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Abstract: There is mounting evidence that type 2 diabetes mellitus (T2DM) is related with increased
risk for the development of cancer. Apart from shared common risk factors typical for both diseases,
diabetes driven factors including hyperinsulinemia, insulin resistance, hyperglycemia and low grade
chronic inflammation are of great importance. Recently, vitamin D deficiency was reported to be
associated with the pathogenesis of numerous diseases, including T2DM and cancer. However, little
is known whether vitamin D deficiency may be responsible for elevated cancer risk development in
T2DM patients. Therefore, the aim of the current review is to identify the molecular mechanisms by
which vitamin D deficiency may contribute to cancer development in 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. Although,
numerous studies revealed that adequate vitamin D concentration prevents or delays T2DM and
cancer development, little is known how the vitamin affects cancer risk among T2DM patients. There
is a pressing need for randomized clinical trials to clarify whether vitamin D deficiency may be a
factor responsible for increased risk of cancer in T2DM patients, and whether the use of the vitamin by
patients with diabetes and cancer may improve cancer prognosis and metabolic control of diabetes.
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1. Introduction

Epidemiological studies reveal that morbidity of both diabetes and cancer is growing
rapidly worldwide. According to the WHO, in 2014, there were 422 million people suffering
from diabetes in the world, and in 2016, 1.6 million people died due to diabetes. It is
estimated that in 2030 the number of diabetics will increase to 578 million worldwide [1].
In case of cancer incidence, the WHO reported 14 million patients in 2012, and estimated
that there will be approximately 22 million of cases in 2032 [2].

Among different types of diabetes, the most common are type 1 and type 2, of which
type 1 diabetes mellitus (T1DM) accounts for about 5% to 10% of all diabetes cases. Several
studies have demonstrated that both T1DM and type 2 diabates (T2DM) are connected
with increased cancer risk, however it seems that epidemiologically and biologically T2DM
has a stronger link with cancer [3]. Due to the fact that cancer and T2DM share common
risk factors, such as obesity, gender, smoking, and aging, it is believed that T2DM has
been closely associated with many types of cancer, including cancers of the pancreas,
liver, colorectal, breast, endometrium, and bladder [4]. It should be underlined that
more men than women have diabetes, cancer and vitamin D deficiency. Although, the
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mechanisms for the association of T2DM and the incidence of cancer are not completely
solved and understood, the insulin resistance/hyperinsulinism, hyperglycemia, oxidative
stress and low grade chronic inflammation are biological factors related with T2DM that
are considered as triggering factors of carcinogenesis [5–8]. As indicated by Habib and
Rojna, the coexistence of diabetes and cancer is especially visible in people over 65. Namely,
in this age group 26.9% subjects have diabetes and 60% have cancer, but 8–18% have both
diseases [6].

The major feature of T2DM is insulin resistance, a defective response to physiological
or increased endogenous or exogenous insulin concentration, that leads to hyperglycemia
and hyperinsulinism. Insulin, not only governs metabolism, but also acts as a growth
factor. Thus, hyperinsulinism stimulates abnormal activation of multiple cellular signaling
cascades, strengthening growth factor-dependent cell proliferation. It is widely known
that insulin elevates the bioavailability of insulin-like growth factor I (IGF-I) by promoting
hepatic IGF-I synthesis and by decreasing hepatic protein secretion of the insulin like
growth factor binding proteins 1 (IGFBP-1) and 2 (IGFBP-2) [9,10]. Thus, insulin can directly
stimulate tumor growth, but numerous effects of its mitogenic and antiapoptotic action are
driven by the IGF-I system, as observed in patients with high levels of circulating IGF-I with
increased risk of developing several types of cancers, including prostate and breast [3,11].
Moreover, hyperinsulinemia/insulin resistance is a major factor responsible for increased
occurrence of sex-hormone-related cancers via downregulation of sex-hormone-binding
globulin (SHBG) leading to elevated estrogen and testosterone bioavailability [12].

It is well recognized that hyperglycemia-induced oxidative stress exerts harmful effects
through dysregulation of multiple metabolic and molecular mechanisms affecting DNA,
RNA, lipids and protein [13–15]. Of special importance are DNA damage, disturbances in
DNA repair, mutation accumulation, activation of various pathways via lncRNA/miRNA,
and posttranslational modifications of proteins that eventually lead to cell adaptations,
which if sustained favor or drive towards malignant transformation [16–18].

Both chronic hyperglycemia and insulin resistance trigger to low grade chronic in-
flammation. This condition is characterized by the overproduction of numerous molecules,
including adipose tissue released free fatty acids, interleukin-6 (IL-6), plasminogen activa-
tor inhibitor-1, leptin, tumor necrosis factor alpha (TNF-α) and monocyte chemoattractant
protein (MCP-1). These overproduced molecules create a microenvironment promoting
malignant transformation and cancer progression [4].

Vitamin D, a secosteroid, occurs in two major forms, vitamin D2 (ergocalciferol) and
vitamin D3 (cholecalciferol). Vitamin D2 is synthesized by plants, fungi, yeasts from ergos-
terol by UVB, while vitamin D3 is produced in the skin by ultraviolet B radiation (UVB,
290–320 nm) and transformed from 7-dehydrocholesterol to cholecalciferol or supplied
from food [19]. In the last few decades with the discovery of vitamin D receptors (VDR)
in various tissues, the extra-skeletal effects of vitamin D became apparent and its biolog-
ical functions are increasingly recognized. Vitamin D was demonstrated to regulate the
cellular proliferation, differentiation, and immune modulation. And hence, apart from
well recognized anti-rachitic action of vitamin D, multiple preclinical and clinical stud-
ies report its protection against several diseases, such as cancer, diabetes, hypertension,
cardiovascular, autoimmune and dermatological diseases [20]. Although, the results of
clinical trials are not conclusive, growing body of evidence reports vitamin D deficiency as
a worldwide health problem that is related with the development of numerous diseases,
including diabetes and cancer [8]. Recent findings reveal that the molecular mechanism of
vitamin D involves insulin secretion and signaling, and thereby supports glycemic control
and insulin sensitivity [21]. In light of the complex functions of vitamin D, covering the
regulation of gene expression engaged in proliferation, differentiation, autophagy, apop-
tosis, epithelial–mesenchymal transition (EMT), modulation of cell–microenvironment
interactions, antioxidants, enzymes, angiogenesis, and inflammation, it is suggested that
vitamin D deficiency may be a key player of T2DM-cancer association, since it contributes
to the exacerbation of disorders accompanying diabetes [21–26].



Int. J. Mol. Sci. 2021, 22, 6444 3 of 33

Therefore, in this review, we comprehensively show evidence for the pros and cons
of the relationship between vitamin D deficiency and increased risk of cancer in patients
with T2DM.

2. Methods

In order to compile the information on the connection between vitamin D deficiency
and risk of cancer in T2DM patients, PUBMED, Google Scholar and PubChem databases
were searched. The following articles types, in vitro and in vivo studies, observational and
interventional clinical trials, and reviews published between 1990 and 2021 were used. The
following keywords were utilized: vitamin D, VDR, CYP11A1, type 2 diabetes, vitamin D
and cancer, vitamin D and diabetes, vitamin D and insulin resistance, vitamin D deficiency,
molecular mechanism of vitamin D, vitamin D metabolism and cancer; vitamin D and
anticancer activity, vitamin D and antioxidant properties, vitamin D and DNA repair,
vitamin D and cell cycle, vitamin D and cell differentiation, vitamin D and apoptosis,
vitamin D and proliferation, vitamin D and autophagy, vitamin D and angiogenesis in
cancer, vitamin D deficiency and diabetes, vitamin D deficiency and diabetes and cancer.

3. Briefly about Vitamin D
3.1. The Classical Pathway of Vitamin D Metabolism

Both vitamin D2 and D3 bind to vitamin D-binding protein (VDBP), the complex
formed is transported to the liver, where vitamin D is metabolized by the vitamin D 25-
hydroxylase complex (CYP27A1 and CYP2R1) to form 25-hydroxycholecalciferol D (25(OH)D,
calcidiol). The latter one is the main form of the vitamin found in the serum and its con-
centration is measured to determine in the actual body content of vitamin D. Thereafter,
25(OH)D 1α-hydroxylase (CYP27B1) metabolizes 25(OH)D to 1,25-dihydroxycholecalciferol
D(1,25(OH)2D3, calcitriol) and/or 24,25-dihydroxycholecalciferol. This process takes
place in the proximal tubules of kidneys and bone tissues as well as in other organs
like lungs, skin, placenta, prostate, parathyroid glands and cells, including, dendritic
cells, macrophages, and cancer cells. The most biologically active form of vitamin D
is 1,25-dihydroxycholecalciferol. In turn, the function of 24,25-dihydroxycholecalciferol
synthesized by vitamin D 24-hydroxylase (CYP24) is not fully understood. The resulting
1,25-dihydroxycholecalciferol D enters the circulatory system, where it binds to VDBP
and in this form reaches target tissues and organs. When adequate levels of calcidiol
and calcitriol controlled by 25(OH)D 24-hydroxylase (CYP24A1) are reached, this enzyme
inactivates both by catalyzing hydroxylation at C-24 and C-23, forming biologically inactive
calcitroic acid, which is excreted from the body with the bile [27,28].

3.2. The Alternative Pathway of Vitamin D Metabolism

The CYP11A1 pathway presented in Figure 1 is known as an alternative metabolic
pathway of vitamin D. It was found that CYP11A1, that hydroxylates the side chains of
vitamins D2 and D3 [29], catalyzes many coupled reactions with the synthesis of cholesterol,
steroids and drug metabolism. Thus, through the CYP11A1 pathway, vitamin D may act
as an alternative substrate for cholesterol synthesis. CYP11A1 hydroxylates vitamin D to
20(OH)D, 22(OH)D and 17(OH)D, subsequently, the next hydroxylation occurs and finally
forms 20,23(OH)2D, 20,22(OH)2D, 17,20(OH)2D, and 17,20,23(OH)3D. The major product
of the CYP11A1 pathway is 20(OH)D, which is used as a substrate by CYP27A1 (performs
hydroxylation at C25 or C26) and CYP24A1 (performs hydroxylation at C24 or C25). The
resulting products can be further hydroxylated by CYP27B1 at C-1α. It is established that
the alternative pathway generates more than 21 hydroxymetabolites of vitamin D. It was
found that 20(OH)D and its hydroxymetabolites are more effective in the inhibition of
proliferation and inflammation as well as induction of differentiation, than calcitriol in the
skin cells. The hydroxymetabolites intensify defense mechanisms against DNA damage
and oxidative stress caused by UV radiation [27,29]. The CYP11A1-produced vitamin
D metabolites, including 20(OH)D3, 20(OH)D2, 1,20(OH)2D3, and 20,23(OH)2D3, have
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also been demonstrated to suppress cell proliferation and stimulate cell differentiation via
VDR [30,31].
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Figure 1. The metabolites obtained from the CYP11A1 mediated alternative vitamin D metabolic pathway [27,29,30,32].

CYP11A1 is expressed in the ovaries, testes, adrenal cortex and placenta, lungs,
brain, gastrointestinal tract, immune cells, breasts, bones, prostate, and some cancer cells.
It should be noted that the expression of CYP11A1 is at a low level and has little sys-
temic effect. Interestingly, it was found that the CYP11A1-derived secosteroids inhibited
melanocyte proliferation and were capable of preventing melanoma [32]. The results
of several studies have identified CYP24A1 expression in melanoma. CYP24A1 was
found to produce bioactive tumor-suppressive vitamin D metabolites (i.e., 20,24(OH)2D
and 20,25(OH)2D) rather than degrading 1,25(OH)2D3 [33–35]. It was also revealed that
20,24(OH)2D and 20,25(OH)2Dwere more potent vitamin D metabolites as compared to
calcitriol and 20(OH)D in inhibiting melanoma growth [33]. The expression of receptors
of the 20-hydroxylated vitamin D metabolites—retinoic acid-related orphan receptors
α (RORα) and retinoic acid-related orphan receptors γ (RORγ) have been observed to
negatively correlate with melanoma progression and positively correlate with melanoma
prognosis [34]. Recent evidence suggests that CYP11A1 is also significantly downregulated
in numerous types of cancer, including liver, colon, kidney, prostate, lung and uterine
corpus endometrial carcinoma [35]. Moreover, CYP11A1 expression is also decreased in
prostate cancer bone metastases [36]. RORα and RORγ downregulation have also been
related with worse prognosis in patients with lung, breast or liver cancer [37–40].

