate tissue have also been observed after a 14-day treatment with the vitamin D

analog EB1089 in rats .

2.5.3. Wnt-β Catenin Signaling Pathway

The Wnt/β-catenin signaling pathway plays a role in numerous physiological processes, including proliferation,

differentiation, apoptosis, migration, invasion and tissue homeostasis. In turn, dysregulation of the Wnt/β-catenin

cascade leads to the development and progression of some tumors .

Vitamin D is able to arrest the cell growth as a result of disruption of β-catenin function. β-catenin is a terminal

mediator of Wnt signaling. In the cytoplasm, β-catenin is found to be associated with adenomatous polyposis coli

(APC) tumor suppressor protein. Induction of Wnt signaling triggers the accumulation of β-catenin and its

subsequent secretion from APC. Released free β-catenin translocates to the cell nucleus where it binds with the

transcription factor TCF4 on DNA strand leading to activation of transcription . In turn, mutations in the APC

gene disrupting APC-β-catenin interactions are often present in colon cancer . Vitamin D was reported to block

β-catenin-mediated gene transcription in cultured SW480-ADH , HT-29 and Caco-2 colon cancer cells  by

the activation of VDR binding to β-catenin leading to the reduction of the TCF4/β-catenin transcriptional complex

formation . It was also observed that injections containing 1,25(OH) D  and 1,25(OH) D  analogs three times a

week for 12 weeks significantly decreased polyp number in Apc   mice. Moreover, this effect was related to

decreased expression of β-catenin target genes in the small intestine and colon . In HEK293 kidney cells, it

was shown that the AF-2 domain of VDR interacts with the C-terminus of β-catenin. . 1,25(OH) D –induced
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effect can also indirectly govern β-catenin function by elevating the secretion of E-cadherin. E-cadherin is a

membrane protein that binds β-catenin and prevents its nuclear accumulation. 1,25(OH) D   treatment was

demonstrated to suppress β-catenin-induced gene transcription even in SKBR-3 cells with lack of the E-cadherin

gene . Therefore, these data suggest that upregulation of E-cadherin is not the only mechanism for

1,25(OH) D –dependent repression of β-catenin signaling. Reduced levels of nuclear β-catenin, TCF1, CD44, and

c-Myc were observed in Apc  mice after 1,25(OH) D  injections . Additionally, 1,25(OH) D  can also exert

an effect on the expression of Wnt-signaling regulators such as Wnt activator dickkopf-4 (DKK-4). Vitamin D

repressed DKK-4   and increased expression of the Wnt antagonist dickkopf-1 (DKK-1) .

2.6. Is Vitamin D Involed in Regulation of EMT and Cancer Progression?

Physiologically, epithelial cells maintain apical-basal polarity and contact with adjacent cells via adherent junctions,

tight junctions, and desmosomes . After the activation of EMT, tumor epithelial cells lose their cell polarity, cell-

cell adhesion and gain migratory and invasive properties, becoming mesenchymal cells . Thus, EMT is a

reversible process in which epithelial cells gain mesenchymal morphology and lose intercellular contacts, achieving

the ability for invasion and migration .

1,25(OH) D   reduced the expression of the mesenchymal marker, vimentin, and elevated the expression of the

epithelial marker, E-cadherin. In turn, it triggered to suppression of SKOV-3 cell migration and reduced TGF-β1

induced EMT. Hou et al. have shown that stimulation of SKOV-3 cells by TGF-β1 leads to tumor progression in

advanced stages via numerous mechanisms including EMT . Moreover, the results of in vivo and in vitro

studies have suggested that 1,25(OH) D  and VDR inhibited the spread of ovarian cancer . It has been also

found that 1,25(OH) D  delayed malignant transformation by reducing the expression of β-catenin and elevating

the expression of E-cadherin in mouse ovarian surface epithelial cells . The results of animal studies have

demonstrated that the exposure of ovarian cancer cells to vitamin D   before the inoculation to immunodeficient

mice reduced the potential of the cells to metastasize into lung, liver and bone marrow .

DEAD (Asp-Glu-Ala-Asp)-box helicase 4 (DDX4) has been recognized as another molecular target for calcitriol.

The exposure to vitamin D decreased the expression of DDX which suppressed the invasion of ovarian cancer

cells . Interestingly, microarray studies have revealed a number of target genes engaged in tumor growth and

progression mediated by 1,25(OH) D . It was also observed that calcitriol downregulates growth-promoting

chemokines IL-8, Growth Regulated Protein-β (GRO-β), and GRO-γ .

Taken together, vitamin D may inhibit metastasis, especially by decreasing expression of β-cathenin and increasing

expression of E-cadherin.

