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Highlights  
 

• Colorectal cancer is the neoplasia that is most closely linked to vitamin D 

deficiency in epidemiological studies. 

• Calcitriol inhibits the proliferation, migration, invasiveness and 

angiogenesis of colon carcinoma cells, and promotes their differentiation 

and sensitizes them to apoptosis. 

• Calcitriol reduces the protumoral effects of colon cancer-associated 

fibroblasts. 

• Calcitriol also regulates the biology of intestinal immune cells and affects 

the intestinal microbiota. 



 2 

 

Abstract 

Colorectal cancer (CRC) is the neoplasia that is most frequently associated with vitamin 

D deficiency in epidemiological and observational studies in terms of incidence and 

mortality. Many mechanistic studies show that the active vitamin D metabolite (1α,25-

dihydroxyvitamin D3 or calcitriol) inhibits proliferation and promotes epithelial 

differentiation of human colon carcinoma cell lines that express vitamin D receptor 

(VDR) via the regulation of a high number of genes. A key action underlining this 

effect is the multilevel inhibition of the Wnt/β-catenin signaling pathway, whose 

abnormal activation in colon epithelial cells initiates and promotes CRC. Recently, our 

group has shown that calcitriol modulates gene expression and inhibits protumoral 

properties of patient-derived colon cancer-associated fibroblasts (CAFs). Accordingly, 

high VDR expression in tumor stromal fibroblasts is associated with longer survival of 

CRC patients. Moreover, many types of immune cells express VDR and are regulated 

by calcitriol, which probably contributes to its action against CRC. Given the role 

attributed to the intestinal microbiota in CRC and the finding that it is altered by vitamin 

D deficiency, an indirect antitumoral effect of calcitriol is also plausible at this level. In 

summary, calcitriol has an array of potential protective effects against CRC by acting on 

carcinoma cells, CAFs, immune cells and probably also the gut microbiota. 
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1. Introduction 
 
Colorectal cancer (CRC) results from malignant transformation of the epithelium of the 

large intestine. It is a major health problem and a leading cause of cancer-related 

mortality worldwide [1, 2]. Intestine is the organ with the highest expression of vitamin 

D receptor (VDR) [3, 4]. In addition, 1α,25-dihydroxyvitamin D3 or calcitriol, the most 

active vitamin D metabolite, has many important homeostatic actions in this organ [5].  

 Many epidemiological and observational studies reported in recent decades have 

proposed CRC as the neoplasia that is preferentially associated with vitamin D 

deficiency in terms of incidence and/or mortality [6, 7]. However, controversy exists 

regarding the design, analysis and interpretation of data from some epidemiological and 

prospective interventional clinical studies [8, 9]. Interestingly, some studies have linked 

polymorphisms of genes of the vitamin D system (VDR, CYP27B1, CYP24A1, GC, 

DHCR7 and CYP2R1) to CRC prognosis or response to therapy [10-13]. Various studies 

using animals, including some that analyze the effect of diets with high or low vitamin 

D (and calcium) and carcinogen content, and others with genetically-modified or 

xenotransplanted mice, support a beneficial effect of vitamin D, calcitriol or its 

analogues on colorectal tumorigenesis (reviewed in [14]).  Altogether, these findings 

suggest a protective action of vitamin D against CRC by either reducing risk and/or 

attenuating the tumorigenic process. However, according to Koch's postulates of 

causality in biological systems [15], to accept a causal role and not a mere association of 

vitamin D/calcitriol in CRC, a mechanism of action must be elucidated.  

2. Genetic basis of colorectal cancer 

CRC is the best known solid cancer in terms of underlying genetic alterations [16]. The 

first genetic model for CRC tumorigenesis, based on the progressive accumulation of 
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mutations in tumor suppressor genes (APC, TP53) and oncogenes (RAS), was proposed 

by Fearon and Vogelstein in 1990 [17]. The initial key event in this model, known today 

as the Suppressor Pathway, is activation of the Wnt/β-catenin signaling pathway, which 

is the consequence of the mutually exclusive mutation of APC or AXIN2 tumor 

suppressor genes or CTNNB1/β-catenin oncogene (for review see [18, 19]. A second, 

less frequent, mutational process in CRC is the Mutator Pathway first proposed by 

Perucho and cols. in 1991 [20] which is based on loss of expression (by mutation or 

silencing) of genes (MLH1, MSH2, etc.) of the mismatch repair (or base substitution: 

POLE, POLD1) systems, and is associated with microsatellite instability (MSI). Of 

note, this pathway can affect genes such as RNF43 or ZNRF3 in a way that potentiates 

Wnt/β-catenin signaling.  

