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Abstract

:

Thyroid cancer is the most common endocrine malignancy and exhibits rising incidence. Annual incidence varies by sex, age, and geographical location. It has been reported that impairment of vitamin D signalling promotes thyroid cancer progression. Recent studies have shown that vitamin D, a fat-soluble vitamin that acts as both a nutrient and a hormone, may have utility in the prevention of autoimmune thyroid-related diseases. However, the precise role of vitamin D in the pathobiology of thyroid cancer is controversial. Previous studies have suggested that elevated serum vitamin D levels have a protective role in thyroid cancer. However, there is also evidence demonstrating no inverse relationship between vitamin D levels and the occurrence of thyroid cancer. Furthermore, recent data provide evidence that circulating vitamin D concentration is inversely correlated with disease aggressiveness and poor prognosis, while evidence of an association with tumour initiation remains weak. Nevertheless, a variety of data support an anti-tumorigenic role of vitamin D and its potential utility as a secondary chemopreventive agent. In this review, we highlighted recent findings regarding the association of vitamin D status with the risk of thyroid cancer, prognosis, potential mechanisms, and possible utility as a chemopreventive agent.
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1. Introduction


Thyroid cancer incidence has been increasing significantly across the globe for the past few decades, largely because of growing cases of papillary thyroid cancer [1]. The incidence of more advanced forms of thyroid cancer have also augmented [1]. This has not been entirely due to surveillance and diagnosis advancements, as true increases in thyroid cancer morbidity have also been reported [1,2].



Studies over these decades, including a recent meta-analysis [3], have indicated an association of lower levels of 25-hydroxyvitamin D in the serum with risk of thyroid cancer. However, this has been controversial with other studies suggesting a lack of such an association [4]. Vitamin D is a fat-soluble prohormone that plays an undisputed role in maintaining calcium and phosphorus homeostasis, thereby preserving bone health [5]. In addition, vitamin D can also modify immune function, cell proliferation, differentiation, and apoptosis, all of which are related to neoplastic growth and tumorigenesis [6].



Supplementation with vitamin D has been suggested as a cancer preventive strategy. Vitamin D, which is naturally synthesized upon sunlight exposure or acquired through the diet, is converted to 25-hydroxyvitamin D/25(OH)D in the liver and 1,25-dihydroxyvitamin D/1,25(OH)2D/calcitriol, the active biological form, in the kidneys [7]. Deficiencies in either source may contribute to inadequate vitamin D levels. Although standard thresholds for vitamin D deficiency are debatable, recent studies have suggested a prevalence of deficiency (<50 nmol/L 25(OH)D) of 40% in the United States (US) [8] and up to 93% among South Asian people living in the United Kingdom [9]. Given these high rates of deficiency in some populations and the potential association of lower vitamin D serum levels with risk of thyroid cancer, it is of scientific and clinical interest to explore this association, potential cancer-related mechanisms of action of Vitamin D, and the evidence of its supplementation as a cancer preventive therapy.



In this review, we summarized the relationships of vitamin D insufficiency and supplementation with risk of thyroid cancer. Further, we discuss potential molecular mechanisms of anti-neoplastic activity of vitamin D.




2. Epidemiology of Thyroid Cancer


Thyroid cancers stem from two types of parenchymal thyroid cells, the follicular cells, which line the colloid follicles, synthesising thyroid hormones, and the parafollicular cells or C cells, which produce calcitonin [10]. Follicular cell-derived thyroid cancers account for more than 95% of all cases, which include well-differentiated papillary and follicular carcinoma in its large majority [11]. Thyroid cancer usually develops gradually through carcinogenesis and genetic alterations in genes, such as those involved in mitogen-activated protein kinase (MAPK) or the PI3K/Akt pathways [10]. Such alterations promote the proliferation of follicular cells and lead to a malignant phenotype with the ability to invade neighbouring tissues and metastasise to distant body organs [11]. The large majority of thyroid cancer cases are identified as small papillary thyroid carcinomas [10]. Rising incidence rates over the last few decades have been largely due to increases in cases of the papillary pathologic subtype [1]. It has been shown that incidence rates are two-fold lesser in middle-income countries compared to those with high income [12]. This was found to be true both in men (1.40/100,000 versus 3.60/100,1000, respectively) and women (4.70/100,000 versus 11.10/100,000, respectively). On the other hand, in the US and Australia, rates had been declining prior to 1990 [12]. Increasing rates in those countries since then may be related to diagnostic practices rather than just to a true increase in thyroid cancer incidence. In a global analysis, the mortality rate was 0.3 per 100,000 men and 0.6 per 100,000 women [12].