2.7. How Does Vitamin D Regulate Apoptosis and Autophagy of Cancer Cells?

It is known that vitamin D induces apoptosis of cancer cells via the downregulation of the anti-apoptotic proteins,

Bcl-2 and Bcl-XL, and the upregulation of pro-apoptotic proteins, Bax, Bak, and Bad . Moreover, the stimulation

of apoptosis by increased expression of other pro-apoptotic proteins, including death-associated protein (DAP-3),
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G0-G1 switch 2 (GOS2), Fas-associated death domain (FADD), and caspases has been recently documented 

. Calcitriol also suppresses AKT-mediated anti-apoptotic signaling pathway via upregulation of phosphatase

and tensin homolog (PTEN), considered as a tumor suppressor . Vitamin D can also recruit Ca -dependent

apoptotic effectors including Ca -dependent μ-calpain and Ca /calpain-dependent caspase-12 .

Autophagy plays an important role in both cell survival and apoptosis-independent cell death. An ample evidence

suggest that vitamin D is able to switch the mode of autophagy from survival to death in cancer cells .

Calcitriol-stimulated autophagy was associated with increased expression of beclin-1. The letter interacts with

either BCL-2 or PI3K class III, playing a crucial role in the regulation of both autophagy and cell death .

Additionally, vitamin D-induced autophagy is a result of the stimulation of the expression of DNA damage inducible

transcript 4 (DDIT4) and DNA damage response 1 (REDD1). REDD1 is known as an inhibitor of mechanistic target

of rapamycin complex 1 (mTORC1) that suppresses autophagy .

Summarizing, vitamin D may induce apoptosis of cancer cells and stimulates autophagy.

2.8. The Role of Vitamin D in Angiogenesis

Blood vessels are necessary to transport oxygen and nutrients for growth and metastasis of cancer cells. Growing

cancerous tissue secretes numerous proteins, including EGF, estrogen, basic and acidic FGF, IL-8, prostaglandin

E1 and E2, TNF-α, and VEGF. These molecules may activate endothelial cell growth and motility when the

production of anti-angiogenic factors is decreased .

1,25(OH) D  has been found to have an antiangiogenic effect by modulating the hypoxia-inducible factor 1 (HIF-1)

pathway in human cancer cells. Hypoxia is the main trigger of angiogenesis in tumors. HIF-1 is a key transcription

factor regulating angiogenesis. It has been documented that 1,25(OH) D  decreases the expression of the HIF-1α

subunit, VEGF and inhibits cancer cell proliferation under hypoxic conditions . The antiangiogenic effect of

1,25(OH) D  on tumor endothelial cells may also be VDR mediated. In VDR knockout animals, elevated vascular

volume and reduced number of pericytes responsible for regulation of the proliferation of endothelial cells was

observed .

3. Vitamin D in Cancer Prevention among Diabetes Patients

Diabetes and cancer are common chronic diseases, which frequently co-exist. Grow-ing body of evidence shows

that patients with diabetes are more susceptible to the development of different cancers. The causative factors of

this increased coexistence are not fully recognized. It is believed that shared pathophysiology and/or environmental

risk factors may be responsible for the excess cancer risk in diabetic patients. Numerous evidence which includes

epidemiological, experimental and clinical studies suggests that both cancer development and T2DM development

are increased in subjects with inadequate vitamin D levels. Therefore, it can be assumed that in diabetic patients

with vitamin D deficiency, the risk of cancer development will be accumulated. Taking into account the pleiotropic

effect of vitamin D, especially engagement in insulin synthesis and secretion, immune response, regulation of
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calcium intracellular level, and response to insulin, its deficiency contributes to the intensification of typical

symptoms of diabetes, such as insulin resistance, hyperinsulinism, hyperglycemia and low grade chronic

inflammation. Thus, the altogether disorders accompanying diabetes create a microenvironment leading to the

development of cancer, and vitamin D deficiency exacerbates their intensity. Most of the results of clinical trials

involving patients suffering from T2DM show that supplementation with vitamin D improves the level of metabolic

parameters associated with insulin resistance, hyperinsulinemia, hyperglycemia and low grade chronic

inflammation. However, there are no clinical trials evaluating the impact of vitamin D supplementation on cancer

risk among patients suffering from diabetes. Only, in the study by Wang et al. that aimed to determine the

association between serum 25(OH)D concentrations and can-cer-specific mortality in 1188 older post-menopausal

women, we found that diabetes did not significantly increase cancer mortality with a vitamin D cutoff of 64 nmol/L

(25.6 ng/mL) . Thus, there is a pressing need for randomized clinical trials to clarify whether vitamin D

deficiency may be another factor responsible for increased risk of cancer in T2DM patients, and whether the use of

the vitamin by patients with diabetes may decrease cancer risk.
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