Summarizing, the presented relations between the CYP11A1-RORα/γ and progres-
sion of tumor suggest that initiation of the alternative vitamin D metabolism pathway may
play a crucial role in cancer progression and prognosis.

3.3. Mechanism of Vitamin D Action—VDR

The transcription factor VDR is a protein belonging to the conservative ligand-binding
nuclear receptor superfamily, which has high affinity to the biologically active form of
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vitamin D3, (1,25(OH)2D3). VDR is located in over half of the tissues and cell types that
build the human body, including bones, kidneys, parathyroid glands, large intestine, skin,
brain. Three main domains can be found in the structure of the VDR: the ligand-binding
domain (LBD), the DNA binding domain (DBD) and the linker domain (LD). The LBD
consists of predominantly nonpolar amino acids forming a pocket, whereby 1,25(OH)2D3
is bound with high specificity. Bikle, et al. [41] distinguished six domains from A to F in
VDR. The first A/B domains constitute the N-terminal region, also known as activation I
domain, up to 24 amino acids long. In the C domain, up to 65 amino acids are joined to
DNA by two zinc fingers connecting to DNA grooves in the area of vitamin D response
elements (VDRE). Next, D domain is a flexible 143-amino acid hinge, followed by an E/F
domain made of 195 amino acids binding the ligand and the terminal activation domain—
AF2, performing dimerization with and binding to coactivators and corepressors. LBD,
composed of 12 helixes, forms a gate mechanism surrounding the ligand, a junction for
coactivators and allows for dimerization with retinoid X receptor (RXR) [41,42].

Since VDR has thousands of binding sites in the genome, it influences the transcription
of hundreds of genes. It is estimated that there are even over 23,000 VDR binding sites
in the human genome, and a large proportion of them are specific to a cell type [41]. In
humans, the gene encoding the vitamin D receptor is located on chromosome 12q [43].

In a genomic pathway vitamin D binds to VDR, then undergoes conformational
rearrangement enhancing interaction with RXR to form the VDR-RXR heterodimer complex.
The resulting VDR-RXR complex translocates to the nucleus, to the promoter containing
VDRE and recruits transcriptional coactivators or co-repressors to obtain regulation of
mRNA expression of the target genes. The VDRE sequence is highly variable. The role of
this complex is remodeling of chromatin and communication with RNA polymerase II to
the transcription start site [22,23,27,41,43].

There is also a non-genomic mechanism of vitamin D3 action, that is based on the
interaction with VDR located in the cavities of cell membranes. Two VDR receptors partici-
pate in the non-genomic pathway. The first one is the VDR itself located in membrane, it
is activated by 1,25(OH)2D3 analogs, which have a different (6-S cis) configuration than
those activating the genomic pathway (6-S trans). The second one is called 1,25(OH)2D3
membrane-bound rapid-response steroid-binding protein (MARRS). Both receptors reside
in the membrane in lipid cave rafts ready to activate ion channels, kinases and phos-
phatases [27,43–46]. Vitamin D3 activates rapid signal delivery pathways through kinases,
phosphatases, or ion channels, which can lead to the alteration of gene expression using
cognate promoter elements or regulation of gene expression using VDR as a substrate. The
non-genomic mechanism of action is believed to be faster than the genomic one [47].

4. Metabolic Phenotype of Vitamin D in Cancer Cells

Physiologically, VDR and CYP27B1 are expressed in numerous tissue in which they
govern many functions [48]. 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 [24,49–51].

4.1. CYP27B1

It was observed that CYP27B1 expression is inversely correlated with the progres-
sion of tumors of prostate, lung, parathyroid, colon and skin [52–58], suggesting that
local production of 1,25(OH)2D3 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 [59]. Thus,
the pro-inflammatory tumor microenvironment is proposed to be a potential factor that
reduces CYP27B1 level during tumor progression. The molecular mechanisms respon-
sible for reduced CYP27B1 expression in the process of cancer progression are still not
fully understood.
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On the contrary, a positive association between reduced CYP27B1 expression and
cancer progression was observed in thyroid cancer [60], but inconsistent results were docu-
mented for breast [61,62] and renal cancers [63,64]. Additionally, the expression of CYP27B1
in alveolar macrophages from lung cancer patients presented a positive correlation with
cancer progression [65]. Notably, pro-inflammatory cytokines including IFN-γ and TNF-α,
and Toll-like receptor (TLR) agonists increased CYP27B1 expression in macrophages, mono-
cytes and dendritic cells [62,66]. These observations suggest that the pro-inflammatory
tumor microenvironment may contribute to increased CYP27B1 expression in immune
cells, which is inconclusive to the outcomes in colon cancer cells [59] 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.

4.2. 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)2D3 reported by Albertson et al., who found amplified CYP24A1 in breast
cancer [67]. 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 [57,61,68–72]. The overexpression of CYP24A1 has been also
documented in numerous other types of cancer, including cervical, ovarian, squamous
cell and basal cell carcinoma [73,74]. Moreover, CYP24A1 up-expression is related to
poor prognosis in colon, lung and esophageal cancer [68,75,76] 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)2D3 in breast
and lung cancers [77–79]. However, opposite data have been also published for prostate
cancer [70,80] and a negative correlation between expression of CYP24A1 and tumor
progression has been observed in melanoma [81].

It was proposed that increased CYP24A1 expression observed in cancer cells is prob-
ably 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 overexpres-
sion 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 [67,82]. The amplification of CYP24A1 was iden-
tified 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 [83]. 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 [75,83] Thirdly, the suppression
of DNA methyltransferase (DNMT) or histone deacetylase (HDAC) elevated CYP24A1
expression in colon and lung cancer. Fourthly, post-transcriptional regulation via microR-
NAs 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 can-
cer [84], 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 [85]. It is also known that the
serine/threonine protein kinase casein kinase 2 (CK2) signaling pathway stimulates over-
expression of CYP24A1 in prostate cancers. CK2 is involved in the regulation of CYP24A1
expression by 1,25(OH)2D3 and the CK2 inhibitor enhances 1,25(OH)2D3-mediated anti-
tumor effect [86]. Moreover, CK2 overexpression has been shown in numerous cancers,
including prostate, pancreatic, breast, colon and rectum, lung and bronchus cancer [87].
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It should be underlined that CK2 overexpression was found to be related to poor clinical
outcomes [88].

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

4.3. VDR/RXRα

Progressively reduced expression of VDR during dedifferentiation and tumor pro-
gression 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 [52,61,89–92]. Decreased expression of VDR protein has been also observed in
urothelial bladder cancer and related with poor prognosis [93]. 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 tran-
scription in breast and colon cancer cells [94–96]. 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 [97]. 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 transcrip-
tional activity is a result of stimulation of RXR phosphorylation. RXR phosphorylation
disturbs the recruitment of co-activator SRC-1 to RXR [98,99].

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 [100,101]. It was also observed that, DNA methyltransferase
(DNMT) inhibitor stimulated VDR expression and strengthened the anti-proliferative ef-
fect of 1,25(OH)2D3 in breast cancer cells [101]. The engagement of microRNA in the
control of VDR expression in cancer has also been proposed. mir-125b was demon-
strated to downregulate of VDR expression and resulting resistance of melanoma cells to
1,25(OH)2D3 [102,103].

Taken together, decreased expression of VDR is a distinct feature of cancer cells and is
associated with the reduced action of vitamin D.

5. Molecular Insight into Anti-Cancer Activity of Vitamin D
5.1. 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 [104]. Chronic inflammation
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 tumorigene-
sis [105]. 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 sig-
nificant 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 [106].
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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 cre-
ates the so called pro-tumorigenic microenvironment [107]. It has been documented that
1,25(OH)2D3 suppresses the NFκB signaling pathway. Calcitriol inhibits the phospho-
rylation 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 expres-
sion [108]. Moreover, 1,25(OH)2D3 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 translo-
cation of the p65/p50 complex of NFκB to the nucleus and expression of pro-inflammatory
cytokines [109,110]. Together, these data define a novel mechanism of 1,25(OH)2D3–VDR
mediated inhibition of NF-κB activation (presented in Figure 2).
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It was proposed that 1,25(OH)2D3 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)2D3 in
prostate cancer cells [111,112]. Reduced mRNA expression of cyclooxygenase-2 and
production of prostaglandin E2 have been also documented in 1,25(OH)2D3-stimulated
breast cancer cells [113]. Of note, an inverse correlation between VDR expression and
cyclooxygenase-2 expression has been also identified in ovarian cancer tissues and malig-
nant breast cancer cell lines [46,114], supporting the role of 1,25(OH)2D3-VDR axis in the
inhibition of cyclooxygenase expression and prostaglandins production.
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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 [45].
1,25(OH)2D3 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 [115]. Moreover, 1,25(OH)2D3 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 [116].

Taken together, vitamin D shows anti-inflammatory properties, especially by the
reduction of pro-inflammatory cytokines expression and regulation of inflammatory sig-
naling pathways.

5.2. 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 [117]. 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 [13]. 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 [14,15].
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 [118]. Increased oxidative stress-induced DNA damage has been observed in
colon epithelial cells of VDR-knockout mice [44]. Additionally, the supplementation of
rats with calcitriol significantly decreased level of malondialdehyde—the end product of
lipid peroxidation [119]. 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 [120].

The protection against oxidative stress exhibited by vitamin D is related with its
molecular mechanism of action that stimulates the expression of numerous enzymes partic-
ipating in ROS detoxification. It was shown that 1,25(OH)2D3 stimulated the expression of
superoxide dismutase 1 and 2 in prostate epithelial cells and in androgen-sensitive prostate
cancer cells [121,122]. Calcitriol also induced the expression of thioredoxin reductase 1
in breast and prostate cancer cells [121,123]. Moreover, 1,25(OH)2D3 induced expression
of glucose-6-phosphate dehydrogenase that is responsible for the production of NADPH
for glutathione regeneration in ovarian and prostate cancer cells [124,125]. It has been
also shown that NF-E2-related factor-2 (NRF2) increasing antioxidant enzymes’ expression
is regulated by vitamin D [126,127]. 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 [128,129]. It is also known
that VDR is able to enter the mitochondrion by permeability transition pores [130] and
governs its functions [131]. In turn, vitamin D deficiency is related to a decline in the mito-
chondrial respiration process as a consequence of the decreasing of proteins and nuclear
mRNA molecules involved this process [128,129]. Unfortunately, the observed mechanism
is still not fully explored [131]. 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 [132]. 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 [133–135]. Observed effects are supported by the findings of the
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study presenting that 1,25(OH)2D3/VDR signaling suppresses the process of mitochondrial
respiration and differentiation of brown adipose cells [136]. It was also shown that vitamin
D in VDR-mediated mechanism protected cells from the excess production of ROS that
leads to cell damage [137].

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

5.3. DNA Repair Process

Both mitochondrial and nuclear DNA damage are a source of numerous mutations
that in turn may trigger malignant transformation [16]. 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 [17]. 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 [138,139]. 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 [140,141]. 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 [142,143]. 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 [144–146].

Moreover, high concentration of glucose may suppress the expression of DNA repair
protein XPD induced by insulin [18]. 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 [123], ATM, recombinant DNA repair protein (RAD50) [147], and growth
arrest and DNA damage-inducible α (GADD45α) in ovarian cancer cells and squamous
cell carcinoma (SCC) [148,149]. 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 [150].