As the fastest growing cancer in incidence, thyroid cancer was previously on course to be the fourth most common cancer in the US by 2030 [13]. However, incidence has recently stabilized because of the incorporation of more conservative practices in the diagnosis of thyroid cancer [14]. This adjustment was made because of an increase in the diagnosis of non-aggressive and clinically less severe tumours. In addition, mortality rates for thyroid cancer are apparently levelling off or decreasing, especially in most of the previous higher-mortality countries, presumably because of better treatment of the disease and enhanced diagnosis and management [12,14].



Vitamin D deficiency is globally widespread regardless of latitude and human development index [15]. A systematic review based on WHO data on vitamin D status in low and middle-income countries (LMIC) reported that, in some LMIC analysed, vitamin D deficiency was a public health concern, but not in all [16]. However, representative population-level 25(OH)D data are limited or missing in most LMIC, thus hampering efforts to assess vitamin D status in those countries. A previous multi-national study estimating the prevalence of vitamin D deficiency in Europe suggested that vitamin D deficiency was also widespread within different European countries, although there was considerable variation in ethnicity, age, latitude, and prevailing weather [17]. Conclusions regarding whether vitamin D deficiency plays a causal role in this relationship to thyroid cancer incidence cannot be drawn from these population-based studies. Other nutritional and environmental factors, such as exposure to xenobiotics or living in volcanic areas, among others, are also to be considered [18].




3. Relationship of Vitamin D Levels with Thyroid Cancer Prognosis and Aggressiveness


Exposure to ionizing radiation, chemical genotoxins, and obesity have been linked to an increased risk of thyroid cancer [10]. Thyroid neoplasia is associated with genomic instability enhanced by risk factors, causing early heritable differences (e.g., RET/PTC and PAX8-PPARγ rearrangements, BRAF and RAS point mutations) and native activation of thyrocyte-signalling pathways [19]. In addition to these risk factors, a low serum level of 25-(OH)D has been suggested by many studies to be a risk factor for thyroid cancer. In this section, we summarize recent evidence for and against this association.



In an earlier pilot study conducted in the US, no associations were found between low vitamin D levels and thyroid cancer diagnosis [20]. Likewise, vitamin D status was not found to be associated with clinical stage or other prognostic variables [20]. Stepien et al. investigated levels of vitamin D metabolism by assessing 25(OH)D and 1,25(OH)2D in cases of thyroid cancer compared to a healthy control group [21]. Concentrations of 1,25(OH)2D significantly correlated with cancer clinical stage, with stage 4 having the lowest concentrations [21]. Conversely, a recent study found that low vitamin D was not associated with characteristics of aggressiveness such as multicentricity, lymphovascular invasion, and metastases in papillary thyroid cancer [22], highlighting the continued controversy in this field. Laney et al. also estimated differences in the frequency of vitamin D insufficiency between thyroid nodular goitre and cancer cases [23]. They found vitamin D insufficiency to be associated with metastatic growth.



Recent studies uphold the potential that serum 25(OH)D levels contribute to the risk of thyroid cancer. A 2019 meta-analysis of 14 case-control studies determined that serum 25(OH)D was lower in thyroid cancer prior to thyroidectomy [3]. The association did not extend to patients who had undergone a thyroidectomy. The authors concluded that vitamin D deficiency may be a thyroid cancer risk factor. A limitation of this study was that measurement methods and thresholds for serum 25(OH)D differed between eligible studies. A recent multi-institution study of thyroid cancer cases and controls in China found a significant protective effect of both 25(OH)D and vitamin D binding protein against thyroid cancer [24]. Other recent studies, however, contribute to the controversy of an association with thyroid cancer risk. Kuang et al. recently compared papillary thyroid cancer cases to benign thyroid disease cases and found no association of circulating 25(OH)D with malignancy or prognosis of papillary thyroid cancer [25].



Vitamin D activity is understood to contribute to the physiological health of the mammary gland [26], and low levels of circulating 25(OH)D have been previously suggested to be correlated with the risk of breast cancer [27]. However, a recent meta-analysis of supplementation found no protective effect for breast cancer [28]. In most breast cancer cells, the expression of the mitochondrial enzyme CYP24A1, which regulates the catabolism of the active form of vitamin D, is increased [26].



