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Abstract

In this review, we summarize the most recent advances in vitamin D cancer research to provide 

molecular clarity, as well as its translational trajectory across the cancer landscape. Vitamin D is 

well known for its role in regulating mineral homeostasis; however, vitamin D deficiency has also 

been linked to the development and progression of a number of cancer types. Recent epigenomic, 

transcriptomic, and proteomic studies have revealed novel vitamin D-mediated biological 

mechanisms that regulate cancer cell self-renewal, differentiation, proliferation, transformation, 

and death. Tumor microenvironmental studies have also revealed dynamic relationships between 

the immune system and vitamin D’s anti-neoplastic properties. These findings help to explain 

the large number of population-based studies that show clinicopathological correlations between 

circulating vitamin D levels and risk of cancer development and death. The majority of evidence 

suggests that low circulating vitamin D levels are associated with an increased risk of cancers, 

whereas supplementation alone or in combination with other chemo/immunotherapeutic drugs 

may improve clinical outcomes even further. These promising results still necessitate further 

research and development into novel approaches that target vitamin D signaling and metabolic 

systems to improve cancer outcomes.
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Introduction

Vitamin D deficiency and racial disparities are associated with a deluge of diseases, 

including cancer, resulting in an escalating burden on the healthcare system1–3. Two primary 

forms of vitamin D exist: vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol)4. 

Vitamin D3 is generated in the skin of humans in response to UVB radiation, while vitamin 

D2 is derived from plant sources such as edible (UV-exposed) mushrooms in our meals, 

albeit with varying concentrations and diminished effectiveness5. Both forms of vitamin D 

are physiologically inert and must be converted by hydroxylation into 25(OH)D in the liver 

by vitamin D-25-hydroxylase. 25(OH)D is the primary form of vitamin D in circulation, 

and its measurement provides information about one’s vitamin D status in the clinical 

setting6. In general, the normal range for circulating 25(OH)D is 30–50 ng/mL, whereas 

a deficiency is defined as <20 ng/mL. 25(OH)D is hydroxylated further in the kidneys 

or within specialized cell types by 25(OH)D-1-OHase (CYP27B1) to create 1-alpha, 25-

dihydroxyvitamin D (1,25(OH)2D or calcitriol), the physiologically active form of vitamin 

D4,7–11. The 1,25(OH)2D effects are mediated by the vitamin D receptor (VDR), a member 
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of the intracellular nuclear receptor superfamily that can induce cell cycle arrest and death 

through post-transcriptional, post-translational and gene regulatory mechanisms7,12–22.

The recent VITAL supplementation trial demonstrated that vitamin D levels above 

those required for the maintenance of bone health can increase cancer patient survival, 

particularly among African-Americans4,23–31. According to the most recent National Health 

and Nutrition Examination Survey (NHANES), pigmented American Blacks, Hispanics, 

and Indians are 3.0, 3.0, and 2.8 times more likely to be vitamin D deficient than 

whites32, which may provide a plausible explanation for vitamin D’s potent impact across 

racial populations. Furthermore, the results of the VITAL trial have inspired additional 

research into understanding the mechanisms behind vitamin D’s anticancer effects33. 

Novel anticancer drugs and therapeutic strategies that target the metabolic and signalling 

networks of vitamin D and its metabolites are currently being researched34–36. For example, 

although immune-checkpoint blockade therapy has improved the prognosis of aggressive 

malignancies, many cancer patients acquire immunological resistance and do not react 

to these treatments. According to new studies, vitamin D-based combination therapy can 

overcome the immunological resistance experienced by patients on immunotherapies37–40. 

On the one hand, vitamin D is a well-known immune system process regulator that 

targets genes, regulatory transcription factors, and epigenetic modulators to promote anti-

inflammatory responses in a variety of immune-related diseases, including cancer (Figure 

1A)41–43. It is unknown, however, whether vitamin D has tumor-intrinsic properties that 

make tumors more immunogenic by influencing novel effector systems44. Given that 

vitamin D sensitizes cancer immunotherapy, it may interact with these putative effector 

systems to sensitize tumour cell death, establishing a new paradigm in vitamin D research 

and addressing racial disparities linked to vitamin D deficiency and increased cancer 

incidence. In this review, we access the biological literature from the ontological database 

PubMed to learn about the most recent advances in vitamin D cancer research (Figure 1B). 

We used NETME45, which extracted biological elements from PubMed to generate network 

inferring relationships between vitamin D and cancer in approximately 904 articles from 

2022–2023, as shown in Table 1, forming the basis of this review.