To conclude, vitamin D strengthens the DNA repair process by increasing the expres-
sion of genes involved in this process.

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

It has been observed that 1,25(OH)2D3 possesses anti-proliferation and pro-differentiation
activities both in normal and malignant cells [151]. 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 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 [151]. Moreover, 1,25(OH)2D3
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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) [152,153]. 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 [154]. 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 [155,156].

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

5.5. Vitamin D Is Involved in Signaling Pathways Crucial in Tumorgenesis
5.5.1. 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. [157]. 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 [158]. The TGFβ-SMAD4
signaling pathway was recognized as responsible for constraining growth and metastatic
progression of prostate cancer in PTEN-null mice [159]. The treatment with 1,25(OH)2D3
or vitamin D analog elevated mRNA expression of TGFβ2 in MDA-MB-231 and MCF-
7 [68], MCF10CA1a [160] as well as primary prostate cancer cells [121]. Interestingly,
1,25(OH)2D3 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 [155]. In turn, 1,25(OH)2D3 suppressed
negative regulators of TGFβ availability, including latent TGFβ binding protein 1 (LTBP1)
in OVCAR3 cells [125] andprimary prostate cancer cells [121].

1,25(OH)2D3–induced upregulation of growth differentiation factor 15 (GDF15) mRNA
level has been observed in prostate cancer LNCaP cells [161]. GDF15 was demonstrated as
a direct VDR target gene required for 1,25(OH)2D3–mediated growth inhibition [122]. In
prostate cancer PC-3 cells, induced expression of GDF15 reduced cell proliferation, forma-
tion of soft agar clone, and xenograft tumor growth [122,131]. The influence of 1,25(OH)2D3
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 [162,163].

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, including colon cancer [164]. It was also
observed 1,25(OH)2D3 or vitamin D analog regulated mRNA expression of several BMP
forms i.e., BMP6 in primary prostate cancer cells [121], BMP2 and BMP6 in MCF10AT1
cells [160], and TGFβ1 and BMP2A in squamous cell carcinoma lines [162].

5.5.2. 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 [165]. An indirect effect of 1,25(OH)2D3 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,
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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 [166].
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)2D3 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 [167,168]. 1,25(OH)2D3–mediated
increased mRNA expression of IGFBP3 was observed in LNCaP prostate cancer cells [161]
and RWPE1 cells (immortalized prostate epithelial cell line) [169]. What is more, IGFBP3
was characterized as a critical mediator of 1,25(OH)2D3–dependent inhibition of LNCaP
cell growth [170]. 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 [171].

5.5.3. Wnt-β Catenin Signaling Pathway

The Wnt/β-catenin signaling pathway plays a role in numerous physiological pro-
cesses, 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 [172].

Vitamin D is able to arrest the cell growth as a result of disruption of β-catenin func-
tion. 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 secre-
tion 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 [173]. In
turn, mutations in the APC gene disrupting APC-β-catenin interactions are often present in
colon cancer [174]. Vitamin D was reported to block β-catenin-mediated gene transcription
in cultured SW480-ADH [175], HT-29 and Caco-2 colon cancer cells [176] by the activation
of VDR binding to β-catenin leading to the reduction of the TCF4/β-catenin transcriptional
complex formation [175]. It was also observed that injections containing 1,25(OH)2D3
and 1,25(OH)2D3 analogs three times a week for 12 weeks significantly decreased polyp
number in ApcMin/+ mice. Moreover, this effect was related to decreased expression of
β-catenin target genes in the small intestine and colon [177]. In HEK293 kidney cells, it
was shown that the AF-2 domain of VDR interacts with the C-terminus of β-catenin. [178].
1,25(OH)2D3–induced 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)2D3 treatment was demonstrated to suppress
β-catenin-induced gene transcription even in SKBR-3 cells with lack of the E-cadherin
gene [178]. Therefore, these data suggest that upregulation of E-cadherin is not the only
mechanism for 1,25(OH)2D3–dependent repression of β-catenin signaling. Reduced lev-
els of nuclear β-catenin, TCF1, CD44, and c-Myc were observed in ApcMin/+ mice after
1,25(OH)2D3 injections [177]. Additionally, 1,25(OH)2D3 can also exert an effect on the
expression of Wnt-signaling regulators such as Wnt activator dickkopf-4 (DKK-4). Vita-
min D repressed DKK-4 [153] and increased expression of the Wnt antagonist dickkopf-1
(DKK-1) [179].

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

Physiologically, epithelial cells maintain apical-basal polarity and contact with adja-
cent cells via adherent junctions, tight junctions, and desmosomes [180]. After the activation
of EMT, tumor epithelial cells lose their cell polarity, cell-cell adhesion and gain migratory
and invasive properties, becoming mesenchymal cells [181]. Thus, EMT is a reversible
process in which epithelial cells gain mesenchymal morphology and lose intercellular
contacts, achieving the ability for invasion and migration [182].
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1,25(OH)2D3 reduced the expression of the mesenchymal marker, vimentin, and ele-
vated 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 [182]. Moreover, the results of in vivo and
in vitro studies have suggested that 1,25(OH)2D3 and VDR inhibited the spread of ovarian
cancer [183]. It has been also found that 1,25(OH)2D3 delayed malignant transformation by
reducing the expression of β-catenin and elevating the expression of E-cadherin in mouse
ovarian surface epithelial cells [184]. The results of animal studies have demonstrated
that the exposure of ovarian cancer cells to vitamin D3 before the inoculation to immun-
odeficient mice reduced the potential of the cells to metastasize into lung, liver and bone
marrow [185].

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 [186]. Interestingly, microarray
studies have revealed a number of target genes engaged in tumor growth and progression
mediated by 1,25(OH)2D3. It was also observed that calcitriol downregulates growth-
promoting chemokines IL-8, Growth Regulated Protein-β (GRO-β), and GRO-γ [187].

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

5.7. 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 [188]. Moreover, the stimulation of apoptosis by increased
expression of other pro-apoptotic proteins, including death-associated protein (DAP-3), G0-
G1 switch 2 (GOS2), Fas-associated death domain (FADD), and caspases has been recently
documented [123,163]. Calcitriol also suppresses AKT-mediated anti-apoptotic signaling
pathway via upregulation of phosphatase and tensin homolog (PTEN), considered as a
tumor suppressor [189]. Vitamin D can also recruit Ca2+-dependent apoptotic effectors
including Ca2+-dependent µ-calpain and Ca2+/calpain-dependent caspase-12 [190].

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 [191,192]. 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 [193]. 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 [194,195].

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

5.8. The Role of Vitamin D in Angiogenesis

Blood vessels are necessary to transport oxygen and nutrients for growth and metas-
tasis 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 [196].

1,25(OH)2D3 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 angiogen-
esis. It has been documented that 1,25(OH)2D3 decreases the expression of the HIF-1α
subunit, VEGF and inhibits cancer cell proliferation under hypoxic conditions [197]. The
antiangiogenic effect of 1,25(OH)2D3 on tumor endothelial cells may also be VDR mediated.
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In VDR knockout animals, elevated vascular volume and reduced number of pericytes
responsible for regulation of the proliferation of endothelial cells was observed [198].

6. What Do We Know So Far about Vitamin D in Cancer Prevention and Prognosis
from Clinical Trials?

The results of clinical trials evaluating the relationship between vitamin D and cancer
risk are inconclusive. It seems that multiple factors such as age and sex of participants,
serum level of 25(OH)D before cancer diagnosis, the dose and type of vitamin D, the dura-
tion of supplementation, type and grade of cancer and many others, affect this relationship.
A systematic review performed by Bjelacovic et al. collected the results of eighteen random-
ized clinical trials that assessed cancer risk after vitamin D supplementation versus placebo
or no intervention. To the analysis were included studies that compared different doses of
vitamin D intake, administered by any route and various duration of supplementation. The
participants took the vitamin in the form of a supplement as vitamin D3 (cholecalciferol) or
vitamin D2 (ergocalciferol), and in the active form as 1α-hydroxyvitamin D or 1,25(OH)2D3
(calcitriol). Fourteen studies tested vitamin D3, one study examined the effects of vitamin
D2, and in the remaining three studies calcitriol supplementation. All samples for the study
were sourced from high-income countries. The study was attended by participants from
the age bracket of 47 to 97 years, and an average of 81% were women. Vitamin D was given
for approximately 6 years. The systematic review showed no effect of vitamin D on overall
cancer risk (relative risk (RR) = 1.00; 95% CI 0.94–1.06). Site-specific cancers, including lung
cancer, breast cancer, colorectal cancer, pancreatic cancer, and prostate cancer, were also
tested, with no evidence of the prevention of vitamin D against cancer occurrence (one
test each). Therefore, the findings from the systematic review by Bjelakovic et al., do not
support anticancer action of vitamin D. However, vitamin D was found to reduce cancer
mortality and all-cause mortality [199]. We also searched for meta-analyses and systematic
reviews of observational and interventional trials that assessed the relationship between
serum concentration of 25(OH)D and the risk of site-specific cancer, including: breast,
colorectal, bladder prostate, lung, ovary, pancreas and kidney as presented in Table 1.
Gandini et al. [200] performed a meta-analysis of observational studies that determined the
association between vitamin D serum concentrations and the incidence of breast, colorectal
and prostate cancer. An inverse relationship was found between serum 25-hydroxyvitamin
D levels and colorectal cancer. In the analyzed studies, no correlation was found between
the level of vitamin and the occurrence of breast and prostate cancer. In turn, a systematic
review of eight studies by Shao et al. [201] revealed that higher 25(OH)D blood levels
are associated with a lower risk of breast cancer. However, the study did not consider
whether vitamin D concentrations were measured before or after the diagnosis of the
cancer. Lee et al. [202] found no significant relationship between serum 25(OH)D levels
and the overall risk of colorectal cancer. In the research by Ma et al. [203], nine studies
were analyzed, one study involving participants from Asia, six studies from the United
States and two studies from Europe, however, the results were inconsistent, In turn, Chan-
dler et al. [204] in 2015, conducted a risk assessment of colorectal cancer in women. The
results confirmed a possible relationship between serum 25(OH)D concentration and the
risk of colon cancer. The strongest reduction in morbidity was observed for 25(OH)D levels
higher than 29 ng/mL. Weinstein et al. [205], Xu et al. [206] and Zhang et al. [207] confirmed
that patients with higher vitamin D levels may have a reduced risk of cancer and a better
prognosis. In turn, the incidence of bladder cancer was determined by Zhang et al. [208]
based on the results from observational studies, they suggest that low serum vitamin
D levels are associated with an increased risk of bladder cancer. While the intervention
studies conducted by Zhao et al. [209] provided more information that patients with serum
25-hydroxyvitamin D concentration > 75 nmol/L had the lowest risk of bladder cancer
compared to patients with 25-hydroxyvitamin D < 25 nmol/L and moderate vitamin D
deficiency (25–37.5 nmol/L). However, it should be highlighted that a vitamin D level
that is too high is thought to increase cancer risk. Xu et al. [210] revealed a significant
17% increased risk of prostate cancer in men with higher 25(OH)D levels. In the study
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by Schenk et al. [211], men 55 years of age or older with biopsy proven prostate cancer
were studied. Tumors were assessed using the Gleason scale. It was found that a higher
serum 25(OH)D concentration might slightly increase the risk of Gleason 2–6 disease and
significantly reduce the risk of prostate cancer on the Gleason 8–10 scale. In the case of
pancreatic cancer, Stolzenberg-Solomon et al. [212] noted that, compared with concen-
trations of 50.0–75.0 nmol/L of vitamin D, concentrations of 100 nmol/L or higher were
associated with an elevated risk of pancreatic cancer. Thus, these observations provide
rationale for careful recommendations of vitamin D supplementation to healthy people
with physiological 25(OH)D serum concentration for the prevention of cancer. On the
other hand, Wolpin et al. [213] suggest that higher 25(OH)D serum levels were associated
with a lower risk of pancreatic cancer and low 25(OH)D levels might predispose to the
development of pancreatic cancer. Interestingly, this study did not report an increased
risk of pancreatic cancer among people with 25(OH)D > 100 nmol/L. Li et al. conducted
a case-control study in the Chinese Han population in which they found the protective
effect of higher 25(OH)D levels against renal cell carcinoma [214]. To sum up, the available
results of clinical trials, mainly observational, do not allow one to unambiguously state
that supplementation with vitamin D reduces the risk of cancer. There is a pressing need
for, randomized interventional clinical trials to clarify the amount of vitamin D and the
duration of supplementation needed to obtain a protective benefit against cancer.

