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Abstract

The presence of the vitamin D receptor in mammary gland and breast cancer has been recognized 

since the early 1980s, and multiple pre-clinical studies have demonstrated that its ligand 1,25D 

modulates normal mammary gland development and sensitivity to carcinogenesis. Although 

studies have characterized many 1,25D responsive targets in normal mammary cells and in breast 

cancers, validation of relevant targets that regulate cell cycle, apoptosis, autophagy and 

differentiation, particularly in vivo, has been challenging. Vitamin D deficiency is common in 

breast cancer patients and some evidence suggests that low vitamin D status enhances the risk for 

disease development or progression. Model systems of carcinogenesis have provided evidence that 

both VDR expression and 1,25D actions change with transformation but clinical data regarding 

vitamin D responsiveness of established tumors is limited and inconclusive. Because breast cancer 

is heterogeneous, analysis of VDR actions in specific molecular subtypes of the disease is 

necessary to clarify the conflicting data. Genomic, proteomic and metabolomic analyses of in vitro 
and in vivo model systems is also warranted to comprehensively understand the network of 

vitamin D regulated pathways in the context of breast cancer heterogeneity.
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I. PRE-CLINICAL STUDIES ON VITAMIN D AND BREAST CANCER

VDR expression and effects of vitamin D in breast cancer cells

Expression of VDR in breast tissue—In 1980, Colston and Feldman (1) were the first 

to demonstrate VDR expression, as identified by specific 1,25D binding, in normal breast 

tissue. Subsequent studies verified that the majority of breast tumors and established breast 

cancer cell lines retained some VDR expression (2–4). Although some early studies 

suggested that the presence of tumor VDR independently correlated with better prognosis in 

breast cancer patients, the cumulative data remains inconclusive (5).

In vitro effects of VDR activation on breast cancer cells—Studies to determine the 

effect of VDR activation in breast tumor cells have clearly demonstrated inhibition of cell 
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cycle, induction of cell death and (in some model systems) induction of differentiation (6; 

7). Detailed analysis of the cell death process revealed that both apoptosis and autophagy are 

induced by 1,25D and/or synthetic VDR agonists in breast cancer cells in vitro (8–10). In 

co-treatment paradigms, the VDR analog EB1089 promoted autophagy in combination with 

irradiation of several breast cancer cell lines, including models of radioresistance such as 

Hs578T cells (9; 11). More recent follow-up of these data indicated that 1,25D-mediated 

autophagy is triggered in luminal but not basal-like breast cancer cells (12). These authors 

used The Cancer Genome Atlas (TCGA) breast dataset to demonstrate that the 1,25D 

specific autophagy profile was present in the normal mammary gland but was lost upon 

breast cancer progression. Collectively, these data clearly demonstrate that 1,25D modulates 

cell cycle, apoptosis and autophagy in VDR positive breast cancer cells.

Effects of VDR agonists on tumor growth in xenograft models

Translation of these in vitro observations to in vivo model systems was initially achieved 

through the use of synthetic vitamin D analogs that act as VDR agonists. In both chemically 

induced rat breast carcinomas and human breast cancer cell lines grown as xenografts, 

treatment with VDR agonists reduced tumor growth in the absence of hypercalcemia (13). 

Although these synthetic vitamin D analogs were generally more potent in early stage 

disease models (ie, MCF7 xenografts), effects were also demonstrated in estrogen 

independent tumor models including MCF-7 cells selected for anti-estrogen resistance (14) 

and mesenchymal-like SUM159PT cells (15). Quantitative histology of tumor sections 

demonstrated that these treatments induced cell cycle arrest and apoptosis, confirming that 

the in vitro results could be recapitulated in vivo. The physiological relevance of these 

observations was demonstrated in VDR null mice, which exhibited enhanced proliferation in 

response to hormonal surges during puberty and pregnancy and reduced apoptosis during 

post-lactation involution (16; 17). More recent studies have utilized dietary vitamin D 

manipulations to demonstrate that breast tumor growth is sensitive to vitamin D status (18; 

19). With respect to VDR mediated autophagy in vivo, Tavera-Mendoza et al (12) 

demonstrated that dietary vitamin D supplementation enhanced basal rates of autophagy in 

the mouse mammary gland.