Breast cancer

Breast cancer (BC) is the leading cause of death for women worldwide, with 2.3 million 

new cases diagnosed each year46. Clinical studies have revealed that 25(OH)D deficiency 

is common in breast cancer patients, with younger and obese patients being more 

susceptible47. In the same study, 25(OH)D deficiency was linked to higher grade and ER 

negative breast cancer subtypes, implying a loss of vitamin D protective effects as well 

as potential extra hormonal interactions. Other studies have also clarified the role of VDR 
polymorphisms as potential risk factors for breast cancer in various ethnic populations, such 

as North Indian women in New Delhi48. The researchers not only confirmed that females 

with serum 25(OH)D levels in the highest quartile have a lower risk and stage of breast 

cancer, but they also demonstrated that women with the polymorphic T (f) allele for the 

VDR FokI site (genotype: CT/TT) rather than the wild C (F) allele (genotype: CC) had an 

increased risk of developing breast cancer. The FokI polymorphism (rs2228570) is located at 

the start codon in exon 2, resulting in an altered translation start site and generation of a long 
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VDR variant of 427 amino acids with a lower efficiency of gene activation than the wild 

type C allele, which has been shown to promote more active anti-inflammatory responses49. 

This allelic combination may be the cause of the increased risk for breast cancer in north 

Indian women, which warrants further investigation.

Recent work investigated the relationship between the VDR and the insulin-like growth 

factor 1 receptor (IGF1R) in BC progression in different BC subtypes from an 

endocrinological and translational standpoint50. In a retrospective analysis of 48 BC 

patients, approximately 44% were 25(OH)D deficient, but there was strong positive 

VDR protein expression in 56% of cases, which was significantly associated with high 

IGF1R expression as well (p=0.031). These findings point to an intriguing hormone 

axial interaction that may affect VDR and IGF1R signalling, given that the former is 

anti-cancer, and the latter is cancer-promoting, and that differential levels of circulating 

vitamin D and IGF1 hormones may dictate BC progression. The translational implications of 

modulating the IGF1-vitamin D hormonal axis hold promise for the treatment of BC. Recent 

research also demonstrated and characterized the anti-tumoral effects of anti-estrogens, 

calcitriol, and EB1089 (a potent synthetic VDR agonist) in triple-negative breast cancer 

(TNBC) models51,52. Garcia-Becerra and colleagues demonstrated that calcitriol induced 

estrogen receptor alpha (ERa) expression in TNBCs, restoring antitumor responses to anti-

estrogens51,52. They discovered that both VDR and retinoic X receptor (RXR) form a 

complex at a distinct vitamin D response element (VDRE) within the ERa gene promoter 

region, accompanied by a decrease in DNA methyltransferase and histone deacetylase 

activities. The researchers also demonstrated that EB1089 had potent anti-cancer properties 

in TNBC, as well as EGFR and HER2 positive breast cancer cell models and tumour-bearing 

mice36,53. Furthermore, because EB1089 increased ERa expression, it sensitized responses 

to fulvestrant (an anti-estrogen) with regard to inhibition of cell proliferation, tumour 

volume, and cellular metabolism in both in vitro and in vivo systems. This research suggests 

that treating TNBC patients with anti-estrogens and VDR agonists in combination may be 

a novel and efficacious therapeutic approach. Other breast cancer studies have investigated 

alternative methods of sensitizing chemotherapeutic responses by modulating the vitamin 

D catabolizing enzyme cytochrome P450 family 24 subtype A1 (CYP24A1). Numerous 

cancers, including breast cancer, have increased CYP24A1 expression (https://www.cancer-

genetics.org)54–56, and its suppression has been shown to provide enhanced sensitivity to 

anti-cancer drugs, including vitamin D, with pharmacologically different modes of action in 

BC patients57.

Ovarian cancer

With a global incidence of 313,000 new cases per year, ovarian cancer is the most common 

cause of cancer death from gynecologic tumors58. Researchers recently conducted a meta-

analysis of searchable databases (such as MEDLINE and the Web of Sciences) to investigate 

the relationships between dietary vitamin D intake and serum 25(OH)D levels and ovarian 

cancer relative risk (RR)59. People with high blood 25(OH)D levels had a 37% lower risk 

of ovarian cancer than those with low levels in 15 observational studies (pooled RR=0.63). 

Overall vitamin D intake, on the other hand, showed a weak inverse relationship (RR=0.92). 

The inverse relationship was stronger in case-control studies than in prospective studies 
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when the studies were compared. Overall, serum 25(OH)D levels may be a better prognostic 

endpoint for predicting the effect on ovarian cancer.

Glioblastoma

Glioblastoma is the most common primary brain cancer, accounting for approximately 

250,000 new cases each year60. In rat and human glioblastoma cell lines, 1,25(OH)2D 

inhibited the cell cycle, induced programmed cell death as well as cytotoxic autophagy61. 

Through auto-upregulation of the VDR, vitamin D also inhibited the migration and 

invasiveness of glioblastomas, as well as their stemness. Notably, clinically relevant anti-

hypercalcemic small molecule analogues of 1,25(OH)2D initiated similar anti-cancer effects 

against glioblastomas in vivo, as well as synergistic effects with chemotherapeutic agents62. 

In addition, vitamin D supplementation studies are currently being conducted in several 

clinical trials of combination therapies to overcome glioma chemoresistance, but no results 

have been made public to date (https://clinicaltrials.gov: NCT00008086, NCT01181193). 