Table 1. Studies of blood 25(OH)D concentrations and cancer risk.

First Author/Year of
Publication Type of Study No. of Studies/Cases Relative Risk

(RR) 95% CI

BREAST CANCER

Gandini, 2011

Meta-analysis of
observational studies 10 studies/6175 cases 0.89 0.81–0.98

Case-control study
(retrospective) 3030 cases 0.83 0.79–0.87

Prospective study 3145 cases 0.97 0.92–1.03

Shao, 2012 [201]
Meta-analysis of

observational
case-control studies

8 studies 0.55 0.38–0.80

Wang, 2013 [215] Meta-analysis of
prospective studies 14 studies/9110 cases 0.85 0.75–0.95

Kim, 2014 [216] Meta-analysis of
prospective studies 14 studies/9526 cases 0.92 0.83–1.02

Kim, 2014 [217] Nested case-control of
observational study 707 cases 0.43 0.23–0.80

Skaaby, 2014 [218] Cohort study 159 cases 1.02 0.96–1.09

COLORECTAL CANCER

Lee, 2011 [202] Meta-analysis of
prospective studies 8 studies 0.66 0.54–0.81

Gandini, 2011 [200] Meta-analysis of
observational studies 9 studies/2630 cases 0.85 0.79–0.91

Ma, 2011 [203] Meta-analysis of
prospective studies 9 studies/2767 cases 0.67 0.54–0.80

Chandler, 2015 [204] Nested case-control
of observational study 274 cases 0.45 0.25–0.81
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Table 1. Cont.

First Author/Year of
Publication Type of Study No. of Studies/Cases Relative Risk

(RR) 95% CI

Weinstein, 2015 [205] Nested case-control
study 476 cases 0.60 0.38–0.94

Xu, 2018 [206] Meta-analysis of
observational studies 11 studies/7367 cases 0.67 0.56–0.80

Zhang, 2019 [207] Meta-analysis of
observational studies 8 studies/2916 cases 0.75 0.58–0.97

PROSTATE CANCER

Gandini, 2011 [200] Meta-analysis of
observational studies 11 studies/3956 cases 0.99 0.95–1.03

Xu, 2014 [210] Meta-analysis of
observational studies 21 studies/11,941 cases 1.17 1.05–1.30

Schenk, 2014 [211]

Nested case-control
study

1695 cases

1.10 0.90–1.35

Gleason 2–6 score 1.21 0.97–1.52

Gleason 7 score 1.09 0.78–1.52

Gleason 8–10 score 0.55 0.32–0.94

LUNG CANCER

Zhang, 2015 [208] Meta-analysis of
observational studies

12 studies/288,778
participants 0.84 0.78–0.90

Chen, 2015 [219] Meta-analysis of
observational studies 13 studies/2227 cases 0.95 0.91–0.99

OVARY CANCER

Yin, 2011 [220] Meta-analysis of
observational studies 10 studies 0.83 0.63–1.08

FIRST
AUTHOR/YEAR OF

PUBLICATION
TYPE OF STUDY NO. OF

STUDIES/CASES COMPARISION
RELATIVE

RISK
(RR)

95% CI

BLADDER CANCER

Zhang, 2015 [221] Meta-analysis of
observational studies

7 studies/62,141
participants 1.34 1.17–1.53

Zhao, 2016 [209] Meta-analysis of
interventional studies

7 studies/2509 cases

>75 nmol/L vs.
<25 nmol/L

25(OH)D
0.68 0.52–0.87

>75 nmol/L vs.
25–37.5 nmol/L

25(OH)D
0.65 0.49–0.86

>75 nmol/L vs.
37.5–50 nmol/L

25(OH)D
0.61 0.47–0.80

>75 nmol/L vs.
50–75 nmol/L

25(OH)D
0.65 0.48–0.85
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Table 1. Cont.

First Author/Year of
Publication Type of Study No. of Studies/Cases Relative Risk

(RR) 95% CI

PANCREAS CANCER

Stolzenberg-
Solomon, 2010

[212]

Meta-analysis of nested
case-control studies 8 studies/952 cases

>100 nmol/L vs.
50–75 nmol/L

25(OH)D
2.12 1.23–3.64

Wolpin, 2012 [213] Meta-analysis of nested
case-control studies

5 studies/451 cases

<50 nmol/L vs.
50–75 nmol/L

25(OH)D
0.75 0.58–0.98

≥75 nmol/L
25(OH)D 0.71 0.52–0.97

KIDNEY CANCER

Li, 2019 [214] Case-control study 135 cases

20–30 ng/mL
25(OH)D 0.50 0.29–0.88

≥30 ng/mL vs.
<20 ng/mL

25(OH)D
0.30 0.13–0.72

Considering the molecular action and metabolism of vitamin D, VDR expression in
cancer cells, it is very interesting how the vitamin affects cancer prognosis. To address
this problem, we searched for studies aimed at determining the effect of vitamin D level at
the time of cancer diagnosis or its supplementation after diagnosis or surgery on a 5-year
overall survival (OS) and progression-free survival (PFS) in patients suffering from cancer.
Vaughan-Shaw et al. performed a stratified analysis of 64 clinical trials involving patients
suffering from various cancers that revealed the improvement of overall survival, and
survival without progression was associated with 25(OH)D ≥20 ng/mL [222]. However,
the beneficial effect of a high vitamin D level was not always found in site specific cancers
as displayed in Tables 2 and 3.

Yuan et al. evaluated the relationship between vitamin D level, and progression
and survival of patients with advanced or metastatic colorectal cancer. This prospective
study involved 1041 patients with previously untreated colorectal cancer, who participated
in phase III clinical trial testing first-line chemotherapy and biological therapy. Partici-
pants were categorized into five groups according to 25(OH)D level: 1: 2.2–10.8 ng/mL;
2: 10.9–15.4 ng/mL; 3: 15.4–19.2 ng/mL; 4: 19.3–24.0 ng/mL; 5: 24.1–72.7 ng/mL. Only 6%
of patients had a vitamin D sufficient level (≥30 ng/mL), 31% had vitamin D insufficiency
(vitamin D 20–<30 ng/mL), and 63% of patients had vitamin D deficiency (<20 ng/mL).
Participants with 25(OH)D concentration > 24.1 ng/mL had improved OS and PFS than
those with 25(OH)D concentration < 10.8 ng/mL [223]. Similarly, the results of analysis
performed by Yang et al. also suggested that the level of 25(OH)D higher than 29.9 ng/mL
was related to favorable OS in patients with stage I–III colorectal cancer [224]. A retro-
spective analysis by Wesa et al. [225] revealed that stage IV colorectal cancer patients who
had serum 25(OH)D levels ≥ 30 ng/mL presented better OS than those with 25(OH)D
levels < 30 ng/mL.

Urashima et al. [226] conducted a randomized, double-blinded, placebo controlled
study (AMATERASU) in which, patients aged 30 to 90 years old with tumors of the gas-
trointestinal tract (from the esophagus to the rectum) in various stages of development were
supplemented with 2000 IU of vitamin D orally from the first day of the postoperative visit
until the end of the study. They found that vitamin D supplementation did not significantly
improve the 5-year relapse-free survival among patients with gastrointestinal cancer. Yon-
aga et al. performed a post hoc analysis of the AMATERAS study, namely participants were
divided based on histopathological characteristic into the following subgroups: squamous
cell carcinoma; adenocarcinoma well differentiated, moderately differentiated or poorly
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differentiated. They found that postoperative oral vitamin D supplementation improved
OS and PFS in the subgroup of patients with poorly differentiated gastrointestinal ade-
nocarcinoma, but not in the remaining subgroups [227]. Interestingly, a post hoc analysis
of AMATERAS study conducted by Akutsu et al. in which participants were stratified
based on p53 protein, vitamin D receptor and Ki-67 expression levels in tumor samples
demonstrated that daily 2000 IU vitamin D supplementation significantly improved PFS
and a non-significant 10% longer 5-year OS in the subgroup of patients with p53 positive
tumors [228].

Interesting findings concerning pancreatic cancer, that is characterized by high re-
sistance to treatment and short patients’ survival typically no longer than a year, were
performed by Van Loon et al. [229] and Zhang et al. [230]. Van Loon et al. found among
patients suffering from advanced pancreatic cancer at the time of diagnosis, 44.5% of
patients had vitamin D deficiency (<20 ng/mL), and 22.5% had vitamin D insufficiency
(30–20 ng/mL). The baseline vitamin D level was not associated with OS or PFS. In turn,
the meta-analysis of twelve studies by Zhang et al. demonstrated that high serum 25(OH)D
level was related to decreased pancreatic cancer mortality and improved OS [230].

Table 2. The effect of 25 (OH) D on the OS and PFS in various types of cancer.

OS
(Overall Survival)

PFS
(Progression-Free Survival)

First Author/Year
of Publication

No. of
Studies/Cases

Median
Follow-Up

TIME

Relative
Risk
(RR)

95% CI Relative Risk
(RR) 95% CI

COLORECTAL CANCER

Wesa, 2016 [225] 250 cases 2 years 0.61 0.38–0.98 - -

Yang, 2017 [224] 206 cases 45 months 0.442 0.238–0.819 - -

Yuan, 2019 [223] 1041 cases 31.2 moths 0.66 0.53–0.83 0.81 0.66–1.00

DIGESTIVE TRACT CANCER

Urashima, 2019
[226] 439 cases 3.5 years 0.76 0.5–1.14 0.95 0.57–1.57

Yonaga, 2019 [227] - - 0.25 0.07–0.94 0.25 0.08–0.78

Akutsu, 2020 [228] 372 cases - 0.66 0.34–1.27 0.52 0.31–0.88

PROSTATE CANCER

Attia, 2017 [231] 70 cases 17.8 months 17.8 14.9–23.6 6.17 4.20–10.7

FOLLICULAR LYMPHOMA

Kelly, 2015 [232] 777 cases 5.4 years 4.16 1.66–10.44 1.97 1.10–3.53

Tracy, 2017 [233] 642 cases 59 months 2.35 1.37–4.02 2.05 1.18–3.54

NON-HODGKIN’S LYMPHOMA

Drake, 2010 [234] 983 cases 34.8 months

Large B-cell lymphoma (DLBCL)

1.99 1.27–3.13 1.41 0.98–2.04

T-cell lymphoma

2.38 1.04–5.41 1.94 1.04–3.61

PANCREATIC CANCER

Van Loon, 2014
[229] 256 cases 5.8 months 1.00 0.99–1.01 1.00 0.99–1.01

Zhang, 2017 [230] 12 studies - 0.6 0.45–0.97 1.06 0.84–1.33
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Table 2. Cont.