VDR in tumor cells is necessary and sufficient for tumor suppression

Formal demonstration that VDR is necessary and sufficient for the tumor suppressive effects 

of vitamin D was achieved with mammary tumor cells derived from Vdr null mice (20; 21). 

Cells derived from wild-type mice expressed Vdr and exhibited cell cycle arrest, apoptosis 

and inhibition of invasion in response to 1,25D. In contrast, cells derived from VDR null 

mice were completely unresponsive to 1,25D in vitro. These cell lines were grown as 

xenografts in immunocompromised mice to determine whether Vdr in the tumor cells was 

necessary and sufficient for tumor suppression in vivo. In these experiments, tumor bearing 

mice were administered a VDR agonist (EB1089) or exposed to ultraviolet radiation (UVR) 

which increased serum 25D two-fold. Both interventions significantly reduced growth of 

xenografts derived from wild type (Vdr positive) cells but not of xenografts derived from 

Vdr null cells. These data suggest that VDR agonists and serum 25D suppress tumor growth 

via direct effects on Vdr in tumor cells rather than systemically or indirectly in accessory 
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cells of the tumor microenvironment (such as immune cells, adipocytes or endothelial cells) 

which in this model originate from the normal host mice and thus express functional VDR.

Impact of the vitamin D pathway on mammary tumorigenesis in transgenic models

Transgenic mouse models of mammary carcinogenesis typically rely on the mouse 

mammary tumor virus (MMTV) promoter to drive expression of transgenes that act as 

oncogenes. The MMTV promoter induces expression in hormone responsive mammary 

epithelial cells during puberty as estrogen and progestin surge. It is important to note that 

tumors induced in these models arise from hormone responsive cells but in some cases the 

resultant tumors become estrogen independent. Specific transgenic mammary tumors that 

have been demonstrated to be altered by vitamin D (either via dietary manipulation or VDR 

agonist treatment) are summarized in Table 1 (22–28). Also included are studies which 

reported that tumor outcomes were affected when tumor prone mice were crossed onto the 

Vdr null (25; 26) or Cyp27b1 null (27) backgrounds. From these studies, it became evident 

that vitamin D mediated tumor suppression pathways can be triggered in many distinct 

mammary tumor models, some of which closely mimic human breast cancers. These studies 

also demonstrated that tumors accumulated both 25D and 1,25D (27; 28) and that deletion of 

either Vdr or Cyp27b1 enhanced tumorigenesis (25; 26).

Impact of the vitamin D pathway on metastatic spread of mammary tumors

Multiple approaches have been employed to examine the impact of vitamin D signaling on 

breast cancer metastasis. Early studies indicated that VDR agonists not only reduced 

primary tumor growth but also suppressed metastatic spread (15). In a transgenic model 

(MMTV-RON mice), deletion of VDR was associated with more extensive metastasis to 

liver and lung (25), an effect driven by activation of β-catenin. Using a xenograft model of 

breast cancer metastasis to bone, Ooi et al (29) demonstrated that osteolytic lesions appeared 

earlier and were significantly larger in vitamin D-deficient compared to vitamin D-sufficient 

mice. Inhibition of metastatic growth in bone was attributed to actions of vitamin D on 

tumor cells as well as effects on the bone microenvironment. Zhang et al (30) utilized 

clinical tissue from human breast cancers and a syngeneic mouse model of breast cancer 

with differential metastasis to demonstrate that VDR expression negatively correlated with 

metastasis. In addition, this group reported that overexpression of VDR in tumor cells 

reduced metastatic growth, an effect which was mediated through inhibition of TNFα 
release from tumor-associated macrophages.