Recent research also showed that the acidic microenvironment of gliomas promotes self-

renewal of stem cell-like glioma cells, with acidosis inducing CYP24A1 expression and 

subsequent catabolism of 1,25(OH)2D63. These findings point to the potential use of vitamin 

D analogues that are resistant to CYP24A1 degradation and/or inhibition of CYP24A1 in the 

treatment of gliomas in the future (see last section).

Multiple myeloma and peripheral neuropathy

Multiple myeloma is a rare blood cancer that affects plasma cells, with a worldwide 

incidence of 160,000 cases per year64. Recently, thirty-nine multiple myeloma patients 

were given 25(OH)D and their peripheral neuropathological effects were evaluated after 

six months65. In the study, 66% of patients with starting inadequate 25(OH)D levels 

achieved adequate 25(OH)D levels after supplementation, and peripheral neuropathy 

severity decreased significantly in these patients. Although the findings are promising, 

more cause-and-effect mechanistic studies are required to provide insights into the clinical 

effects of 25(OH)D supplementation. Furthermore, bortezomib is a proteasome inhibitor 

commonly used in the treatment of multiple myeloma, but patients frequently develop 

immune-mediated resistance. Because vitamin D is a major immune system regulator9,66, 

researchers conducted studies in the U266 multiple myeloma cell line to better understand 

the potential mechanisms by which vitamin D may overcome bortezomib resistance67. 

The authors discovered that bortezomib resistance was mediated by ATP metabolism and 

oxidative phosphorylation, and that vitamin D may provide adequate cellular metabolism by 

influencing the aforementioned resistive pathways. These findings are consistent with our 

recent work on the effects of vitamin D on mitochondrial energy metabolism and oxidative 

stress in bone cancer (see Osteosarcoma Section)68, implying that vitamin D anti-cancer 

pathways and mechanisms may be partially conserved across cancer types.

Prostate cancer

Prostate cancer is the most common cancer in men, with 1.4 million new cases diagnosed 

each year69. Recent research suggests that the ApaI (A/C) polymorphism in intron 8 of the 
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VDR gene may be a diagnostic and prognostic marker for the stage of malignant prostate 

cancer in Egyptian men versus men with benign prostate hyperplasia70. Given that the 

ApaI (A/C) polymorphism has no effect on the encoded VDR protein, the explanation for 

this association is unclear, and it could represent complex epistatic and/or gene regulatory 

consequences. Recent work in both normal and cancerous prostates characterized the 

relationship between testosterone/dihydrotestosterone (DHT) levels and cellular transport 

mediated by the vitamin D signalling system in the African American population71. The 

authors discovered that prostate epithelium-specific Lrp2 (megalin transporter) loss in mice 

resulted in lower levels of prostate sex hormone-binding globulin bound testosterone and 

DHT. This association was also found in African American men, where prostatic DHT levels 

were high but inversely related to serum 25(OH)D status. The authors also demonstrated 

that 25(OH)D treatment directly decreased Lrp2, implying an anti-tumour/transformation 

mechanism involving androgen exclusion in a megalin-dependent manner within prostate 

epithelial cells. This research has clinical and therapeutic implications for prostate cancer 

patients, as vitamin D deficiency may influence megalin-mediated androgen transport to 

promote prostate cancer, whereas supplementation may protect against prostate cancer 

as recently described in the VITAL supplementation trial28,31. Using prostate cancer cell 

lines (LNCaP/22Rv1), additional mechanistic studies revealed that 1,25(OH)2D can inhibit 

tumour progression by negatively regulating androgenic receptor signalling, as well as 

c-MYC and epithelial-to-mesenchymal transition (EMT) gene expression72. The authors 

also demonstrated that 1,25(OH)2D induced moderate levels of unfolded protein response in 

prostate cancer cells via PERK/IRE1a endoplasmic reticular (ER) pathways, implying that 

ER-mediated apoptosis could be a potential pathological mechanism to induce cell death73.

Head and neck squamous cell carcinomas

Head and neck squamous cell carcinomas (HNSCCs) are the most common malignancies in 

the head and neck region, with 890,000 new cases reported each year74. HNSCCs arise from 

the mucosal epithelium in the oral cavity, pharynx, and larynx. Although the research on 

the vitamin D signalling system and HNSCCs is limited, recent studies showed that poorly 

differentiated HNSCCs express high VDR and Ki67 levels, whereas well-differentiated 

tumours do not75. Interestingly, patients with poorly differentiated HNSCCs had the lowest 

25(OH)D serum levels among the patient cohorts studied, implying that the vitamin D 

signalling system is less activated, despite having the necessary machinery in those patients 

with a poor prognosis. The authors also discovered a sexual dichotomy in that female 

patients had higher vitamin D deficiency than males and had more poorly differentiated 

tumours. In the same study, adding 1,25(OH)2D to HNSCCs promoted VDR nuclear 

translocation, implying a therapeutically tuneable system. Furthermore, in both 2D and 3D 

spheroid models, co-treatment with the chemotherapeutic cisplatin significantly increased 

the anti-tumour effects of 1,25(OH)2D via inhibition of the PI3K/Akt/mTOR pathway. 