OS
(Overall Survival)

PFS
(Progression-Free Survival)

First Author/Year
of Publication

No. of
Studies/Cases

Median
Follow-Up

TIME

Relative
Risk
(RR)

95% CI Relative Risk
(RR) 95% CI

LUNG CANCER

Huang, 2017 [235] 8 studies/2166 cases - 1.30 1.08–1.55 - -

Akiba. 2018 [236] 155 cases 3.3 years 1.22 0.54–2.79 1.15 0.64–2.05

OVERALL CANCER

Vaughan-Shaw.
2017 [222]

64 studies/44 155
cases - 0.74 0.66–0.82 0.84 0.77–0.91

BREAST CANCER

Kanstrup. 2019
[237] 2510 women 5.59 years

25(OH)D ≤ 52 nmol/L

1.55 1.06–2.25 1.63 1.21–2.19

25(OH)D ≥ 99 nmol/L

1.20 0.88–1.66 1.37 1.02–1.83

Xu. 2020 [238] 8 studies/2503 cases - 0.41 0.18–0.95 1.14 0.87–1.50

The results of several studies suggest that low vitamin D level is associated with poor
prognosis of different types of lymphoma. Kelly et al. reported that vitamin D may be an
important, modifiable factor related to survival in people with follicular lymphoma prior
to the implementation of specialist treatment [232]. Although, not statistically significant
Tracy et al. [233] found a trend toward vitamin D deficiency (<20 ng/mL) and worse OS
and PFS in patients suffering from follicular lymphoma. Additionally, Drake et al. noted
worse PFS and OS in DLBCL (diffuse large B-cell lymphoma) and T-cell lymphoma in
patients with 25(OH)D level < 25 ng/mL [234].

Very important observations were made by Kanstrup et al. who found that women
suffering from primary invasive breast cancer with 25(OH)D level ≤ 52 nmol/L had worse
PFS and OS compared to women with 25(OH)D level between 76–99 nmol/L. Interestingly,
women with breast cancer with 25(OH)D level ≥ 99 nmol/L also had worse PFS and
OS [237]. Of note, Xu et al. showed that the level of VDR protein expression in neoplastic
cells in patients with breast cancer was related to OS, therefore, they recommned individ-
ualized vitamin D intake to assess breast cancer prognosis [238]. In case of lung cancer,
Huang et al. conducted a meta-analysis of eight cohort studies to evaluate the correla-
tion between serum 25(OH)D level and OS. The obtained results suggested a correlation
between low serum 25(OH)D concentration and poor OS of patients with lung cancer [235].

Few studies have examined how vitamin D supplementation after surgery affects can-
cer prognosis. Akiba et al. conducted a randomized, double-blinded, placebo-controlled
study with 1200 IU vitamin D supplementation per day for 1 year, after surgery, in pa-
tients suffering from lung cancer. RFS and OS were compared between the groups with
lower < 20 ng/mL and higher ≥ 20 ng/mL 25(OH)D levels. Among patients suffering
from early adenocarcinoma, those with low 25(OH)D levels had significantly worse OS
than patients with higher 25(OH)D. They did not find any significant improvement of
PFS and OS in lung cancer patients in the overall study population. including advanced
stages and squamous cell carcinoma or large cell carcinoma [236]. Attia et al. conducted a
study in which a standard treatment of prostate cancer (docetaxel), doxercalciferol (vita-
min D analogue) once weekly, was added in phase I and II clinical trials. However, they
did not report the improvement in survival of patients with prostate cancer [231]. An
important problem was raised by Markotic et al., who measured serum 25(OH)D level
in patients with colorectal cancer before and after surgery, due to the fact that surgical
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treatment has a great influence on the bowel absorption of vitamin D. Participants were
classified to sufficient vitamin D group (25(OH)D > 20 ng/mL) and insufficient vitamin
D group (25(OH)D < 20 ng/mL). They revealed that the serum levels of 25(OH)D higher
than 20 ng/mL were associated with better OS only in the postoperative period, but not in
the preoperative period [20,239] as presented in Table 3.

Table 3. The effect of preoperative and postoperative 25 (OH) D levels on the OS in patients with
colorectal cancer.

First Author/Year of
Publication No. of Studies/Cases Relative Risk

(RR) 95% CI

COLORECTAL CANCER

Markotic. 2019 [239]
515 (286 pre-operatively

and 229 post-operatively)

pre-operatively

0.53 0.33–0.84

post-operatively

1.13 0.77–1.65

7. What Do We Know from Clinical Trials about Vitamin D Action in Diabetes?

Systematic review performed by Pittas et al. showed the association between low
vitamin D level and type 2 diabetes risk [240]. However, the results of the systematic review
should be interpreted cautiously because of the limited number of available evidence. The
majority of included observational studies were cross-sectional, biased due to uneven
distribution of confounding factors, while the interventional studies were short-term,
included small number of participants, used vitamin D3 or D2 or its analogues, or contained
post hoc analyzes. Evidence from studies with vitamin D suggest that its supplementation
may prevent from type 2 diabetes only in high-risk (i.e., glucose intolerant) patients [240].
The effect of vitamin D supplementation on the risk of convertion of prediabetes to type
2 diabetes was evaluated in the study performed by Niroomand et al. [241]. It included
patients with prediabetes and hypovitaminosis D who were supplemented with 50,000 IU
of vitamin D or placebo. It showed that vitamin D improved insulin sensitivity and reduced
the risk of prediabetes to diabetes progression [241]. However, serious limitations such as
small number of participants (162 cases) and short duration should be recognized. In turn,
the interventional study, the Diabetes Prevention with active Vitamin D (DPVD), conducted
by Kawahara et al. aimed to assess the effect of eldecalcitol, an active vitamin D analogue,
on the incidence of type 2 diabetes in subjects with pre-diabetes among Japanease men and
women over 30 years of age. They reported 121 diabetes cases after a median follow-up of
2.8 years, including 57 in the eldecalciol group and 64 in the control group [242].

The results of our study demonstrated that three-month supplementation with vitamin
D of the elderly with metabolic disorders significantly increased HDL level and decreased
HOMA-IR. and TG/HDL ratio. Furthermore, we observed non-significant reduction of
HbA1c (0.5%) in subgroup with T2DM after vitamin D supplementation [243]. Similarly,
Upreti et al. noted that six-month supplementation with vitamin D of T2DM patients trig-
gered decrease of HbA1c [244]. In turn, Mirrhosseini et al. observed that vitamin D reduced
fasting plasma glucose (FPG), HbA1c, and HOMA-IR leading to improvement of glycemic
control [245]. The study carried out by El Hajj et al. shown that vitamin D contributes to
markedly decrease of FPG, HOMA-IR, TC and LDL [246]. In turn, co-supplementation
of vitamin D with calcium reduced HbA1c, serum insulin level, LDL, HOMA-IR, and
TC/HDL. Moreover, elevated quantitative insulin sensitivity check index (QUICKI) and
HDL were also detected [247]. Barzegardi et al. reported reduced serum levels of LDL,
TG, and TC in patients with diabetic nephropathy after vitamin D supplementation [248].
Summarizing, the results of presented studies indicate that vitamin D improves insulin
resistance resulting in better metabolic control of diabetes.
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Increased concentrations of hs-CRP and pro-inflammatory cytokines i.e., TNF-α and
IL-6 has been observed in patients with low level of vitamin D [249–254]. The results
of some studies have revealed that supplementation with vitamin D reduced level of
circulating pro-inflammatory biomarkers (TNF-α. IL-6) in T2DM patients [110,255,256].
However,.Beilfuss et al. have not observed the influence of vitamin D on TNF-α in obese
subjects [257–260]. The results of meta-analysis carried out by Yu et al. did not find any
significant evidence that supplementation with vitamin D changed levels of TNF-α and
IL-6 in T2DM patients [261].

8. 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 devel-
opment 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 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) [262]. 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.

9. Conclusions

Although poorly explored, it seems that vitamin D deficiency may be one of the crucial
factors responsible for increased cancer risk among T2DM patients. On the one hand, cancer
cells present disturbances in expression of VDR and CYP27B1 that lead to disorders of
vitamin D metabolism and action. On the other hand, vitamin D deficiency impairs multiple
cancer-related cellular processes such as DNA repair process, apoptosis, autophagy, and
signaling pathways involved in tumorigenesis i.e., TGFβ, IGF and Wnt-β-Cathenin. Of
note, recognized molecular mechanisms of vitamin D action prevent or alleviate T2DM-
related disorders such as insulin resistance, hyperinsulinemia, hyperglycemia, oxidative
stress, and inflammation that are well recognized players in tumorigenesis. Figure 3
summarizes the association between vitamin D deficiency and related disturbances in
numerous cellular processes connected with T2DM- cancer relationship.
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Author Contributions: Conceptualization A.Ś.; Methodology A.G., S.K., I.S.-P.; Visualization A.G.,
S.K., I.S.-P.; Writing original draft A.G., S.K., I.S.-P.; Writing—review and editing A.Ś.; Funding
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93. Jóźwicki, W.; Brożyna, A.A.; Siekiera, J.; Slominski, A.T. Expression of Vitamin D Receptor (VDR) Positively Correlates with
Survival of Urothelial Bladder Cancer Patients. Int. J. Mol. Sci. 2015, 16, 24369–24386. [CrossRef] [PubMed]

94. Pálmer, H.G.; Larriba, M.J.; García, J.M.; Ordóñez-Morán, P.; Peña, C.; Peiró, S.; Puig, I.; Rodríguez, R.; de la Fuente, R.;
Bernad, A.; et al. The Transcription Factor SNAIL Represses Vitamin D Receptor Expression and Responsiveness in Human
Colon Cancer. Nat. Med. 2004, 10, 917–919. [CrossRef]

95. Mittal, M.K.; Myers, J.N.; Misra, S.; Bailey, C.K.; Chaudhuri, G. In Vivo Binding to and Functional Repression of the VDR Gene
Promoter by SLUG in Human Breast Cells. Biochem. Biophys. Res. Commun. 2008, 372, 30–34. [CrossRef] [PubMed]

96. Peña, C.; García, J.M.; Silva, J.; García, V.; Rodríguez, R.; Alonso, I.; Millán, I.; Salas, C.; de Herreros, A.G.; Muñoz, A.; et al.
E-Cadherin and Vitamin D Receptor Regulation by SNAIL and ZEB1 in Colon Cancer: Clinicopathological Correlations. Hum.
Mol. Genet. 2005, 14, 3361–3370. [CrossRef]

97. DeSmet, M.L.; Fleet, J.C. Constitutively Active RAS Signaling Reduces 1,25 Dihydroxyvitamin D-Mediated Gene Transcription in
Intestinal Epithelial Cells by Reducing Vitamin D Receptor Expression. J. Steroid Biochem. Mol. Biol. 2017, 173, 194–201. [CrossRef]

98. Solomon, C.; White, J.H.; Kremer, R. Mitogen-Activated Protein Kinase Inhibits 1,25-Dihydroxyvitamin D3–Dependent Signal
Transduction by Phosphorylating Human Retinoid X Receptor α. J. Clin. Investig. 1999, 103, 1729–1735. [CrossRef]

99. Zhang, Z.; Kovalenko, P.; Cui, M.; DeSmet, M.; Clinton, S.K.; Fleet, J.C. Constitutive Activation of the Mitogen Activated Protein
Kinase Pathway Impairs Vitamin D Signaling in Human Prostate Epithelial Cells. J. Cell. Physiol. 2010, 224, 433–442. [CrossRef]

100. Liel, Y.; Shany, S.; Smirnoff, P.; Schwartz, B. Estrogen Increases 1,25-Dihydroxyvitamin D Receptors Expression and Bioresponse
in the Rat Duodenal Mucosa. Endocrinology 1999, 140, 280–285. [CrossRef]

101. Marik, R.; Fackler, M.; Gabrielson, E.; Zeiger, M.A.; Sukumar, S.; Stearns, V.; Umbricht, C.B. DNA Methylation-Related Vitamin D
Receptor Insensitivity in Breast Cancer. Cancer Biol. Ther. 2010, 10, 44–53. [CrossRef]

102. Essa, S.; Denzer, N.; Mahlknecht, U.; Klein, R.; Collnot, E.M.; Tilgen, W.; Reichrath, J. VDR MicroRNA Expression and Epigenetic
Silencing of Vitamin D Signaling in Melanoma Cells. J. Steroid Biochem. Mol. Biol. 2010, 121, 110–113. [CrossRef]

103. Mohri, T.; Nakajima, M.; Takagi, S.; Komagata, S.; Yokoi, T. MicroRNA Regulates Human Vitamin D Receptor. Int. J. Cancer 2009,
125, 1328–1333. [CrossRef] [PubMed]

104. Tsuji, S.; Kawai, N.; Tsujii, M.; Kawano, S.; Hori, M. Review Article: Inflammation-Related Promotion of Gastrointestinal
Carcinogenesis—A Perigenetic Pathway. Aliment. Pharmacol. Ther. 2003, 18 (Suppl. 1), 82–89. [CrossRef] [PubMed]

105. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-Related Inflammation. Nature 2008, 454, 436–444. [CrossRef] [PubMed]
106. Bessler, H.; Djaldetti, M. 1α,25-Dihydroxyvitamin D3 Modulates the Interaction between Immune and Colon Cancer Cells. Biomed.