Thus, abnormal activation of the Wnt/β-catenin pathway is crucial in a 

substantial proportion of CRC. This abnormal activation implies the accumulation 

within the cell nucleus of β-catenin protein, which is usually bound to E-cadherin in the 

subcortical cytoplasmic area. Nuclear β-catenin binds DNA-bound T-cell factor (TCF) 

family members and acts as a transcriptional co-activator that derepresses a large 

number of genes whose expression is inhibited by TCF in the absence of β-catenin [18]. 

Remarkably, many β-catenin-TCF target genes promote cell proliferation and 

migration, whereas a minor proportion of targets that are induced by TCF alone and 

become repressed by β-catenin-TCF maintain the differentiated phenotype of intestinal 

epithelial cells [18]. Sequencing of hundreds of human colorectal tumors has confirmed 

that over 94% of them contain one or more mutations in genes of the Wnt/β-catenin 

pathway, which confirms its importance in CRC [21].  

3. Mechanisms of action of calcitriol in colorectal cancer 
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In line with the wide expression of VDR, calcitriol has effects on most intestinal cell 

types and on many colon carcinoma cell lines that contain a sufficient level of VDR. 

3.1. Effects on colon carcinoma cells. Antagonism of the Wnt/β-catenin 

pathway 

Similarly to its action in other tumor cell types, calcitriol inhibits proliferation, 

sensitizes to apoptosis, and promotes differentiation of colon carcinoma cells through 

the regulation of genes and the modulation of signaling pathways implicated in these 

processes. 

• Proliferation. Calcitriol reduces cell proliferation by several mechanisms: 

downregulation of cyclin-dependent kinases (CDKs), induction of CDK inhibitors 

(p21CIP1 and p27KIP1) and growth arrest and DNA damage 45 α (GADD45A) gene, 

which leads to cell cycle arrest in G0/G1, the direct and indirect repression of c-MYC, 

and the modulation of JUN and FOS genes [22-25]. In addition, calcitriol interferes with 

the proliferative signaling pathways triggered by epidermal growth factor (EGF) and 

insulin-like growth factor II [26-28], and sensitizes cells to the growth-inhibitory effects 

of transforming growth factor (TGF)-β [29].  

Importantly, calcitriol antagonizes the Wnt/β-catenin signaling pathway, whose 

aberrant activation, as previously mentioned, is the initial event and a major contributor 

to the progression of CRC [30]. Calcitriol exerts this antagonism by acting at several 

levels: a) disruption of TCF/β-catenin transcriptional complexes due to the induction of 

VDR binding to β-catenin, b) diminution of nuclear β-catenin content by boosting the 

binding at the adherens junctions of the newly synthesized β-catenin to E-cadherin, 

which is induced by calcitriol, and c) upregulation of the extracellular Wnt inhibitor 

Dickkopf (DKK)-1 [30-32]. Additionally, the Wnt/β-catenin pathway is attenuated by 

calcitriol in carcinoma cells paracrinally via inhibition of interleukin (IL)-1β synthesis 
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and secretion by neighboring macrophages that stabilized β-catenin in carcinoma cells, 

resulting in an increase of TCF-dependent gene activation of the Wnt/β-catenin pathway 

target genes [33]. Vdr deficiency increases the tumor load and the accumulation of β-

catenin protein within the nucleus of colon carcinoma cells in mice harboring a mutated 

Apc gene, which supports the antagonism of this pathway by calcitriol in vivo [34, 35]. 

Remarkably, vitamin D supplementation decreases β-catenin levels and increases those 

of E-cadherin, APC and p21 in the normal-appearing rectal mucosa of colorectal 

adenoma patients [36, 37]. 

• Differentiation. As a result of direct gene regulatory effects and interference 

with the Wnt/β-catenin signaling pathway, calcitriol promotes epithelial differentiation 

of colon carcinoma cells. Among the differentiation genes upregulated by calcitriol are 

several encoding intestinal epithelial markers (alkaline phosphatase, maltase, calcium-

sensing receptor) and intercellular adhesion and cytoskeleton proteins (E-cadherin, 

occludin, claudins, plectin, filamin A, Zonula occludens (ZO)-1/2) [24, 38]. The 

increase in the cellular content of several of these proteins of the tight junctions, 

adherens junctions and hemidesmosomes contributes to maintenance of the intestinal 

epithelial barrier that protects against infection.  

In addition, calcitriol modulates the expression of wide regulators of cell 

differentiation. Calcitriol induces the expression of CST5/cystatin D, classically known 

to encode an inhibitor of endosomal cysteine proteases of the cathepsin family [39], 

which partially locates within the nucleus and regulates the expression of several genes 

involved in a variety of cellular functions [40]. Moreover, cystatin D overexpression in 

CRC cells inhibits proliferation and migration, but increases cell-cell adhesion. In 

human CRC biopsies, cystatin D and VDR protein levels directly correlate, suggesting 

in vivo regulation [39]. Calcitriol inhibits the expression of Sprouty-2, an oncogenic 
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repressor of the epithelial phenotype, in CRC cells [41]. Sprouty-2 deregulates E-

cadherin and tight junctions and epithelial polarity genes through the upregulation of 

ZEB1, promoting epithelial to mesenchymal transition (EMT) and proliferation. 