The authors proposed that when using vitamin D-based supplementation therapies for the 

treatment of HNSCCs, gender should be considered. Furthermore, new HNSCC data on 

concurrent chemoradiation therapy showed that patients with suboptimal 25(OH)D levels 

had more skin dermatitis and mucositis than those with optimal 25(OH)D levels76. As we 

observed skin polyps and dermatitis in a xenograft humanized metastatic mouse model of 
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osteosaorcma77, these cutaneous pathologies may be associated with micrometastatic and 

paracrine responses of circulating cancer cells, which was suppressed by vitamin D (see 

Osteosarcoma section). Overall, these findings suggest that vitamin D may play a protective 

role in HNSCCs.

Bladder cancer

Bladder cancer is a relatively rare type of cancer that begins in the bladder lining and 

progresses to urothelial carcinoma, with 573,000 new cases reported globally each year78. 

Recent research showed that 1,25(OH)2D improved cisplatin’s efficacy on bladder cancer 

cell lines T24 and ECV-304 when compared to normal endothelial HUVEC cells79. The use 

of combination therapy increased apoptotic responses as measured by Annexin V staining 

and P-gp expression. This study suggests that chemotherapeutic cisplatin can be used at 

lower doses in conjunction with vitamin D therapy to improve efficacy, as well as reduce 

potential side effects in patients.

Osteosarcoma (bone cancer)

Osteosarcoma is the most common type of cancer that begins in bone-forming 

osteoblastic cells, with 27,000 new cases diagnosed worldwide each year25. Because of 

increased nonsense-mediated RNA decay (NMD), reactive oxygen species (ROS), and 

EMT, osteosarcomas are immune-resistant and metastatic44,68,80–82. Increased NMD in 

osteosarcoma has been linked to the degradation of numerous proteins that provide anti-

cancer protection, including enhanced cell-cell adhesion, immunorecognition by cytotoxic T 

cells, and tumour suppression (e.g., p53). Although vitamin D has anti-cancer properties, 

its efficacy and mechanism of action against osteosarcomas are uncertain. To fill this 

knowledge gap, we recently investigated the effects of 1,25(OH)2D and calcipotriol, a potent 

non-hypercalcaemic VDR agonist, on the NMD-ROS-EMT signalling axis in in vitro and 

in vivo osteosarcoma cell and animal models77. We demonstrated that vitamin D inhibited 

osteosarcoma by reprogramming NMD and SNAI2-mediated EMT genes using epigenome 

and transcriptome-wide approaches, which affected outcomes such as fibrosis. To investigate 

the negative regulatory role of vitamin D on cell migration, we used in vitro scratch and 

invasion assays, as well as an in vivo lineage tracing and conditional Vdr knockout strategy, 

which demonstrated that vitamin D signalling, in general, directly impaired cell migration 

in the context of osteosarcoma and skin injury. We also demonstrated, for the first time, 

that calcipotriol significantly inhibited osteosarcoma spread and tumour growth in a mouse 

xenograft metastasis model of osteosarcoma. The paracrine effects of transmigratory human 

osteosarcoma cells localized to tissue compartments dictated many of the pathological 

features associated with the metastatic osteosarcoma model (e.g., impaired wound healing, 

formation of skin polyps and cysts). The anti-oxidative roles of vitamin D in osteosarcoma 

were central to its benefits, particularly against metastatic disease, which was largely 

dependent on high ROS production to promote osteosarcoma cell migration68. Our findings 

revealed novel osteosarcoma-inhibiting mechanisms for vitamin D and calcipotriol that 

could be applied to human patients, as well as potentially broader applications for the aging 

population by inhibiting oxidative stress83.
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Colorectal cancer

Colorectal cancer develops from cells lining the colon or rectum and has a global incidence 

of 1.9 million new cases per year84. Recent research from the Norwegian Women and 

Cancer Cohort Study (95,416 participants, 1774 cases of colorectal cancer) found that 

patients with higher vitamin D3 intake compared to low vitamin D3 intake had a 17% 

lower risk of colorectal cancer localized to the proximal but not the distal or rectal colon 

(Hazard ratio=0.83, 95% CI, 0.68–1.02)85. These findings suggest that vitamin D may be 

associated with different subsites of the colon, which may be related to the known higher 

VDR expression in the proximal colon86. Recently, gene expression studies of vitamin D 

metabolic pathway genes in colorectal cancer tissue revealed that both VDR and CYP3A4 
were downregulated in the disease population87. In the liver, CYP3A4 is involved in the 

xenobiotic transformation and degradation of many drugs, including the 4/24-hydroxylation 

and 25-hydroxylation of vitamin D3 and D2, respectively88. The authors hypothesized 

that vitamin D metabolism may be impaired in colorectal cancer development. A recent 

secondary analysis of a randomized clinical trial of 2,259 participants with colon adenomas 

revealed that the rs4588*A variant of the vitamin D-binding protein (DBP) gene, GC, may 

be more responsive to vitamin D3 at 1000 IU against colorectal admenoma89. Despite the 

fact that patients with the DBP2 isoform (encoded by the rs4588*A allele) were more likely 

to have lower 25(OH)D concentrations, it was hypothesized that the DBP2 isoform may 

improve tissue bioavailability of circulating vitamin D. More biochemical testing, however, 

is required to establish a clear cause-and-effect relationship.