Pharmacother. Biomed. Pharmacother. 2012, 66, 428–432. [CrossRef] [PubMed]
107. Xia, Y.; Shen, S.; Verma, I.M. NF-KB, an Active Player in Human Cancers. Cancer Immunol. Res. 2014, 2, 823–830. [CrossRef]

[PubMed]
108. Wang, Q.; He, Y.; Shen, Y.; Zhang, Q.; Chen, D.; Zuo, C.; Qin, J.; Wang, H.; Wang, J.; Yu, Y. Vitamin D Inhibits COX-2 Expression

and Inflammatory Response by Targeting Thioesterase Superfamily Member 4. J. Biol. Chem. 2014, 289, 11681–11694. [CrossRef]
109. Sun, J.; Kong, J.; Duan, Y.; Szeto, F.L.; Liao, A.; Madara, J.L.; Li, Y.C. Increased NF-KappaB Activity in Fibroblasts Lacking the

Vitamin D Receptor. Am. J. Physiol. Endocrinol. Metab. 2006, 291, E315–E322. [CrossRef]
110. Chen, Y.; Zhang, J.; Ge, X.; Du, J.; Deb, D.K.; Li, Y.C. Vitamin D Receptor Inhibits Nuclear Factor KB Activation by Interacting

with IκB Kinase β Protein. J. Biol. Chem. 2013, 288, 19450–19458. [CrossRef]
111. Krishnan, A.V.; Feldman, D. Molecular Pathways Mediating the Anti-Inflammatory Effects of Calcitriol: Implications for Prostate

Cancer Chemoprevention and Treatment. Endocr. Relat. Cancer 2010, 17, R19–R38. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-12-4119
http://www.ncbi.nlm.nih.gov/pubmed/23358686
http://doi.org/10.3390/ph10010018
http://doi.org/10.1002/biof.96
http://doi.org/10.1200/JCO.2010.30.9880
http://doi.org/10.1016/j.jsbmb.2010.03.049
http://doi.org/10.1158/1078-0432.CCR-16-0075
http://www.ncbi.nlm.nih.gov/pubmed/27407090
http://doi.org/10.1158/1541-7786.MCR-14-0036
http://doi.org/10.3390/ijms161024369
http://www.ncbi.nlm.nih.gov/pubmed/26501255
http://doi.org/10.1038/nm1095
http://doi.org/10.1016/j.bbrc.2008.04.187
http://www.ncbi.nlm.nih.gov/pubmed/18485278
http://doi.org/10.1093/hmg/ddi366
http://doi.org/10.1016/j.jsbmb.2017.01.008
http://doi.org/10.1172/JCI6871
http://doi.org/10.1002/jcp.22139
http://doi.org/10.1210/endo.140.1.6408
http://doi.org/10.4161/cbt.10.1.11994
http://doi.org/10.1016/j.jsbmb.2010.02.003
http://doi.org/10.1002/ijc.24459
http://www.ncbi.nlm.nih.gov/pubmed/19437538
http://doi.org/10.1046/j.1365-2036.18.s1.22.x
http://www.ncbi.nlm.nih.gov/pubmed/12925144
http://doi.org/10.1038/nature07205
http://www.ncbi.nlm.nih.gov/pubmed/18650914
http://doi.org/10.1016/j.biopha.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/22795808
http://doi.org/10.1158/2326-6066.CIR-14-0112
http://www.ncbi.nlm.nih.gov/pubmed/25187272
http://doi.org/10.1074/jbc.M113.517581
http://doi.org/10.1152/ajpendo.00590.2005
http://doi.org/10.1074/jbc.M113.467670
http://doi.org/10.1677/ERC-09-0139


Int. J. Mol. Sci. 2021, 22, 6444 27 of 33

112. Moreno, J.; Krishnan, A.V.; Swami, S.; Nonn, L.; Peehl, D.M.; Feldman, D. Regulation of Prostaglandin Metabolism by Calcitriol
Attenuates Growth Stimulation in Prostate Cancer Cells. Cancer Res. 2005, 65, 7917–7925. [CrossRef]

113. Yuan, L.; Jiang, R.; Yang, Y.; Ding, S.; Deng, H. 1,25-Dihydroxyvitamin D3 Inhibits Growth of the Breast Cancer Cell Line MCF-7
and Downregulates Cytochrome P4501B1 through the COX-2/PGE2 Pathway. Oncol. Rep. 2012, 28, 2131–2137. [CrossRef]

114. Thill, M.; Hoellen, F.; Becker, S.; Dittmer, C.; Fischer, D.; Kümmel, S.; Salehin, D.; Friedrich, M.; Köster, F.; Diedrich, K.; et al.
Expression of Prostaglandin- and Vitamin D-Metabolising Enzymes in Benign and Malignant Breast Cells. Anticancer Res. 2012,
32, 367–372. [PubMed]

115. Nonn, L.; Peng, L.; Feldman, D.; Peehl, D.M. Inhibition of P38 by Vitamin D Reduces Interleukin-6 Production in Normal Prostate
Cells via Mitogen-Activated Protein Kinase Phosphatase 5: Implications for Prostate Cancer Prevention by Vitamin D. Cancer Res.
2006, 66, 4516–4524. [CrossRef]

116. Zhang, Y.; Leung, D.Y.M.; Richers, B.N.; Liu, Y.; Remigio, L.K.; Riches, D.W.; Goleva, E. Vitamin D Inhibits Monocyte/Macrophage
Proinflammatory Cytokine Production by Targeting MAPK Phosphatase-1. J. Immunol. 2012, 188, 2127–2135. [CrossRef] [PubMed]

117. Dandona, P.; Thusu, K.; Cook, S.; Snyder, B.; Makowski, J.; Armstrong, D.; Nicotera, T. Oxidative Damage to DNA in Diabetes
Mellitus. Lancet 1996, 347, 444–445. [CrossRef]

118. Nair-Shalliker, V.; Armstrong, B.K.; Fenech, M. Does Vitamin D Protect against DNA Damage? Mutat. Res. 2012, 733, 50–57.
[CrossRef]

119. Banakar, M.C.; Paramasivan, S.K.; Chattopadhyay, M.B.; Datta, S.; Chakraborty, P.; Chatterjee, M.; Kannan, K.; Thygarajan, E.
1alpha, 25-Dihydroxyvitamin D3 Prevents DNA Damage and Restores Antioxidant Enzymes in Rat Hepatocarcinogenesis
Induced by Diethylnitrosamine and Promoted by Phenobarbital. World J. Gastroenterol. 2004, 10, 1268–1275. [CrossRef]

120. Fedirko, V.; Bostick, R.M.; Long, Q.; Flanders, W.D.; McCullough, M.L.; Sidelnikov, E.; Daniel, C.R.; Rutherford, R.E.; Shaukat,
A. Effects of Supplemental Vitamin D and Calcium on Oxidative DNA Damage Marker in Normal Colorectal Mucosa: A
Randomized Clinical Trial. Cancer Epidemiol. Biomark. Prev. Publ. Am. Assoc. Cancer Res. Cosponsored Am. Soc. Prev. Oncol. 2010,
19, 280–291. [CrossRef]

121. Peehl, D.M.; Shinghal, R.; Nonn, L.; Seto, E.; Krishnan, A.V.; Brooks, J.D.; Feldman, D. Molecular Activity of 1,25-
Dihydroxyvitamin D3 in Primary Cultures of Human Prostatic Epithelial Cells Revealed by CDNA Microarray Analysis. J. Steroid
Biochem. Mol. Biol. 2004, 92, 131–141. [CrossRef] [PubMed]

122. Lambert, J.R.; Kelly, J.A.; Shim, M.; Huffer, W.E.; Nordeen, S.K.; Baek, S.J.; Eling, T.E.; Lucia, M.S. Prostate Derived Factor in
Human Prostate Cancer Cells: Gene Induction by Vitamin D via a P53-Dependent Mechanism and Inhibition of Prostate Cancer
Cell Growth. J. Cell. Physiol. 2006, 208, 566–574. [CrossRef] [PubMed]

123. Swami, S.; Raghavachari, N.; Muller, U.R.; Bao, Y.P.; Feldman, D. Vitamin D Growth Inhibition of Breast Cancer Cells: Gene
Expression Patterns Assessed by CDNA Microarray. Breast Cancer Res. Treat. 2003, 80, 49–62. [CrossRef]

124. Bao, B.-Y.; Ting, H.-J.; Hsu, J.-W.; Lee, Y.-F. Protective Role of 1α, 25-Dihydroxyvitamin D3 against Oxidative Stress in Nonmalig-
nant Human Prostate Epithelial Cells. Int. J. Cancer 2008, 122, 2699–2706. [CrossRef]

125. Zhang, X.; Li, P.; Bao, J.; Nicosia, S.V.; Wang, H.; Enkemann, S.A.; Bai, W. Suppression of Death Receptor-Mediated Apoptosis by
1,25-Dihydroxyvitamin D3 Revealed by Microarray Analysis. J. Biol. Chem. 2005, 280, 35458–35468. [CrossRef]

126. Teixeira, T.M.; da Costa, D.C.; Resende, A.C.; Soulage, C.O.; Bezerra, F.F.; Daleprane, J.B. Activation of Nrf2-Antioxidant Signaling
by 1,25-Dihydroxycholecalciferol Prevents Leptin-Induced Oxidative Stress and Inflammation in Human Endothelial Cells. J.
Nutr. 2017, 147, 506–513. [CrossRef]

127. Nakai, K.; Fujii, H.; Kono, K.; Goto, S.; Kitazawa, R.; Kitazawa, S.; Hirata, M.; Shinohara, M.; Fukagawa, M.; Nishi, S. Vitamin
D Activates the Nrf2-Keap1 Antioxidant Pathway and Ameliorates Nephropathy in Diabetic Rats. Am. J. Hypertens. 2014,
27, 586–595. [CrossRef]

128. Kim, H.K.; Andreazza, A.C.; Yeung, P.Y.; Isaacs-Trepanier, C.; Young, L.T. Oxidation and Nitration in Dopaminergic Areas of the
Prefrontal Cortex from Patients with Bipolar Disorder and Schizophrenia. J. Psychiatry Neurosci. JPN 2014, 39, 276–285. [CrossRef]

129. Scaini, G.; Rezin, G.T.; Carvalho, A.F.; Streck, E.L.; Berk, M.; Quevedo, J. Mitochondrial Dysfunction in Bipolar Disorder: Evidence,
Pathophysiology and Translational Implications. Neurosci. Biobehav. Rev. 2016, 68, 694–713. [CrossRef]

130. Silvagno, F.; Consiglio, M.; Foglizzo, V.; Destefanis, M.; Pescarmona, G. Mitochondrial Translocation of Vitamin D Receptor Is
Mediated by the Permeability Transition Pore in Human Keratinocyte Cell Line. PLoS ONE 2013, 8, e54716. [CrossRef] [PubMed]

131. Silvagno, F.; De Vivo, E.; Attanasio, A.; Gallo, V.; Mazzucco, G.; Pescarmona, G. Mitochondrial Localization of Vitamin D Receptor
in Human Platelets and Differentiated Megakaryocytes. PLoS ONE 2010, 5, e8670. [CrossRef]

132. Berridge, M.J. Vitamin D Deficiency and Diabetes. Biochem. J. 2017, 474, 1321–1332. [CrossRef]
133. Qatanani, M.; Lazar, M.A. Mechanisms of Obesity-Associated Insulin Resistance: Many Choices on the Menu. Genes Dev. 2007,

21, 1443–1455. [CrossRef]
134. Verdile, G.; Keane, K.N.; Cruzat, V.F.; Medic, S.; Sabale, M.; Rowles, J.; Wijesekara, N.; Martins, R.N.; Fraser, P.E.; Newsholme, P.