Concordantly, overexpression of Sprouty-2 is associated with poor clinical outcome of 

CRC patients [41-43]. Notably, calcitriol increases expression of the histone H3 lysine-

27 demethylase Jumonji C domain-containing protein 3 (JMJD3 or KDM6B) and 

modulates that of other epigenetic regulators that have profound effects on the biology 

of CRC cells [44-47]. Importantly, JMJD3 partially mediates some effects of calcitriol 

in CRC cells: prodifferentiation, antiproliferation, gene regulation, and antagonism of 

the Wnt/β-catenin pathway. In addition, JMJD3 repression upregulates several EMT 

inducers and mesenchymal markers but downregulates the expression of epithelial 

proteins. Accordingly, the level of JMJD3 RNA correlates directly with that of VDR in 

human CRC tumors [44, 46]. Altogether, these data show that calcitriol is a potent 

inducer of gut epithelial differentiation that prevents EMT by regulating genes involved 

in several mechanisms and signaling pathways [48]. 

• Apoptosis. Calcitriol sensitizes colon carcinoma cells to the induction of 

apoptosis by several agents through the upregulation of pro-apoptotic genes (BAK1, 

BAG1 and G0S2), the downregulation of survival genes (survivin and thymidylate 

synthase) and, paracrinally, via interference of IL-1β secretion by macrophages [33]. 

Concordantly, VDR agonists potentiate the effect of chemotherapeutic agents in 

cultured cells and animal models of CRC (reviewed in [14]).  

• Migration, invasiveness and angiogenesis. Calcitriol represses the expression of 

DKK-4, which promotes invasion, angiogenesis, and chemoresistance in colon 

carcinoma cells and is upregulated in human colon tumors correlating inversely with 

VDR RNA expression [49, 50]. In addition, calcitriol regulates the angiogenic 
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phenotype of colon carcinoma cells by controlling the expression of several genes that 

are responsible for it: vascular endothelial growth factor (VEGF), inhibitor of 

differentiation (ID)-1/2 and thrombospondin (TSP)-1 [51, 52]. Likewise, calcitriol 

decreases VEGF and angiogenesis in a rat model of chemically-induced colon 

tumorigenesis [53]. 

• MicroRNAs. Our group described that calcitriol regulates the expression of 

several microRNAs (miRs) in SW480-ADH human colon carcinoma cells [54]. One of 

them is miR-22, which is induced by calcitriol in a time-, dose- and VDR-dependent 

manner and mediates partially the antiproliferative and antimigratory effects of calcitriol 

in CRC cells. Subsequently, supporting the relevance of miR-22, other groups have 

shown that miR-22 inhibits proliferation, migration, invasion, EMT, and xenograft 

tumor growth in several cancer systems including CRC [55-57]. Notably, we found that 

miR-22 expression is lower in tumor than in the matched normal tissue in 78% of CRC 

patients, further suggesting that miR-22 contributes to the antitumoral action of 

calcitriol in human colon tissue [54]. 

3.2. Effects on colon normal and cancer-associated fibroblasts 

The tumor stroma or tumor microenvironment is composed of several cells types and 

the extracellular matrix (ECM), and exerts a major influence on carcinoma behavior. 

Fibroblasts are the main cellular component of tumor stroma that, following a 

phenotype change (“activation”) triggered by signals received from carcinoma cells, are 

thought to promote the tumorigenic process. Fibroblasts remodel the ECM and secrete 

factors that increase the malignancy and chemoresistance of cancer cells, induce the 

recruitment of bone marrow cells, and alter the behavior of immune cells [58-61].  

Our group has recently described that primary cultures of human colon normal 

fibroblasts (NFs) and cancer-associated fibroblasts (CAFs) derived from fresh biopsies 
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of CRC patients express VDR and respond to calcitriol [62]. Importantly, calcitriol 

drastically changes the gene expression profile of NFs and CAFs regulating around one 

thousand genes with a 21% overlap between both types of fibroblasts. Interestingly, the 

gene signature imposed by calcitriol in CAFs correlates with a favorable CRC patient 

outcome. Accordingly, calcitriol inhibits two protumoral properties of activated 

fibroblasts: the capacity to alter the ECM (estimated by the contraction of collagen gels) 

and the ability to induce the migration of colon carcinoma cells [62]. These effects of 

calcitriol regulating gene expression and reprogramming activated CAFs add to its 

protective action on colon carcinoma cells. Concordantly, our study of a large cohort of 

metastatic CRC patients has shown that VDR is variably expressed in carcinoma cells 

and in tumor fibroblasts, and that a high level of VDR in any of the two compartments, 

and particularly in both of them, is associated with longer overall survival of these 

patients [62].  