From a mechanistic standpoint, recent research showed that 1,25(OH)2D suppressed 

colorectal cancer stem cells (CCSCs) by inducing ferroptosis, an iron-mediated type of 

programmed cell death process90. The authors demonstrated that 1,25(OH)2D (albeit at 

supraphysiological levels of 100nM) suppressed CCSC proliferation and the number of 

tumor spheroids in both in vitro and in vivo systems by generating ROS and downregulating 

SLC7A11 (i.e., an antiporter that promotes antioxidative cysteine uptake). TP53 and 

MAPK3 were also shown to be involved in the ferroptosis pathway91. Although these 

findings are intriguing, the supraphysiological concentrations of 1,25(OH)2D used in the 

studies are unlikely to be achieved in patients, let alone the potentially fatal concentrations 

of 1,25(OH)2D used in the in vivo studies (i.e., 30g/kg b.w.)92,93. Importantly, findings 

in 389 colorectal cancer patients recently revealed that serum 25(OH)D at adequate 

physiological levels is associated with a lower risk of sporadic colorectal cancer, 

emphasizing the importance of treatment doses61.

Recent research also showed that vitamin D signaling modulated anti-cancer responses in 

a variety of cancer types, including colorectal cancer cells, by influencing the expression 

and post-translational modifications of the Sirtuin (SIRT) family of proteins. Sirtuin 1 

(SIRT1) is a “guardian of the genome” and a proto member of the SIRT family that 

acts as a NAD+-dependent histone deacetylase with dual roles in tumorigenes94. SIRT1 

promotes metastasis and invasiveness in a variety of cancers, including prostate95, breast96, 

lung97, colon98, and melanoma99. Deacetylation of proteins involved in tumor suppression 

and/or DNA damage repair occurs as a result, and pharmacological inhibition of SIRT1 

reduces cancer growth and proliferation100. Vitamin D downregulated both SIRT1 and 4 

Seraphin et al. Page 8

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as part of its anti-cancer properties in osteosarcoma cells68. In contrast, SIRT1 also acts 

as a tumor suppressor by repressing oncogenes such as c-MYC through deacetylation101. 

Interestingly, recent pre-press findings using colorectal cancer cell lines HCT 116 and 

HT-29, showed that 1,25(OH)2D activated SIRT1 via auto-deacetylation, resulting in an anti-

proliferative response, and SIRT1 pharmacological activation also recapitulated the vitamin 

D responses102. However, the potential negative interactions with oncogenes that govern the 

anti-proliferative response in colorectal cancer cells remain unknown. As a result, depending 

on the type and subtype of cancer, vitamin D modulation of SIRT1 can be a double-edged 

sword.

In new animal studies, mice on a high-fat diet produced gut microbiota metabolites that 

suppressed inflammation and colitis-associated cancer by activating the VDR signaling 

pathway103. The authors demonstrated that a high-fat diet induced secondary fecal bile 

ascites, which directly activated the VDR and downstream anti-inflammatory target genes 

in mice with colitis-associated cancer and HT29 epithelial cells. Furthermore, recent in 
vivo mouse studies showed that the VDR associated with the p53 tumor suppressor 

protein to induce genes that promote peroxisomal fatty acid beta-oxidation (FAO) as a 

mechanism by which vitamin D inhibited colorectal cancer104. The authors demonstrated 

that increased FAO caused enhanced acetylation and inhibition of Aminoimidazole-4-

Carboxamide Ribonucleotide Formyl transferase/IMP Cyclohydrolase (ATIC), a catalytic 

enzyme in the purine biosynthetic pathway. Acetylation of ATIC via VDR/p53 was inversely 

related to colorectal cancer tumor growth in both mouse and human cancer samples. 

Interestingly, increased FAO is associated with increased ROS formation68, which may be 

another mechanism by which VDR/p53 limited colorectal cancer growth. Also, researchers 

recently discovered that ablation of the Vdr resulted in a decrease in Claudin-10 tight 

junction protein expression in the intestinal epithelium, leading to increased permeability, 

tumor number, and bacterial infiltration105. Human colorectal cancer samples exhibited 

similar pathogenesis, with increased tumor-invading bacteria and decreased colonic VDR 

and Claudin-10 mRNA and protein expression. These findings indicate that the VDR is an 

important host factor that could be targeted to reduce the risk of colon cancer development 

and progression.