Genetics and gene expression activity in the vitamin D pathway have also been implicated in thyroid cancer. In addition to increased expression of the vitamin D receptor (VDR) (responsible for mediating 1,25(OH)2D cellular actions) in papillary thyroid cancers, activity of the gene encoding CYP24A1 has also been found to be increased [29]. The association of high CYP24A1 also extended to lymph node metastasis, vascular invasion, and tumour size. Adding to the controversy over the role of vitamin D in cancer, these findings are converse to the notion that low-serum vitamin D is associated with increased aggressiveness and poor prognosis of thyroid cancer, as discussed in subsequent sections. However, the findings of high VDR expression were related to the tumour versus benign tissues and did not explore the relationship of vitamin D activity or VDR with tumour progression or prognosis. A more recent study also identified elevated VDR protein and mRNA expression in papillary thyroid carcinoma compared to healthy and benign thyroid tumours [30]. Higher CYP24A1 expression in papillary thyroid carcinoma was also found but did not reach significance, although the sample was small.



Interestingly, polymorphisms in vitamin D pathway-related genes have been shown to be associated with risk of breast cancer, specifically the FokI variant of VDR that confers risk when it coincides with other breast cancer risk genotypes [31]. The understanding of the role of vitamin D in colorectal cancer is better established with strong evidence that circulating 25(OH)D is protective [32]. A proposed mechanism of action is the VDR-dependent regulation of the Wnt/β-catenin pathway [33]. Whether similar mechanisms are at play in thyroid cancer remains a subject of investigation. Associations between some tumour types and specific single nucleotide polymorphisms (SNPs) within the VDR gene have been investigated. Named VDR SNPs that have been evaluated include Fok1, Bsm1, Taq1, and Apa1 [34]. While meta-analysis has not been supportive of associations of these variants with the risk of some cancers, including prostate [35], studies have supported their association with disease aggressiveness. For example, the T allele and TT genotype of FokI have been shown to correlate with papillary thyroid cancer aggressiveness, making this genotype a potential prognostic indicator for this cancer [36].




4. Potential Anti-Neoplastic Functions of Vitamin D


Vitamin D is a secosteroid that regulates a large number of genes through activation of the VDR transcriptional factor [37]. Vitamin D directly or indirectly regulates multiple signalling pathways involved in cellular proliferation, apoptosis, inflammation, invasion, angiogenesis, and metastasis (Figure 1) [6]. Non-genomic activation of PI3K and MAP kinases can occur downstream of ligand-bound VDR [38]. It has also been documented that vitamin D is a modulator of microRNA expression and cancer stem cell biology [39]. This includes tumour-suppressive microRNAs miR-22, miR-296-3p, and miR-498 [40]. Vitamin D deficiency has been associated with many health conditions, including rickets in children, osteomalacia in adults, fractures, cancer, immune effects (tuberculosis, respiratory tract infections, asthma, atopic dermatitis), hypertension, heart disease, and dementia [41]. Low plasma concentrations of vitamin D have also been associated with thyroid-related diseases, such as Hashimoto’s thyroiditis, an autoimmunity-mediated disease that can cause hypothyroidism and the most common type of thyroiditis [5]. Deficient vitamin D signalling has been reported to promote thyroid tumorigenesis [42].



Serum 25(OH)D, the primary circulating form of vitamin D, is considered to represent the reserve level of vitamin D in the human body. Aside from regulating calcium and phosphorus metabolism and bone absorption, vitamin D affects cell differentiation and proliferation [6]. Vitamin D and its metabolites, 1,25(OH)2D and vitamin D receptor (VDR), are closely related to tumour occurrence, development, and prognosis [43]. Nevertheless, the role of vitamin D in carcinogenesis remains controversial. Potential anti-tumorigenic mechanisms of vitamin D are described in Table 1.



Previous studies have not confirmed a negative correlation of vitamin D levels with thyroid cancer risk [44,45,46]. Conversely, many studies, including the above-mentioned meta-analysis, support a contribution of vitamin D deficiency to thyroid cancer [3]. Indeed, the pathogenesis of many other cancers has been proposed, such as breast, colon, prostate and pancreas [47]. Still, potential anti-neoplastic mechanisms of vitamin D are not well understood or defined. Direct binding of activated vitamin D to VDR and indirect interaction with other transcriptional regulators or cell signalling systems with anti-neoplastic potential have been implicated, supporting the role of vitamin D in thyroid cancer [6,42]. VDR forms heterodimers with retinoid X receptor (RXR). The heterodimer binds and regulates specific genetic elements. Binding of the active form of vitamin D, 1,25(OH)2D, to VDR causes the exchange of corepressors with coactivators in the VDR-RXR complex, thereby supporting target gene transcription [48]. Vitamin D responsive elements in target genes drive altered transcription in response to vitamin D, depending on the cell type [37,49].