3.3. Effects on the immune system  

Calcitriol has wide immunomodulatory effects by acting on a variety of immune cell 

types. Classically, calcitriol has been considered an inducer of the innate and an 

inhibitor of the adaptive immune response and an anti-inflammatory agent. However, it 

seems more rational that calcitriol has a global regulatory homeostatic role as an initial 

potentiator of the immune system against insults, and as a repressor of the immune 

reaction at later stages and a repressor of self-reactivity to prevent over-activation 

leading to undesirable consequences (inflammation, autoimmunity) [63]. The accepted 

influence of chronic inflammation in CRC, as seen by the increase in CRC risk in 

patients with inflammatory bowel diseases (ulcerative colitis, Crohn disease), and the 

important role of immune surveillance against this and other neoplasias, make it highly 

probable that calcitriol affects CRC through the regulation of immune cells [64].  
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Remarkably, vitamin D supplementation in colorectal adenoma patients 

decreases an inflammation score calculated from plasma levels of the pro-inflammatory 

markers C-reactive protein, TNF-α, IL-6, -1β and -8, and the anti-inflammatory marker 

IL-10 [65]. The effects of calcitriol on these and other cytokines (IL-12, TGF-β) that are 

overexpressed in CRC patients are mediated at least in part by multilevel inhibition of 

the transcription factor nuclear factor κ B (NFκB) [66-68]. Interestingly, two groups 

have recently shown that myeloid cell-specific or non-intestinal epithelial cell-specific 

Vdr deletion aggravates clinical symptoms in a mouse experimental colitis model and 

increases the expression of pro-inflammatory cytokines in the colon [69]. In a mouse 

experimental colitis model, gut epithelial Vdr deletion aggravates epithelial cell 

apoptosis, which alters mucosal barrier permeability and promotes inflammation [70]. 

 Another beneficial immune mechanism of calcitriol in CRC may be potentiation 

of antibody-dependent cell cytotoxicity in patients receiving therapy with monoclonal 

antibodies (anti-EGF receptor, anti-VEGF). This is based on reports indicating that 

vitamin D deficiency diminishes the response to this type of antitumor therapy in breast 

cancer and lymphoma patients [71-73]. 

3.4. Indirect effects: detoxification and modulation of the gut microbiota 

Calcitriol contributes to the detoxification process in the intestine by controlling the 

expression of antioxidant, phase I, and phase II enzymes involved in the catabolism of 

xenobiotics, steroids, bile acids and other compounds that promote CRC development 

[74]. Thus, several members of the cytochrome P450 (CYP) and multi-drug resistance-

associated protein (MRP) families (CYP3A4, MRP3) and sulfotransferases such as 

SULT2A1, which are implicated in the elimination of the secondary bile acid 

lithocholic acid (LCA), are induced by calcitriol in CRC cells [75, 76].  
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There is increasing evidence of a link between alteration of the gut microbiota 

(dysbiosis) and many diseases including CRC [77]. Chronic inflammation-associated 

immune response and bacterial/viral infection influence each other and can alter the 

epithelial barrier. In addition, the microbiota metabolizes xenobiotics and can also 

regulate the response to some types of cancer chemotherapy [78, 79]. Interestingly, 

Fusobacterium nucleatum promotes colorectal carcinogenesis by activating the Wnt/β-

catenin signaling pathway [80].  

In line with this scenario, a low vitamin D diet and Vdr deficiency cause 

dysbiosis in mice that, as bacteria do not express VDR, must be mediated by the host 

[81-85]. In turn, bacterial infection downregulates Vdr expression [86]. Although only a 

few studies have been performed in humans, both experimental and genome-wide 

association analysis support mutual regulation between VDR/vitamin D status and the 

gut microbiota [87].  

4. Conclusion 

Calcitriol exerts a complex array of effects on colon carcinoma cells and on several 

types of normal cells present in the colon (Figure 1). Overall, these effects strongly 

suggest a beneficial, preventive action of calcitriol against CRC that perhaps also 

potentiates anticancer therapies. This result is in agreement with epidemiological data 

that associate vitamin D deficiency with higher risk of CRC. Calcitriol targets both 

tumor cells and the tumor microenvironment through a series of mechanisms that argue 

against reverse causation, which suggests that vitamin D deficiency is a consequence 

and not a contributing cause of the tumorigenic process. The specific effects of calcitriol 

most probably reflect a homeostatic role in the colon that protects against the 

development of devastating colorectal neoplasia. 
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Figure 1. Schematic representation of the effects of calcitriol on the cell types present 
in the colon. 
 
 
References 

1. Torre, L.A., et al., Global Cancer Incidence and Mortality Rates and Trends--An 
Update. Cancer Epidemiol Biomarkers Prev, 2016. 25(1): p. 16-27. 