Inflammation and Oxidative Stress: The Molecular Connectivity between Insulin Resistance, Obesity, and Alzheimer’s Disease.
Available online: https://www.hindawi.com/journals/mi/2015/105828/ (accessed on 17 January 2019).

135. Rains, J.L.; Jain, S.K. OXIDATIVE STRESS, INSULIN SIGNALING AND DIABETES. Free Radic. Biol. Med. 2011, 50, 567–575.
[CrossRef]

136. Ricciardi, C.J.; Bae, J.; Esposito, D.; Komarnytsky, S.; Hu, P.; Chen, J.; Zhao, L. 1,25-Dihydroxyvitamin D3/Vitamin D Receptor
Suppresses Brown Adipocyte Differentiation and Mitochondrial Respiration. Eur. J. Nutr. 2015, 54, 1001–1012. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-05-1435
http://doi.org/10.3892/or.2012.2031
http://www.ncbi.nlm.nih.gov/pubmed/22213328
http://doi.org/10.1158/0008-5472.CAN-05-3796
http://doi.org/10.4049/jimmunol.1102412
http://www.ncbi.nlm.nih.gov/pubmed/22301548
http://doi.org/10.1016/S0140-6736(96)90013-6
http://doi.org/10.1016/j.mrfmmm.2012.02.005
http://doi.org/10.3748/wjg.v10.i9.1268
http://doi.org/10.1158/1055-9965.EPI-09-0448
http://doi.org/10.1016/j.jsbmb.2004.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15555907
http://doi.org/10.1002/jcp.20692
http://www.ncbi.nlm.nih.gov/pubmed/16741990
http://doi.org/10.1023/A:1024487118457
http://doi.org/10.1002/ijc.23460
http://doi.org/10.1074/jbc.M506648200
http://doi.org/10.3945/jn.116.239475
http://doi.org/10.1093/ajh/hpt160
http://doi.org/10.1503/jpn.130155
http://doi.org/10.1016/j.neubiorev.2016.06.040
http://doi.org/10.1371/journal.pone.0054716
http://www.ncbi.nlm.nih.gov/pubmed/23349955
http://doi.org/10.1371/journal.pone.0008670
http://doi.org/10.1042/BCJ20170042
http://doi.org/10.1101/gad.1550907
https://www.hindawi.com/journals/mi/2015/105828/
http://doi.org/10.1016/j.freeradbiomed.2010.12.006
http://doi.org/10.1007/s00394-014-0778-9


Int. J. Mol. Sci. 2021, 22, 6444 28 of 33

137. Ricca, C.; Aillon, A.; Bergandi, L.; Alotto, D.; Castagnoli, C.; Silvagno, F. Vitamin D Receptor Is Necessary for Mitochondrial
Function and Cell Health. Int. J. Mol. Sci. 2018, 19, 1672. [CrossRef]

138. Yoshino, M.; Yoshino, J.; Kayser, B.D.; Patti, G.; Franczyk, M.P.; Mills, K.F.; Sindelar, M.; Pietka, T.; Patterson, B.W.; Imai, S.-I.; et al.
Nicotinamide Mononucleotide Increases Muscle Insulin Sensitivity in Prediabetic Women. Science 2021. [CrossRef]

139. Kumar, V.; Agrawal, R.; Pandey, A.; Kopf, S.; Hoeffgen, M.; Kaymak, S.; Bandapalli, O.R.; Gorbunova, V.; Seluanov, A.;
Mall, M.A.; et al. Compromised DNA Repair Is Responsible for Diabetes-Associated Fibrosis. EMBO J. 2020, 39, e103477.
[CrossRef] [PubMed]

140. Hishikawa, A.; Hayashi, K.; Yoshimoto, N.; Nakamichi, R.; Homma, K.; Itoh, H. DNA Damage and Expression of DNA
Methylation Modulators in Urine-Derived Cells of Patients with Hypertension and Diabetes. Sci. Rep. 2020, 10, 3377. [CrossRef]
[PubMed]

141. Hishikawa, A.; Hayashi, K.; Abe, T.; Kaneko, M.; Yokoi, H.; Azegami, T.; Nakamura, M.; Yoshimoto, N.; Kanda, T.; Itoh, H.; et al.
Decreased KAT5 Expression Impairs DNA Repair and Induces Altered DNA Methylation in Kidney Podocytes. Cell Rep. 2019, 26.
[CrossRef] [PubMed]

142. Lin, J.; Song, T.; Li, C.; Mao, W. GSK-3β in DNA Repair, Apoptosis, and Resistance of Chemotherapy, Radiotherapy of Cancer.
Biochim. Biophys. Acta Mol. Cell Res. 2020, 1867, 118659. [CrossRef]

143. Jope, R.S.; Johnson, G.V.W. The Glamour and Gloom of Glycogen Synthase Kinase-3. Trends Biochem. Sci. 2004, 29, 95–102.
[CrossRef]

144. Iside, C.; Scafuro, M.; Nebbioso, A.; Altucci, L. SIRT1 Activation by Natural Phytochemicals: An Overview. Front. Pharmacol.
2020, 11, 1225. [CrossRef]

145. Nebbioso, M.; Lambiase, A.; Armentano, M.; Tucciarone, G.; Sacchetti, M.; Greco, A.; Alisi, L. Diabetic Retinopathy, Oxidative
Stress, and Sirtuins: An in Depth Look in Enzymatic Patterns and New Therapeutic Horizons. Surv. Ophthalmol. 2021. [CrossRef]

146. Alves-Fernandes, D.K.; Jasiulionis, M.G. The Role of SIRT1 on DNA Damage Response and Epigenetic Alterations in Cancer. Int.
J. Mol. Sci. 2019, 20, 3153. [CrossRef]

147. Ting, H.-J.; Yasmin-Karim, S.; Yan, S.-J.; Hsu, J.-W.; Lin, T.-H.; Zeng, W.; Messing, J.; Sheu, T.-J.; Bao, B.-Y.; Li, W.X.; et al. A
Positive Feedback Signaling Loop between ATM and the Vitamin D Receptor Is Critical for Cancer Chemoprevention by Vitamin
D. Cancer Res. 2012, 72, 958–968. [CrossRef] [PubMed]

148. Akhter, J.; Chen, X.; Bowrey, P.; Bolton, E.J.; Morris, D.L. Vitamin D3 Analog, EB1089, Inhibits Growth of Subcutaneous Xenografts
of the Human Colon Cancer Cell Line, LoVo, in a Nude Mouse Model. Dis. Colon Rectum 1997, 40, 317–321. [CrossRef]

149. Jiang, F.; Li, P.; Fornace, A.J.; Nicosia, S.V.; Bai, W. G2/M Arrest by 1,25-Dihydroxyvitamin D3 in Ovarian Cancer Cells Mediated
through the Induction of GADD45 via an Exonic Enhancer. J. Biol. Chem. 2003, 278, 48030–48040. [CrossRef]

150. Gonzalo, S. Novel Roles of 1α,25(OH)2D3 on DNA Repair Provide New Strategies for Breast Cancer Treatment. J. Steroid Biochem.
Mol. Biol. 2014, 144PA, 59–64. [CrossRef] [PubMed]

151. Samuel, S.; Sitrin, M.D. Vitamin D’s Role in Cell Proliferation and Differentiation. Nutr. Rev. 2008, 66, S116–S124. [CrossRef]
[PubMed]

152. Larriba, M.J.; González-Sancho, J.M.; Barbáchano, A.; Niell, N.; Ferrer-Mayorga, G.; Muñoz, A. Vitamin D Is a Multilevel
Repressor of Wnt/β-Catenin Signaling in Cancer Cells. Cancers 2013, 5, 1242–1260. [CrossRef] [PubMed]

153. Pendás-Franco, N.; García, J.M.; Peña, C.; Valle, N.; Pálmer, H.G.; Heinäniemi, M.; Carlberg, C.; Jiménez, B.; Bonilla, F.; Muñoz, A.;
et al. DICKKOPF-4 Is Induced by TCF/Beta-Catenin and Upregulated in Human Colon Cancer, Promotes Tumour Cell Invasion
and Angiogenesis and Is Repressed by 1alpha,25-Dihydroxyvitamin D3. Oncogene 2008, 27, 4467–4477. [CrossRef] [PubMed]

154. An, B.-S.; Tavera-Mendoza, L.E.; Dimitrov, V.; Wang, X.; Calderon, M.R.; Wang, H.-J.; White, J.H. Stimulation of Sirt1-Regulated
FoxO Protein Function by the Ligand-Bound Vitamin D Receptor. Mol. Cell. Biol. 2010, 30, 4890–4900. [CrossRef] [PubMed]

155. Yang, L.; Yang, J.; Venkateswarlu, S.; Ko, T.; Brattain, M.G. Autocrine TGFbeta Signaling Mediates Vitamin D3 Analog-Induced
Growth Inhibition in Breast Cells. J. Cell. Physiol. 2001, 188, 383–393. [CrossRef] [PubMed]

156. Chen, A.; Davis, B.H.; Sitrin, M.D.; Brasitus, T.A.; Bissonnette, M. Transforming Growth Factor-Beta 1 Signaling Contributes
to Caco-2 Cell Growth Inhibition Induced by 1,25(OH)(2)D(3). Am. J. Physiol. Gastrointest. Liver Physiol. 2002, 283, G864–G874.
[CrossRef]

157. de Caestecker, M.P.; Piek, E.; Roberts, A.B. Role of Transforming Growth Factor-Beta Signaling in Cancer. J. Natl. Cancer Inst. 2000,
92, 1388–1402. [CrossRef]

158. Buschke, S.; Stark, H.-J.; Cerezo, A.; Prätzel-Wunder, S.; Boehnke, K.; Kollar, J.; Langbein, L.; Heldin, C.-H.; Boukamp, P. A
Decisive Function of Transforming Growth Factor-β/Smad Signaling in Tissue Morphogenesis and Differentiation of Human
HaCaT Keratinocytes. Mol. Biol. Cell 2011, 22, 782–794. [CrossRef]

159. Ding, Z.; Wu, C.-J.; Chu, G.C.; Xiao, Y.; Ho, D.; Zhang, J.; Perry, S.R.; Labrot, E.S.; Wu, X.; Lis, R.; et al. SMAD4-Dependent Barrier
Constrains Prostate Cancer Growth and Metastatic Progression. Nature 2011, 470, 269–273. [CrossRef]

160. Lee, H.J.; Liu, H.; Goodman, C.; Ji, Y.; Maehr, H.; Uskokovic, M.; Notterman, D.; Reiss, M.; Suh, N. Gene Expression Profiling
Changes Induced by a Novel Gemini Vitamin D Derivative during the Progression of Breast Cancer. Biochem. Pharmacol. 2006,
72, 332–343. [CrossRef] [PubMed]