Finally, there have only been a few reports on the combined effects of vitamin D and 

chemotherapeutic drugs on colorectal cancer. A recent study looked at the effects of 

cholecalciferol and neferine, a lotus seed alkaloid with anti-inflammatory, proapoptotic, 

and G1 arrest properties, on the growth and metastasis of the HCT-116 colorectal cancer 

cell line106,107. At low doses, cholecalciferol and neferine synergistically inhibited the 

growth of HCT-116 cells, potentially with fewer side effects if applied to patients. 

Furthermore, when compared to single treatment groups, both compounds together further 

suppressed scratch closure and colony formation capacity, as well as cell migration and 

invasion. Mechanistically, combined treatment reduced N-cadherin and EMT-inducer SNAI 

expression in HCT-116 cells.
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Melanoma

Melanoma is the deadliest type of skin cancer that develops in pigment-producing 

melanocytes, with 325,000 new cases diagnosed each year108. Therapeutic supplemental 

vitamin D has also been reported to reduce cell growth in both melanoma and non-

melanoma (see next section) skin cancer. A cross-sectional study of 498 adults with any 

type of skin cancer was recently conducted, whereby patients were stratified into groups 

based on self-reported use of vitamin D3 supplements to search for associations109. Logistic 

regression analysis revealed that among patients with a history of melanoma, the odds ratio 

was 0.447 (p=0.016, 95% CI, 0.231–0.862) among those who regularly used vitamin D3 

supplements, indicating that the risk of melanoma was significantly lower among regular 

users. Additionally, a retrospective cohort study of 264 invasive melanoma patients from 

Barcelona University Hospital from 1998–2021 were analyzed for relationships to serum 

25(OH)D levels110. The authors found that patients with lower 25(OH)D levels (<10ng/ml) 

were associated with worse overall survival, suggesting vitamin D deficiency could play 

a role in overall survival of melanoma patients. Other studies have correlated vitamin D 

deficit with poor clinical outcome in metastatic melanoma patients treated with BRAF/MEK 

inhibitors or immunotherapy as well111. Although these studies suggest that low vitamin D 

status is associated with increased risk and poor melanoma prognosis, and that optimizing 

serum 25(OH)D levels may protect against melanoma, causality still remains unknown. 

Recent studies in melanoma cell lines have shown that 1,25(OH)2D can induce apoptosis 

via modulation of caspase 3/8/9, as a potential mechanism of action112. Additional studies 

in melanoma cell line shown that 1,25(OH)2D can induce the expression of phosphatase 

and tensin homolog deleted on chromosome 10 (PTEN), a well-known tumor suppressor, as 

another potential mechanism of action affecting downstream effectors113.

Squamous cell carcinoma

Squamous cell carcinoma (SCC) of the skin is a common type of skin cancer that develops 

in the squamous cells that comprise the skin’s superficial layers, with 2.4 million new cases 

reported globally each year114. The functional role of polymorphic genetic variants of the 

VDR gene in SCC is uncertain. Recent studies examined both FokI (F and f alleles) and 

Poly-A (i.e., a variant microsatellite length in the 3’-untranslated region resulting in Long 

[L] or Short [S] variants115) VDR polymorphisms in 137 patients with a history of SCC, as 

well as 25(OH)D levels116. It is important to note that the Poly-A allelic variations do not 

affect the structural integrity of the VDR protein, but may influence mRNA degradation or 

translation, though this is not without uncertainty (see below)117. The researchers discovered 

a strong association between the FFSS or FfSS genotypes and high 25(OH)D serum levels 

(i.e., potentially protective) in SCC patients, whereas ffLL patients had low 25(OH)D 

levels (i.e., potentially susceptible). Although the Poly-A (L) allele was considered a risk 

allele for SCC in the study, it was previously shown to be more active in terms of VDR 
mRNA production, and thus potentially protective117. Nonetheless, these findings highlight 

the complex handling of Poly-A VDR polymorphisms that may influence cancer type 

and subtype risk. We also recently investigated the mechanism of 1,25(OH)2D-dependent 

suppression of SCC using the A431 human SCC cell line and a xenograft SCC mouse 

model118. We discovered that 1,25(OH)2D inhibited SCC by increasing the expression of 
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a key inhibitor of the mTOR pathway called DNA Damage Induced Transcript 4 (DDIT4), 

which then activates LC3-mediated autophagy. Furthermore, 1,25(OH)2D sensitizes the 

anti-SCC effects of rapamycin-based pharmacological mTOR inhibition in an in vivo mouse 

model.

Cancer studies that showed no link with vitamin D

Although a few recent studies reported no association between respective cancers and 

vitamin D, most of the findings did show a positive correlation between vitamin D and 

cancer inhibition. Nonetheless, we include those findings here to provide a complete picture 

of vitamin D and cancer. The Kuopio Ischemic Heart Disease Risk Factor study (2,578 case 

studies) sought to establish an epidemiological link between 25(OH)D levels and lung and 

prostate cancer119. Overall, the authors demonstrated that serum 25(OH)D levels did not 

correlate with lung or prostate cancer, nor did they interact with smoking or age. Black 

Americans have lower circulating vitamin D levels than White people, and the response of 

vitamin D and calcium supplementation in Black women with cancer is unclear. With this 

question in mind, researchers examined data from the Women’s Health Initiative (WHI) 

calcium plus vitamin D (CaD) randomized clinical trial to investigate cancer incidence and 

cause-specific mortality among 3,325 Black women who were randomly assigned to receive 

calcium (1000 mg) plus vitamin D3 (400 IU) or placebo for an average of seven years120. 