2. Torre, L.A., et al., Global cancer statistics, 2012. CA Cancer J Clin, 2015. 
65(2): p. 87-108. 



 13 

3. Yamamoto, H., et al., The caudal-related homeodomain protein Cdx-2 
regulates vitamin D receptor gene expression in the small intestine. J Bone 
Miner Res, 1999. 14(2): p. 240-7. 

4. Veldman, C.M., M.T. Cantorna, and H.F. DeLuca, Expression of 1,25-
dihydroxyvitamin D(3) receptor in the immune system. Arch Biochem 
Biophys, 2000. 374(2): p. 334-8. 

5. Barbáchano, A., et al., The endocrine vitamin D system in the gut. Mol Cell 
Endocrinol, 2017. 453: p. 79-87. 

6. Mohr, S.B., et al., Could vitamin D sufficiency improve the survival of 
colorectal cancer patients? J Steroid Biochem Mol Biol, 2015. 148: p. 239-44. 

7. Shui, I. and E. Giovannucci, Vitamin D Status and Cancer Incidence, Mortality, 
and Prognosis, in Vitamin D Vol 2, D. Feldman, Editor-in-chief. Academic 
Press-Elsevier. 2018. Chapter 95. p. 743-759. 

8. Marcinkowska, E., G.R. Wallace, and G. Brown, The Use of 1alpha,25-
Dihydroxyvitamin D(3) as an Anticancer Agent. Int J Mol Sci, 2016. 17(5). 

9. Moukayed, M. and W.B. Grant, The roles of UVB and vitamin D in reducing 
risk of cancer incidence and mortality: A review of the epidemiology, clinical 
trials, and mechanisms. Rev Endocr Metab Disord, 2017. 18(2): p. 167-182. 

10. Barry, E.L., et al., Vitamin D Receptor Genotype, Vitamin D3 Supplementation, 
and Risk of Colorectal Adenomas: A Randomized Clinical Trial. JAMA Oncol, 
2017. 3(5): p. 628-635. 

11. Vaughan-Shaw, P.G., et al., The impact of vitamin D pathway genetic variation 
and circulating 25-hydroxyvitamin D on cancer outcome: systematic review 
and meta-analysis. Br J Cancer, 2017. 116(8): p. 1092-1110. 

12. Berger, M.D., et al., A Polymorphism within the Vitamin D Transporter Gene 
Predicts Outcome in Metastatic Colorectal Cancer Patients Treated with 
FOLFIRI/Bevacizumab or FOLFIRI/Cetuximab. Clin Cancer Res, 2018. 24(4): 
p. 784-793. 

13. Jiang, X., et al., Genome-wide association study in 79,366 European-ancestry 
individuals informs the genetic architecture of 25-hydroxyvitamin D levels. 
Nat Commun, 2018. 9(1): p. 260. 

14. Barbáchano, A., et al., Vitamin D and Colon Cancer, in Vitamin D Vol 2, D. 
Feldman, Editor-in-chief. Academic Press-Elsevier. 2018. Chapter 99. p. 
837-862. 

15. Koch, R., An Address on Cholera and its Bacillus. Br Med J, 1884. 2(1236): p. 
453-9. 

16. Inamura, K., Colorectal Cancers: An Update on Their Molecular Pathology. 
Cancers (Basel), 2018. 10(1): in press. 

17. Fearon, E.R. and B. Vogelstein, A genetic model for colorectal tumorigenesis. 
Cell, 1990. 61(5): p. 759-67. 

18. Nusse, R. and H. Clevers, Wnt/beta-Catenin Signaling, Disease, and Emerging 
Therapeutic Modalities. Cell, 2017. 169(6): p. 985-999. 

19. Zhan, T., N. Rindtorff, and M. Boutros, Wnt signaling in cancer. Oncogene, 
2017. 36(11): p. 1461-1473. 

20. Ionov, Y., et al., Ubiquitous somatic mutations in simple repeated sequences 
reveal a new mechanism for colonic carcinogenesis. Nature, 1993. 
363(6429): p. 558-61. 

21. Cancer Genome Atlas, N., Comprehensive molecular characterization of 
human colon and rectal cancer. Nature, 2012. 487(7407): p. 330-7. 



 14 

22. Cheng, H.T., et al., Functional role of VDR in the activation of p27Kip1 by the 
VDR/Sp1 complex. J Cell Biochem, 2006. 98(6): p. 1450-6. 

23. Toropainen, S., et al., The down-regulation of the human MYC gene by the 
nuclear hormone 1alpha,25-dihydroxyvitamin D3 is associated with cycling of 
corepressors and histone deacetylases. J Mol Biol, 2010. 400(3): p. 284-94. 

24. Pálmer, H.G., et al., Genetic signatures of differentiation induced by 1alpha,25-
dihydroxyvitamin D3 in human colon cancer cells. Cancer Res, 2003. 63(22): 
p. 7799-806. 