The cell cycle can be arrested by activated vitamin D in the progression from the G1 phase to the S phase, inhibiting the growth of tumour cells [42]. Moreover, activated vitamin D can induce apoptosis in colorectal adenoma and carcinoma cells, murine squamous cell carcinoma cells, and hepatocellular carcinoma cells by activating pro-apoptotic proteins and inhibiting anti-apoptotic proteins [50,51,52]. Previous studies have found that inflammatory cell infiltration was noted in thyroid cancer, and further research found that these inflammatory cells may be pro-tumorigenic [53]. It has been reported that the inflammatory response can be reduced by activated vitamin D [54]. Pituitary transcription factor-1 (Pit-1), which regulates differentiation, proliferation, and apoptosis, is transcriptionally overexpressed in breast cancer, and its expression is inhibited by 1,25(OH)2D, presenting a possible antineoplastic mechanism [55]. In well-differentiated human thyroid carcinoma cells (TCP-1 papillary thyroid carcinoma, WRO follicular carcinoma, and FRO anaplastic carcinoma cells), dose-dependent antiproliferative effects of vitamin D (G1 arrest and nuclear accumulation of p27) have been observed [56,57]. This effect was mediated by both PTEN/Akt-dependent and independent mechanisms. The PTEN/AKT pathway constitutes an important pathway regulating signalling that affects multiple biological processes, such as apoptosis and cell proliferation. The activity of PTEN, a well characterised tumour suppressor, is lost in many primary and metastatic human cancers [58]. The menin transcriptional activator interacts with VDR [59]. In multiple endocrine neoplasia type 1 (MEN1), VDR target gene transcription was reported to be regulated by this pathway and to be significantly lower than in normal tissues [59]. An et al. demonstrated, in a panel of head and neck squamous cell carcinoma cell lines, that cell cycle arrest by 1,25(OH)2D was dependent on FoxO3a and FoxO4, which are bound and regulated by VDR [60]. Vitamin D has been implicated in the balance between autophagy and apoptosis. In hepatocellular carcinoma, deficiency in vitamin D was found to be correlated with lower levels of both autophagy marker LC2 and pro-apoptotic caspase-3 [52]. In murine squamous cell carcinoma cells, active vitamin D was found to promote apoptosis through the upregulation of MEK kinase-1 (MEKK-1) and increased caspase-dependent cleavage of mitogen-activated protein kinase (MEK) [51]. Differentiation, accompanied by decreased proliferation and survival, was shown to be promoted by 1,25(OH)2D in a variety of carcinoma cell lines, including 8305C and 8505C anaplastic thyroid cancer, W480-ADH human colon carcinoma, and MDA-MB-453 human breast carcinoma cells [61,62]. Antagonism of EGF and Wnt/β-catenin pathways was found to result in epithelial-mesenchymal transition in these tumour cells. Depending on the cellular context, VDR may directly bind β-catenin and compete for the binding of β-catenin or the transcriptional coactivator p300 with transcription factors TCF/LEF (T-cell factor/lymphoid enhancer factor) [63]. Alternatively, co-repressor recruitment to TCF/LEF may mediate repression [63].



The effect of vitamin D insufficiency on carcinogenesis is also controversial. Vitamin D metabolites have been shown to have considerable chemopreventive activity in preclinical models. For example, the combination of vitamin D and indomethacin was robustly chemopreventive in a rat model of colon cancer driven by carcinogenesis [64]. This treatment also abrogated the increased carcinoembryonic antigen (CEA) and platelet-derived growth factor (PDGF) in carcinogenic-induced tumours. Mechanisms for chemoprevention by vitamin D are still unclear.



Immunologic effects of vitamin D are an attractive research target in the study of the anti-neoplastic activity of vitamin D. In fact, VDR is expressed in distinct kinds of inflammatory cells, and vitamin D is capable of inhibiting chronic inflammation and consequent immune cell proliferation, which play important roles in cancer outcomes in a variety of tumour types [65]. Vitamin D was shown to increase antitumorigenic CD8+ T-cell infiltration in breast tumours [66]. Vitamin D may also inhibit pro-tumorigenic inflammation through the down-regulation of mediators, including cytokines TNF-α and IL-6 [67].