The findings revealed no differences between the calcium/vitamin D3 and placebo groups, 

implying that other medical, biological, or social interventions should be considered to 

address health disparities among Black women with cancer. Finally, researchers examined 

the relationship of circulating 25(OH)D to breast cancer incidence using data from ten 

U.S. and seven European prospective cohorts121. The authors discovered no link between 

circulating 25(OH)D levels and invasive breast cancer incidence using conditional logistic 

regression and random-effects models.

New anti-cancer strategies that target the vitamin D signalling system

Biyani and colleagues from Kanazawa University in Japan recently demonstrated a novel 

method for identifying and optimizing novel DNA-derived aptamers capable of sensitizing 

the anti-cancer effects of 1,25(OH)2D34. In cancer patients, low vitamin D levels, as well 

as an increase in the enzyme vitamin D 24-hydroxylase (CYP24A1), are linked to a 

poor prognosis4,27–31,122–124. As a result, molecules that inhibit CYP24A1 activity could 

be used as antiproliferative agents in cancer treatment. Using the Systematic Evolution 

of Ligands by Competitive Selection (SELCOS) method, the researchers first screened a 

large number of DNA aptamers, which are single-stranded DNA molecules with distinct 

three-dimensional structures capable of competitively binding to CYP24A1 but not the 

related enzyme CYP27B1. After being tested for CYP24A1 inhibitory activity using HPLC 

to detect conversion metabolites, a 70-nucleotide DNA aptamer 7 (called Apt-7) was 

chosen for further investigation. The physical binding of Apt-7 to CYP24A1 was studied 

using electrochemical and electrophoretic methods, and the Kd was found to be in the 

sub-nanomolar range. Furthermore, molecular docking simulations revealed that Apt-7 

inhibited CYP24A1 activity via steric inhibition of the CYP24A1 substrate binding site. 

The researchers then used spectral binding analysis to investigate the mode of Apt-7 binding 
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to CYP24A1. Apt-7-containing spectra were smaller than Apt-7-free spectra, implying that 

Apt-7 may interfere with the enzyme active site or the enzyme-substrate complex site. Real-

time high-speed atomic force microscopy was also used to characterize Apt-7 and CYP24A1 

binding, and the results agreed with the molecular docking simulations. Endocytosed Apt-7 

inhibited CYP24A1 activity in lung adenocarcinoma cells and sensitized 1,25(OH)2D’s anti-

proliferative effects, implying that co-treatment strategies with CYP24A1-targeting DNA 

aptamers could be a promising vitamin D-based cancer therapy in the clinic.

Closing remarks

We have made significant progress in understanding the multiple roles that vitamin D plays 

in our bodies since its first description over 370 years ago in human deficiency skeletal 

diseases in children and adults125. This review summarizes the most recent research on 

vitamin D and its analogues, as well as specific manipulation of signalling and metabolic 

system components, with the goal of advancing their use as cancer therapeutic agents. The 

anti-cancer properties of vitamin D, as well as its biological presence, suggest that it may 

have a long-term impact on human lives as we age and succumb to injuries and disease. 

More research is needed to fully comprehend and appreciate vitamin D’s role in cancer 

biology and patient treatment.
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Highlights

• The number of research articles on vitamin D cancer-related research has 

risen dramatically in recent years

• Vitamin D continues to show positive anti-cancer effects against many types 

of cancer

• Population studies also encourage the maintenance of adequate vitamin D 

levels in the hopes of avoiding cancer

• Mechanistic studies show that vitamin D has intrinsic and extrinsic immune 

modulatory, anti-metastatic and tumorigenic effects on tumors
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Figure 1. 
Recent advances in vitamin D cancer research.

A) Top-level Gene Ontology of Biological Processes regulated by vitamin D-targeted 

transcription factors: BCL6, NFE2, POU4F2, ELF4, IRF5, MAFF, MYCL, NFXL1, TFEC, 

MAMLD, PPARGC1B, SRA1, ZBTB46 (source Metascape.org)43.

B) A rapid increase in the number of published articles on vitamin D and cancer in PubMed 

between 1990 and 2023.

C) PubMed knowledge graph was used to assess vitamin D and cancer relationships in 

approximately 904 of the most recently accessed PubMed articles.
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Table 1.

Summary of recent advancements in vitamin D cancer research from PubMed knowledge graph.