25. Salehi-Tabar, R., et al., Vitamin D receptor as a master regulator of the c-
MYC/MXD1 network. Proc Natl Acad Sci U S A, 2012. 109(46): p. 18827-32. 

26. Tong, W.M., et al., Growth regulation of human colon cancer cells by 
epidermal growth factor and 1,25-dihydroxyvitamin D3 is mediated by 
mutual modulation of receptor expression. Eur J Cancer, 1998. 34(13): p. 
2119-25. 

27. Tong, W.M., et al., Mechanism of antimitogenic action of vitamin D in human 
colon carcinoma cells: relevance for suppression of epidermal growth factor-
stimulated cell growth. Oncol Res, 1999. 11(2): p. 77-84. 

28. Oh, Y.S., et al., Synthetic low-calcaemic vitamin D(3) analogues inhibit 
secretion of insulin-like growth factor II and stimulate production of insulin-
like growth factor-binding protein-6 in conjunction with growth suppression 
of HT-29 colon cancer cells. Mol Cell Endocrinol, 2001. 183(1-2): p. 141-9. 

29. Chen, A., et al., 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(4): p. G864-74. 

30. Larriba, M.J., et al., Vitamin D Is a Multilevel Repressor of Wnt/b-Catenin 
Signaling in Cancer Cells. Cancers (Basel), 2013. 5(4): p. 1242-60. 

31. Pálmer, H.G., et al., Vitamin D3 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(2): p. 369-87. 

32. Aguilera, Ó., 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(9): p. 1877-84. 

33. Kaler, P., L. Augenlicht, and L. Klampfer, Macrophage-derived IL-1beta 
stimulates Wnt signaling and growth of colon cancer cells: a crosstalk 
interrupted by vitamin D3. Oncogene, 2009. 28(44): p. 3892-902. 

34. Larriba, M.J., et al., Vitamin D receptor deficiency enhances Wnt/beta-catenin 
signaling and tumor burden in colon cancer. PLoS One, 2011. 6(8): p. 
e23524. 

35. Zheng, W., et al., Inactivation of the vitamin D receptor in APC(min/+) mice 
reveals a critical role for the vitamin D receptor in intestinal tumor growth. 
Int J Cancer, 2012. 130(1): p. 10-9. 

36. Fedirko, V., et al., Effects of vitamin d and calcium on proliferation and 
differentiation in normal colon mucosa: a randomized clinical trial. Cancer 
Epidemiol Biomarkers Prev, 2009. 18(11): p. 2933-41. 

37. Ahearn, T.U., et al., A randomized clinical trial of the effects of supplemental 
calcium and vitamin D3 on the APC/beta-catenin pathway in the normal 
mucosa of colorectal adenoma patients. Cancer Prev Res (Phila), 2012. 
5(10): p. 1247-56. 



 15 

38. Fujita, H., et al., Tight junction proteins claudin-2 and -12 are critical for 
vitamin D-dependent Ca2+ absorption between enterocytes. Mol Biol Cell, 
2008. 19(5): p. 1912-21. 

39. Álvarez-Díaz, S., et al., Cystatin D is a candidate tumor suppressor gene 
induced by vitamin D in human colon cancer cells. J Clin Invest, 2009. 119(8): 
p. 2343-58. 

40. Ferrer-Mayorga, G., et al., Cystatin D locates in the nucleus at sites of active 
transcription and modulates gene and protein expression. J Biol Chem, 2015. 
290(44): p. 26533-48. 

41. Barbáchano, A., et al., SPROUTY-2 and E-cadherin regulate reciprocally and 
dictate colon cancer cell tumourigenicity. Oncogene, 2010. 29(34): p. 4800-
13. 

42. Barbáchano, A., et al., SPROUTY-2 represses the epithelial phenotype of colon 
carcinoma cells via upregulation of ZEB1 mediated by ETS1 and miR-
200/miR-150. Oncogene, 2016. 35(23): p. 2991-3003. 

43. Ordóñez-Morán, P., et al., SPROUTY2 is a beta-catenin and FOXO3a target 
gene indicative of poor prognosis in colon cancer. Oncogene, 2014. 33(15): p. 
1975-85. 

44. Pereira, F., et al., KDM6B/JMJD3 histone demethylase is induced by vitamin D 
and modulates its effects in colon cancer cells. Hum Mol Genet, 2011. 20(23): 
p. 4655-65. 

45. Meyer, M.B., P.D. Goetsch, and J.W. Pike, VDR/RXR and TCF4/beta-catenin 
cistromes in colonic cells of colorectal tumor origin: impact on c-FOS and c-
MYC gene expression. Mol Endocrinol, 2012. 26(1): p. 37-51. 