Overall, there is evidence that the anti-neoplastic effects of vitamin D include but are not limited to increased apoptosis, arrested cell cycle, inhibition of proliferation, differentiation, reduced inflammatory response, and decreased invasiveness [68]. Clearly, the mechanisms by which vitamin D exerts anti-neoplastic effects are not entirely understood and require further study, including clinical and basic research.




5. Vitamin D Supplementation and Thyroid Cancer Prevention


Studies of epidemiologic factors, including geography, latitude, daily sunlight exposure, lifestyle patterns, and behaviour, have indicated a protective role of vitamin D against tumours [69,70,71,72]. Notably, incidence and mortality rates of cancers including melanoma, lymphoma, prostate, colorectal, ovarian, kidney, oesophagus, stomach, and breast cancers have been linked to low Vitamin D levels [73,74,75,76,77].



Ultraviolet light (UVB)-dependent dermal synthesis is the main source of vitamin D [39]. Vitamin D is of limited prevalence in the diet, but it exists as ergocalciferol (vitamin D2) in plants and cholecalciferol (vitamin D3) in animals [39]. A 2008 study showed that excess exposure to sunlight was associated with skin cancer but inversely associated with the risk of other malignancies [78]. It was observed as early as 1941 that people in northern latitudes in the US were more prone to dying of cancer than people living in southern states [79]. Published work following this observation was not seen until the 1980s. Garland reported that mortality from colon cancer was higher in people from the north-eastern US compared to people from the southern US [80,81]. This finding paved the way toward further knowledge on the role of Vitamin D in other types of cancers [82,83].



Based on these observations and demonstrated associations of vitamin D levels with cancer risk, supplementation of vitamin D has been investigated as a preventive measure against cancer. Several randomized, controlled studies have been conducted, although they vary in the dose of vitamin D supplementation. A recent meta-analysis of these studies showed achievement of increased 25(OH)D concentrations in circulation and a significant reduction in cancer mortality with vitamin D supplementation [84]. No difference in incidence of cancer was found.



Again, controversy prevails in the study of vitamin D supplementation for cancer prevention. Another large meta-analysis and systematic review of randomized controlled trials covering over 18,000 participants in 2018 found no protective effect of vitamin D supplementation on cancer incidence [85]. This study covered several tumour types, and its limitations included short follow-up time in the majority of included studies and lack of incidence and mortality as primary outcomes in individual studies. Whether there is efficacy of vitamin D in preventing tumour progression and improving prognosis as a secondary chemopreventive therapy is an interesting possibility that was not addressed by this study.



Despite a large number of trials testing the role of vitamin D supplementation in bone and other health conditions, evidence remains inconclusive. Clinical trials assessing the effects of vitamin D supplementation have yielded conflicting results, presumably due to poor study design in many cases and different study populations [86]. A recent review testing vitamin D supplementation in breastfeeding infants reported that supplementation reduced vitamin D deficiency, although insufficient evidence was available to determine its effects on bone health [87]. A Cochrane systematic review including 53 RCTs and 91,791 older individuals found no reduction in the risk of fractures with vitamin D supplementation alone, whereas, in combination with calcium, the risk of fractures was moderately reduced [88]. Another randomized controlled trial covering over 5000 healthy adults, found that high-dose vitamin D supplementation did not prevent falls or fractures in this vitamin D-sufficient population [89]. Conversely, there is evidence supporting a reduction in falls with vitamin D supplementation among older individuals with poor vitamin D status [90]. Vitamin D supplementation has also been found to be modestly beneficial in the prevention of osteoporotic fractures in older people at risk of vitamin D deficiency [91]. Additionally, available data support the role of vitamin D supplementation in reducing the risk of acute respiratory infections and the frequency of asthma exacerbations [92]. In regard to cardiovascular health, low vitamin D levels have been linked to an increased risk of cardiovascular events. However, robust clinical evidence supporting the role of vitamin D supplementation in the reduction of the risk of cardiovascular events is missing [93]. Data have also indicated an inverse relationship between vitamin D levels and the risk and severity of multiple sclerosis. A meta-analysis in 2018 did not find therapeutic effects of vitamin D in multiple sclerosis patients [94]. However, more recent clinical trials testing high-dose vitamin D showed some protective effects on MRI lesions in patients with low vitamin D levels [95]. In sum, although there seems to be some benefit for a broad spectrum of health conditions, mostly among vitamin D-deficient individuals, results from clinical trials are still heterogeneous and inconsistent [96]. A need arises for further high-quality research defining the role of vitamin D supplementation and identifying those individuals who would benefit the most.