Cancer Vitamin D system/VDR 
variants Effects References

Breast cancer

25(OH)D ■ Deficiency linked to higher grade; younger/obese patients more 
susceptible. 47

VDR FokI T(f) variant ■ Increased risk of developing breast cancer within North Indian 
women. 48

VDR-IGF1R ■ High VDR and IGF1R expression compounded by low 25(OH) 
promotes breast cancer growth. 50

Anti-estrogens, 
1,25(OH)2D, and EB1089

■ Activation of VDR signalling promoted ERa expression and anti-
estrogen efficacy within triple-negative breast cancers. 51,52

CYP24A1 ■ Suppression of CYP24A1 sensitized breast cancer cells to 
chemotherapeutic drugs including vitamin D. 57

Ovarian cancer 25(OH)D ■ Individuals with high serum 25(OH)D levels had a 37% lower risk 
of ovarian cancer. 59

Glioblastoma

1,25(OH)2D, VDR agonist ■ Induced programmed cell death and cytotoxic autophagy, and 
inhibited migration. 61,62

CY24A1
■ Acidosis induced CYP24A1 expression in glioblastoma 
microenvironment that impaired 1,25(OH)2D functions. 63

Melanoma

Vitamin D3
■ People who regularly took vitamin D3 supplements had a lower 
risk of developing melanoma.

109

25(OH)D ■ Low serum levels associated with reduced patient survival with or 
without treatment with BRAF/MEK inhibitors or immunotherapy 110,111

1,25(OH)2D ■ Induced expression of activated caspases as well as PTEN to 
promote apoptosis 112,113

Multiple myeloma
25(OH)D ■ Reduced peripheral neuropathy associated with myeloma. 65

1,25(OH)2D, bortezomib ■ Treatment overcame bortezomib resistance in a myeloma cell line. 67

Prostate cancer

VDR ApaI (A/C) variant ■ Associated with increased clinical stage of prostate cancer in 
Egyptian men. 70

25(OH)D, androgens ■ Decreased Lrp2 (megalin androgen transporter) expression, 
correlated with African American men. 71

1,25(OH)2D ■ Inhibited c-MYC and EMT gene expression; promoted unfolded 
protein response in prostate cancer cell lines. 72

Head and neck 
squamous cell 

carcinomas

VDR, 1,25(OH)2D
■ Poorly differentiated HNSCCs expressed high levels of VDR 
compounded by low 25(OH)D; suppressed PI3K/Akt/mTOR 
pathway.

75

25(OH)D ■ Patients with low levels on chemoradiation therapy developed skin 
dermatitis and mucositis. 76

Bladder cancer 1,25(OH)2D ■ Improved cisplatin’s efficacy on bladder cancer cell lines. 79

Osteosarcoma 1,25(OH)2D, calcipotriol ■ Suppressed metastasis and tumour growth by impacting NMD, 
ROS and EMT pathways. 68,77,83

Colorectal cancer

Vitamin D3
■ Higher intake resulted in a 17% lower risk for colorectal cancer 
localized to the proximal colon in Norwegian women. 85

VDR, CYP3A4 ■ Down regulated in colorectal cancer tissue suggesting impaired 
vitamin D metabolic pathway. 87

rs4588*A variant of GC 
gene

■ May improve tissue bioavailability of circulating vitamin D, hence 
protective against colorectal cancer. 89

1,25(OH)2D ■ Suppressed colorectal cancer stem cells by inducing ferroptosis 
and downregulating SLC7A11. 90
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Cancer Vitamin D system/VDR 
variants Effects References

25(OH)D ■ Maintenance of adequate levels associated with lower risk of 
sporadic colorectal cancer. 61

1,25(OH)2D
■ Activated SIRT1 in HCT 116 and HT-29 colorectal cancer 
cell lines via auto-deacetylation, resulting in an anti-proliferative 
response.

102

VDR, bile ascites
■ High-fat diet in mice triggered the gut microbiota to produce 
metabolites that suppressed inflammation and colitis-associated 
cancer by activating the VDR signaling pathway.

103

VDR/p53
■ Both proteins interacted to induce genes that promote peroxisomal 
fatty acid beta-oxidation in mice as a mechanism by which vitamin D 
inhibits colorectal cancer.

104

Vdr ablation
■ Resulted in decreased Claudin-10 tight junction expression in 
the intestinal epithelium, leading to increased permeability, tumor 
number, and bacterial infiltration.

105

Vitamin D3, neferine ■ Synergistic anti-proliferative effects on HCT-116 colorectal cancer 
cells; efficacy at lower doses holds promise of reducing side effects. 106,107

Squamous cell 
carcinoma

VDR FokI, Poly-A 
variants, 25(OH)D ■ Variants and low 25(OH)D levels associated with disease. 116

1,25(OH)2D
■ Suppressed SCC utilizing both the A431 human SCC cell line and 
a xenograft SCC mouse mode via mTOR inhibition and activation of 
autophagy.

118

Non-small cell 
lung cancer (lung 
adenocarcinoma)

CYP24Atargeting DNA 
aptamers

■ Sensitized 1,25(OH)2D’s anti-proliferative effects. 34
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