46. Pereira, F., M.J. Larriba, and A. Muñoz, Vitamin D and colon cancer. Endocr 
Relat Cancer, 2012. 19(3): p. R51-71. 

47. Padi, S.K., et al., MicroRNA-627 mediates the epigenetic mechanisms of 
vitamin D to suppress proliferation of human colorectal cancer cells and 
growth of xenograft tumors in mice. Gastroenterology, 2013. 145(2): p. 437-
46. 

48. Larriba, M.J., A. García de Herreros, and A. Muñoz, Vitamin D and the 
Epithelial to Mesenchymal Transition. Stem Cells Int, 2016. 2016: p. 
6213872. 

49. Pendás-Franco, N., 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(32): p. 4467-77. 

50. Ebert, M.P., et al., TFAP2E-DKK4 and chemoresistance in colorectal cancer. N 
Engl J Med, 2012. 366(1): p. 44-53. 

51. Ben-Shoshan, M., et al., 1alpha,25-dihydroxyvitamin D3 (Calcitriol) inhibits 
hypoxia-inducible factor-1/vascular endothelial growth factor pathway in 
human cancer cells. Mol Cancer Ther, 2007. 6(4): p. 1433-9. 

52. Fernández-García, N.I., et al., 1alpha,25-Dihydroxyvitamin D3 regulates the 
expression of Id1 and Id2 genes and the angiogenic phenotype of human colon 
carcinoma cells. Oncogene, 2005. 24(43): p. 6533-44. 

53. Iseki, K., et al., Inhibition of angiogenesis as a mechanism for inhibition by 
1alpha-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 of colon 
carcinogenesis induced by azoxymethane in Wistar rats. Int J Cancer, 1999. 
81(5): p. 730-3. 



 16 

54. Álvarez-Díaz, S., et al., MicroRNA-22 is induced by vitamin D and contributes 
to its antiproliferative, antimigratory and gene regulatory effects in colon 
cancer cells. Hum Mol Genet, 2012. 21(10): p. 2157-65. 

55. Liu, Y., et al., The Jun/miR-22/HuR regulatory axis contributes to 
tumourigenesis in colorectal cancer. Mol Cancer, 2018. 17(1): p. 11. 

56. Xu, M., et al., MiR-22 suppresses epithelial-mesenchymal transition in bladder 
cancer by inhibiting Snail and MAPK1/Slug/vimentin feedback loop. Cell 
Death Dis, 2018. 9(2): p. 209. 

57. Wang, X., et al., Increased circular RNA hsa_circ_0012673 acts as a sponge of 
miR-22 to promote lung adenocarcinoma proliferation. Biochem Biophys Res 
Commun, 2018. 496(4): p. 1069-1075. 

58. Pietras, K. and A. Ostman, Hallmarks of cancer: interactions with the tumor 
stroma. Exp Cell Res, 2010. 316(8): p. 1324-31. 

59. Hanahan, D. and L.M. Coussens, Accessories to the crime: functions of cells 
recruited to the tumor microenvironment. Cancer Cell, 2012. 21(3): p. 309-
22. 

60. Augsten, M., Cancer-associated fibroblasts as another polarized cell type of 
the tumor microenvironment. Front Oncol, 2014. 4: p. 62. 

61. Öhlund, D., E. Elyada, and D. Tuveson, Fibroblast heterogeneity in the cancer 
wound. J Exp Med, 2014. 211(8): p. 1503-23. 

62. Ferrer-Mayorga, G., et al., Vitamin D receptor expression and associated gene 
signature in tumour stromal fibroblasts predict clinical outcome in colorectal 
cancer. Gut, 2017. 66(8): p. 1449-1462. 

63. Dankers, W., et al., Vitamin D in Autoimmunity: Molecular Mechanisms and 
Therapeutic Potential. Front Immunol, 2016. 7: p. 697. 

64. Krishnan, A.V. and D. Feldman, Mechanisms of the anti-cancer and anti-
inflammatory actions of vitamin D. Annu Rev Pharmacol Toxicol, 2011. 51: 
p. 311-36. 

65. Hopkins, M.H., et al., Effects of supplemental vitamin D and calcium on 
biomarkers of inflammation in colorectal adenoma patients: a randomized, 
controlled clinical trial. Cancer Prev Res (Phila), 2011. 4(10): p. 1645-54. 

66. Cohen-Lahav, M., et al., Vitamin D decreases NFkappaB activity by increasing 
IkappaBalpha levels. Nephrol Dial Transplant, 2006. 21(4): p. 889-97. 

67. Chen, Y., et al., Vitamin D receptor inhibits nuclear factor kappaB activation 
by interacting with IkappaB kinase beta protein. J Biol Chem, 2013. 288(27): 
p. 19450-8. 

68. Fekrmandi, F., T.T. Wang, and J.H. White, The hormone-bound vitamin D 
receptor enhances the FBW7-dependent turnover of NF-kappaB subunits. Sci 
Rep, 2015. 5: p. 13002. 