6. Discussion and Conclusions


Association studies have been controversial, and their results have not been consistent. Consistency in measurement methods, thresholds, and population characteristics may improve the agreement between studies. Although previous studies have suggested an association of low vitamin D status with thyroid cancer, more recent and robust studies tend to suggest weak or no association with incidence, but significant association with prognosis. Low vitamin D levels in patients with thyroid conditions may be explained by low vitamin D intake, malabsorption, or lack of sun exposure. Vitamin D status may likely represent a general marker of good health. A young, healthy adult of average weight with good lifestyle habits is more likely to have higher 25(OH)D levels and a lower risk of chronic disease [97].



The studies reviewed above suggest that circulating vitamin D concentration has an inverse relationship with various types of cancer, such as breast, prostate, and colorectal cancer. Environmental and genetic factors play a significant causal role in both cancer and vitamin D deficiency. This makes a mechanistic link between vitamin D and cancer risk elusive. However, many sources of evidence, including association studies showing an inverse correlation of vitamin D with cancer mortality, observations of seasonal and geographical differences in cancer mortality that correlate with sunlight exposure and vitamin D levels, and genetic variants in VDR and related genes that confer risk of cancer strongly, indicate a role of vitamin D in cancer biology and prevention.



Several targets in the vitamin D pathway have been identified in thyroid cancer, such as VDR and CYP24A1. An effect of vitamin D on outcome and disease aggressiveness is evident in thyroid cancer, although prognostic testing based on this has not been developed. The case for vitamin D supplementation as a preventive seems justified, if not to prevent the initiation of disease, then to prevent disease progression as a secondary chemopreventive. The appropriate dosage of vitamin D as a chemopreventive agent in thyroid cancer is also unresolved. Observational and controlled clinical studies are needed to assess the hypothesis that vitamin D can prevent thyroid cancer or thyroid cancer progression. Serum-based trials may be utilized to standardize optimal 25(OH)D thresholds and vitamin D dosage required to achieve optimal levels.



A clinical vitamin D equivalent should be designed for optimal anti-cancer effects and to avoid hypercalcaemia due to increased vitamin D uptake and toxicity. Interestingly, vitamin D has been combined with certain anticancer drugs to achieve additive and even synergistic anti-tumour effects [98]. While further validation of the role and mechanism of vitamin D in cancer progression is required, clinical evaluation of this association and the utility of vitamin D as a cancer treatment and/or preventive is well justified.



With vitamin D deficiency so common worldwide, its potential effects on tumour incidence and mortality are important. While associations of vitamin D levels with cancer incidence are controversial, a correlation with tumour aggressiveness and mortality are more evident. This is true for thyroid cancer and several other cancer types. Several sources of evidence, including correlations of sunlight exposure with cancer mortality and genetic linkage of VDR and related genes with cancer risk and mortality, further provide credibility to the hypothesis that vitamin D is protective against cancer. Rigorous clinical evaluation is still necessary to solve this question and to standardize optimal vitamin D levels and appropriate dosing to successfully impact disease outcomes in thyroid and other cancers.
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Figure 1. Vitamin D-regulated pathways in cancer. Cancer-related intracellular non-genomic and genomic mechanisms of molecular pathway regulation by vitamin D and intracellular molecular factors regulated by vitamin D. Non-genomic activation of PI3K and MAP kinases occurs downstream of ligand-bound VDR. FoxO3a/4 signalling and the expression of p27 cyclin-dependent kinase accumulation can result from vitamin D/VDR activation of PI3K signalling. Genomic effects involve regulatory effects of nuclear ligand-bound VDR at responsive gene elements. Nuclear ligand-bound VDR also inhibits β-catenin signalling. Decreased TNFα and IL-6 signalling induced by vitamin-D can have intercellular effects by inhibition of pro-tumorigenic inflammation. 
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Table 1. Potential anti-tumorigenic mechanisms of vitamin D.
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	Effect
	Molecular Determinants
	Mechanism
	Publications





	Anti-proliferation
	P27, PTEN, Akt

Fox O3a
	G1 arrest

Cell cycle arrest
	[58]

[61]



	Apoptosis
	MEK cleavage

MEKK-1
	Apoptosis
	[52]



	Differentiation
	EGF,

Wnt/β-catenin
	Epithelial-mesenchymal

transition
	[63]



	Immunologic
	TNF-α and IL-6
	CD8+ T cell infiltration

Anti-inflammation
	[66]

[67]
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