161. Krishnan, A.V.; Shinghal, R.; Raghavachari, N.; Brooks, J.D.; Peehl, D.M.; Feldman, D. Analysis of Vitamin D-Regulated Gene
Expression in LNCaP Human Prostate Cancer Cells Using CDNA Microarrays. The Prostate 2004, 59, 243–251. [CrossRef]
[PubMed]

http://doi.org/10.3390/ijms19061672
http://doi.org/10.1126/science.abe9985
http://doi.org/10.15252/embj.2019103477
http://www.ncbi.nlm.nih.gov/pubmed/32338774
http://doi.org/10.1038/s41598-020-60420-9
http://www.ncbi.nlm.nih.gov/pubmed/32099032
http://doi.org/10.1016/j.celrep.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30699357
http://doi.org/10.1016/j.bbamcr.2020.118659
http://doi.org/10.1016/j.tibs.2003.12.004
http://doi.org/10.3389/fphar.2020.01225
http://doi.org/10.1016/j.survophthal.2021.04.003
http://doi.org/10.3390/ijms20133153
http://doi.org/10.1158/0008-5472.CAN-11-0042
http://www.ncbi.nlm.nih.gov/pubmed/22207345
http://doi.org/10.1007/BF02050422
http://doi.org/10.1074/jbc.M308430200
http://doi.org/10.1016/j.jsbmb.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24080249
http://doi.org/10.1111/j.1753-4887.2008.00094.x
http://www.ncbi.nlm.nih.gov/pubmed/18844838
http://doi.org/10.3390/cancers5041242
http://www.ncbi.nlm.nih.gov/pubmed/24202444
http://doi.org/10.1038/onc.2008.88
http://www.ncbi.nlm.nih.gov/pubmed/18408752
http://doi.org/10.1128/MCB.00180-10
http://www.ncbi.nlm.nih.gov/pubmed/20733005
http://doi.org/10.1002/jcp.1125
http://www.ncbi.nlm.nih.gov/pubmed/11473365
http://doi.org/10.1152/ajpgi.00524.2001
http://doi.org/10.1093/jnci/92.17.1388
http://doi.org/10.1091/mbc.e10-11-0879
http://doi.org/10.1038/nature09677
http://doi.org/10.1016/j.bcp.2006.04.030
http://www.ncbi.nlm.nih.gov/pubmed/16737686
http://doi.org/10.1002/pros.20006
http://www.ncbi.nlm.nih.gov/pubmed/15042599


Int. J. Mol. Sci. 2021, 22, 6444 29 of 33

162. Lin, R.; Nagai, Y.; Sladek, R.; Bastien, Y.; Ho, J.; Petrecca, K.; Sotiropoulou, G.; Diamandis, E.P.; Hudson, T.J.; White, J.H. Expression
Profiling in Squamous Carcinoma Cells Reveals Pleiotropic Effects of Vitamin D3 Analog EB1089 Signaling on Cell Proliferation,
Differentiation, and Immune System Regulation. Mol. Endocrinol. 2002, 16, 1243–1256. [CrossRef]

163. Pálmer, H.G.; Sánchez-Carbayo, M.; Ordóñez-Morán, P.; Larriba, M.J.; Cordón-Cardó, C.; Muñoz, A. Genetic Signatures of
Differentiation Induced by 1alpha,25-Dihydroxyvitamin D3 in Human Colon Cancer Cells. Cancer Res. 2003, 63, 7799–7806.

164. Kodach, L.L.; Wiercinska, E.; de Miranda, N.F.C.C.; Bleuming, S.A.; Musler, A.R.; Peppelenbosch, M.P.; Dekker, E.; van den Brink,
G.R.; van Noesel, C.J.M.; Morreau, H.; et al. The Bone Morphogenetic Protein Pathway Is Inactivated in the Majority of Sporadic
Colorectal Cancers. Gastroenterology 2008, 134, 1332–1341. [CrossRef]

165. Denduluri, S.K.; Idowu, O.; Wang, Z.; Liao, Z.; Yan, Z.; Mohammed, M.K.; Ye, J.; Wei, Q.; Wang, J.; Zhao, L.; et al. Insulin-like
Growth Factor (IGF) Signaling in Tumorigenesis and the Development of Cancer Drug Resistance. Genes Dis. 2014, 2, 13–25.
[CrossRef] [PubMed]

166. Colston, K.W.; Perks, C.M.; Xie, S.P.; Holly, J.M. Growth Inhibition of Both MCF-7 and Hs578T Human Breast Cancer Cell Lines by
Vitamin D Analogues Is Associated with Increased Expression of Insulin-like Growth Factor Binding Protein-3. J. Mol. Endocrinol.
1998, 20, 157–162. [CrossRef] [PubMed]

167. Huynh, H.; Pollak, M.; Zhang, J.C. Regulation of Insulin-like Growth Factor (IGF) II and IGF Binding Protein 3 Autocrine Loop in
Human PC-3 Prostate Cancer Cells by Vitamin D Metabolite 1,25(OH)2D3 and Its Analog EB1089. Int. J. Oncol. 1998, 13, 137–143.
[CrossRef]

168. Sprenger, C.C.; Peterson, A.; Lance, R.; Ware, J.L.; Drivdahl, R.H.; Plymate, S.R. Regulation of Proliferation of Prostate Epithelial
Cells by 1,25-Dihydroxyvitamin D3 Is Accompanied by an Increase in Insulin-like Growth Factor Binding Protein-3. J. Endocrinol.
2001, 170, 609–618. [CrossRef] [PubMed]

169. Kovalenko, P.L.; Zhang, Z.; Cui, M.; Clinton, S.K.; Fleet, J.C. 1,25 Dihydroxyvitamin D-Mediated Orchestration of Anticancer,
Transcript-Level Effects in the Immortalized, Non-Transformed Prostate Epithelial Cell Line, RWPE1. BMC Genom. 2010, 11, 26.
[CrossRef]

170. Boyle, B.J.; Zhao, X.Y.; Cohen, P.; Feldman, D. Insulin-like Growth Factor Binding Protein-3 Mediates 1 Alpha,25-
Dihydroxyvitamin d(3) Growth Inhibition in the LNCaP Prostate Cancer Cell Line through P21/WAF1. J. Urol. 2001,
165, 1319–1324. [CrossRef]

171. Nickerson, T.; Huynh, H. Vitamin D Analogue EB1089-Induced Prostate Regression Is Associated with Increased Gene Expression
of Insulin-like Growth Factor Binding Proteins. J. Endocrinol. 1999, 160, 223–229. [CrossRef] [PubMed]

172. Zhang, Y.; Wang, X. Targeting the Wnt/β-Catenin Signaling Pathway in Cancer. J. Hematol. Oncol. J. Hematol. Oncol. 2020, 13, 165.
[CrossRef]

173. Macleod, K. Tumor Suppressor Genes. Curr. Opin. Genet. Dev. 2000, 10, 81–93. [CrossRef]
174. Schneikert, J.; Behrens, J. The Canonical Wnt Signalling Pathway and Its APC Partner in Colon Cancer Development. Gut 2007,

56, 417–425. [CrossRef]
175. Pálmer, H.G.; González-Sancho, J.M.; Espada, J.; Berciano, M.T.; Puig, I.; Baulida, J.; Quintanilla, M.; Cano, A.; de Herreros, A.G.;

Lafarga, M.; et al. Vitamin D(3) Promotes the Differentiation of Colon Carcinoma Cells by the Induction of E-Cadherin and the
Inhibition of Beta-Catenin Signaling. J. Cell Biol. 2001, 154, 369–387. [CrossRef] [PubMed]

176. Egan, J.B.; Thompson, P.A.; Vitanov, M.V.; Bartik, L.; Jacobs, E.T.; Haussler, M.R.; Gerner, E.W.; Jurutka, P.W. Vitamin D Receptor
Ligands, Adenomatous Polyposis Coli, and the Vitamin D Receptor FokI Polymorphism Collectively Modulate Beta-Catenin
Activity in Colon Cancer Cells. Mol. Carcinog. 2010, 49, 337–352. [CrossRef]

177. Xu, H.; Posner, G.H.; Stevenson, M.; Campbell, F.C. Apc(MIN) Modulation of Vitamin D Secosteroid Growth Control. Carcinogen-
esis 2010, 31, 1434–1441. [CrossRef] [PubMed]

178. Shah, S.; Islam, M.N.; Dakshanamurthy, S.; Rizvi, I.; Rao, M.; Herrell, R.; Zinser, G.; Valrance, M.; Aranda, A.; Moras, D.; et al. The
Molecular Basis of Vitamin D Receptor and Beta-Catenin Crossregulation. Mol. Cell 2006, 21, 799–809. [CrossRef]

179. Aguilera, O.; Peña, C.; García, J.M.; Larriba, M.J.; Ordóñez-Morán, P.; Navarro, D.; Barbáchano, A.; López de Silanes, I.; Ballestar,
E.; Fraga, M.F.; et al. The Wnt Antagonist DICKKOPF-1 Gene Is Induced by 1alpha,25-Dihydroxyvitamin D3 Associated to the
Differentiation of Human Colon Cancer Cells. Carcinogenesis 2007, 28, 1877–1884. [CrossRef] [PubMed]

180. Ribatti, D.; Tamma, R.; Annese, T. Epithelial-Mesenchymal Transition in Cancer: A Historical Overview. Transl. Oncol. 2020, 13.
[CrossRef]

181. Thiery, J.P.; Acloque, H.; Huang, R.Y.J.; Nieto, M.A. Epithelial-Mesenchymal Transitions in Development and Disease. Cell 2009,
139, 871–890. [CrossRef]

182. Hou, Y.-F.; Gao, S.-H.; Wang, P.; Zhang, H.-M.; Liu, L.-Z.; Ye, M.-X.; Zhou, G.-M.; Zhang, Z.-L.; Li, B.-Y. 1α,25(OH)2D3 Suppresses
the Migration of Ovarian Cancer SKOV-3 Cells through the Inhibition of Epithelial-Mesenchymal Transition. Int. J. Mol. Sci. 2016,
17, 1285. [CrossRef] [PubMed]

183. Lungchukiet, P.; Sun, Y.; Kasiappan, R.; Quarni, W.; Nicosia, S.V.; Zhang, X.; Bai, W. Suppression of Epithelial Ovarian Cancer
Invasion into the Omentum by 1α,25-Dihydroxyvitamin D3 and Its Receptor. J. Steroid Biochem. Mol. Biol. 2015, 148, 138–147.
[CrossRef] [PubMed]

184. Liu, L.; Hu, Z.; Zhang, H.; Hou, Y.; Zhang, Z.; Zhou, G.; Li, B. Vitamin D Postpones the Progression of Epithelial Ovarian Cancer
Induced by 7, 12-Dimethylbenz [a] Anthracene Both in Vitro and in Vivo. OncoTargets Ther. 2016, 9, 2365–2375. [CrossRef]
[PubMed]

http://doi.org/10.1210/mend.16.6.0874
http://doi.org/10.1053/j.gastro.2008.02.059
http://doi.org/10.1016/j.gendis.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25984556
http://doi.org/10.1677/jme.0.0200157
http://www.ncbi.nlm.nih.gov/pubmed/9513092
http://doi.org/10.3892/ijo.13.1.137
http://doi.org/10.1677/joe.0.1700609
http://www.ncbi.nlm.nih.gov/pubmed/11524241
http://doi.org/10.1186/1471-2164-11-26
http://doi.org/10.1016/S0022-5347(01)69892-6
http://doi.org/10.1677/joe.0.1600223
http://www.ncbi.nlm.nih.gov/pubmed/9924191
http://doi.org/10.1186/s13045-020-00990-3
http://doi.org/10.1016/S0959-437X(99)00041-6
http://doi.org/10.1136/gut.2006.093310
http://doi.org/10.1083/jcb.200102028
http://www.ncbi.nlm.nih.gov/pubmed/11470825
http://doi.org/10.1002/mc.20603
http://doi.org/10.1093/carcin/bgq098
http://www.ncbi.nlm.nih.gov/pubmed/20488884
http://doi.org/10.1016/j.molcel.2006.01.037
http://doi.org/10.1093/carcin/bgm094
http://www.ncbi.nlm.nih.gov/pubmed/17449905
http://doi.org/10.1016/j.tranon.2020.100773
http://doi.org/10.1016/j.cell.2009.11.007
http://doi.org/10.3390/ijms17081285
http://www.ncbi.nlm.nih.gov/pubmed/27548154
http://doi.org/10.1016/j.jsbmb.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25448740
http://doi.org/10.2147/OTT.S100581
http://www.ncbi.nlm.nih.gov/pubmed/27143932


Int. J. Mol. Sci. 2021, 22, 6444 30 of 33
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