69. Leyssens, C., et al., Impact on Experimental Colitis of Vitamin D Receptor 
Deletion in Intestinal Epithelial or Myeloid Cells. Endocrinology, 2017. 
158(7): p. 2354-2366. 

70. He, L., et al., Gut Epithelial Vitamin D Receptor Regulates Microbiota-
Dependent Mucosal Inflammation by Suppressing Intestinal Epithelial Cell 
Apoptosis. Endocrinology, 2018. 159(2): p. 967-979. 

71. Zeichner, S.B., et al., Improved clinical outcomes associated with vitamin D 
supplementation during adjuvant chemotherapy in patients with HER2+ 
nonmetastatic breast cancer. Clin Breast Cancer, 2015. 15(1): p. e1-11. 



 17 

72. Bruns, H., et al., Vitamin D-dependent induction of cathelicidin in human 
macrophages results in cytotoxicity against high-grade B cell lymphoma. Sci 
Transl Med, 2015. 7(282): p. 282ra47. 

73. Bittenbring, J.T., et al., Vitamin D deficiency impairs rituximab-mediated 
cellular cytotoxicity and outcome of patients with diffuse large B-cell 
lymphoma treated with but not without rituximab. J Clin Oncol, 2014. 
32(29): p. 3242-8. 

74. Beyerle, J., et al., Biotransformation of xenobiotics in the human colon and 
rectum and its association with colorectal cancer. Drug Metab Rev, 2015. 
47(2): p. 199-221. 

75. Echchgadda, I., et al., Dehydroepiandrosterone sulfotransferase is a target for 
transcriptional induction by the vitamin D receptor. Mol Pharmacol, 2004. 
65(3): p. 720-9. 

76. Fan, J., et al., Up-regulation of transporters and enzymes by the vitamin D 
receptor ligands, 1alpha,25-dihydroxyvitamin D3 and vitamin D analogs, in 
the Caco-2 cell monolayer. J Pharmacol Exp Ther, 2009. 330(2): p. 389-402. 

77. Dzutsev, A., et al., Microbes and Cancer. Annu Rev Immunol, 2017. 35: p. 
199-228. 

78. Nowak, A., et al., Prebiotics and age, but not probiotics affect the 
transformation of 2-amino-3-methyl-3H-imidazo[4,5-f]quinoline (IQ) by fecal 
microbiota - An in vitro study. Anaerobe, 2016. 39: p. 124-35. 

79. Spanogiannopoulos, P., et al., The microbial pharmacists within us: a 
metagenomic view of xenobiotic metabolism. Nat Rev Microbiol, 2016. 14(5): 
p. 273-87. 

80. Rubinstein, M.R., et al., Fusobacterium nucleatum promotes colorectal 
carcinogenesis by modulating E-cadherin/beta-catenin signaling via its FadA 
adhesin. Cell Host Microbe, 2013. 14(2): p. 195-206. 

81. Assa, A., et al., Vitamin D deficiency predisposes to adherent-invasive 
Escherichia coli-induced barrier dysfunction and experimental colonic injury. 
Inflamm Bowel Dis, 2015. 21(2): p. 297-306. 

82. Ooi, J.H., et al., Vitamin D regulates the gut microbiome and protects mice 
from dextran sodium sulfate-induced colitis. J Nutr, 2013. 143(10): p. 1679-
86. 

83. Jin, D., et al., Lack of Vitamin D Receptor Causes Dysbiosis and Changes the 
Functions of the Murine Intestinal Microbiome. Clin Ther, 2015. 37(5): p. 
996-1009 e7. 

84. Chen, J., et al., Dysbiosis caused by vitamin D receptor deficiency confers 
colonization resistance to Citrobacter rodentium through modulation of 
innate lymphoid cells. Mucosal Immunol, 2015. 8(3): p. 618-26. 

85. Jahani, R., et al., Low vitamin D status throughout life results in an 
inflammatory prone status but does not alter bone mineral or strength in 
healthy 3-month-old CD-1 male mice. Mol Nutr Food Res, 2014. 58(7): p. 
1491-501. 

86. Mangin, M., R. Sinha, and K. Fincher, Inflammation and vitamin D: the 
infection connection. Inflamm Res, 2014. 63(10): p. 803-19. 

87. Wang, J., et al., Genome-wide association analysis identifies variation in 
vitamin D receptor and other host factors influencing the gut microbiota. Nat 
Genet, 2016. 48(11): p. 1396-1406. 

 



 18 

 


	Acknowledgements
	We thank Lucille Banham for her valuable assistance in the preparation of the English manuscript. The work in the authors' laboratories is supported by the Ministerio de Economía y Competitividad of Spain-Fondo Europeo de Desarrollo Regional (FEDER) (...