Effects of vitamin D on human breast cancer slices ex vivo

Two groups have independently profiled the effects of 1,25D on global gene expression 

profiles in human breast cancer explants which better mimic the heterogeneity and 

complexity of the tumor microenvironment. Milani et al (31; 32) identified genes regulated 

by low (0.5nM) and high (100nM) concentrations of 1,25D and confirmed four of these 

(CYP24A1, CLMN, EFTUD1, SERPINB1) as up-regulated within 24h of exposure. 

Subsequently, Sheng et al (33) performed similar studies with both tumor and adjacent 

normal tissue from breast cancer patients as well as breast tissue from healthy women. 

Remarkably, the same four genes (CYP24A1, CLMN, EFTUD1 and SERPINB1) were 

found to be consistently up-regulated by 1,25D in this second study. In a correlative study, 
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higher expression of two of these genes (CLMN and EFTUD1) was associated with 

significantly improved patient survival, suggesting that induction of these target genes by 

endogenous vitamin D signaling could be relevant in the context of tumor suppression.

Summary of pre-clinical studies

It is clear from cell, molecular and animal studies that the vitamin D endocrine system is 

expressed and functional during normal breast development (for more details there are a 

number of recent reviews (5; 6; 34) on this subject). Furthermore, activation of VDR has 

consistently been demonstrated to lead to tumor suppression in breast cancer cells and 

tumors (cell cycle arrest, apoptosis, autophagy, etc). Although systemic effects (ie, on 

obesity) and paracrine signaling (ie, via cancer cells and immune cells) may contribute to 

tumor suppression, both VDR and CYP27B1 can independently mediate local effects 

directly in tumor cells. Evidence also supports the accumulation of vitamin D metabolites 

(25D and 1,25D) within tumor tissue. The tumor suppressive effects of vitamin D and its 

receptor have been demonstrated in many different models and multiple pathways and 

targets have been implicated in vitamin D actions. At least a subset of the identified vitamin 

D regulated genes have known relevance to progression of human breast cancers. Thus, the 

pre-clinical data strongly supports the expectation that vitamin D status would correlate with 

indicators of breast cancer risk, progression and/or survival in observation and intervention 

studies.

II. UPDATE ON TRANSLATIONAL STUDIES

Are the tumor suppressive effects of vitamin D signaling observed in pre-clinical studies 
relevant to human breast cancer?

Hundreds of observational and clinical studies have addressed the possibility that vitamin D 

status alters development or progression of breast cancer. Studies have examined the 

presence of VDR, CYP27B1 and CYP24A1 in tumors in relation to progression and the 

impact of vitamin D status (as reflected by serum 25D and 1,25D, UVR exposure, dietary 

intakes, use of supplemental vitamin D, SNPs in vitamin D pathway genes, etc) on both 

development and progression of breast cancer. Readers are referred to recent reviews for 

details (6; 34) as only a few most recent studies will be discussed here.

UVR and breast cancer risk

As reviewed by Zamoiski et al (35), twelve published studies (10 population or cohort 

studies; two case controls) have assessed the relationship between UVR and breast cancer. 

Of these, two showed inverse relationships, three were null for all analyses and seven 

reported mixed results (ie, some but not all biomarkers of dermal vitamin D synthesis were 

correlated with risk). A major new analysis (35) examined the relationship between ambient 

UVR, time spent outdoors, sun sensitivity factors, and subsequent risk of first primary breast 

cancer using data from the United States Radiologic Technologists (USRT) study. This was 

the first study to prospectively examine multiple UVR related factors in a large nationwide 

cohort, using information on personal sun sensitivity, sun exposure over the lifetime, and 

detailed lifestyle factors in subjects residing in all 50 states and thus exposed to a wide range 

of ambient UVR. Over 36,0000 women were included, and satellite based analysis of UVR 
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combined with lifetime residential history and sun susceptibility factors and history (skin 

pigmentation, eye/hair color, sunburns, use of tanning beds and sunlamps, protective 

clothing while outdoors, etc) were integrated over five age periods (childhood, puberty, 

young adult, middle age, post-menopausal). Contrary to the hypothesis that UVR generated 

vitamin D would reduce breast cancer risk, all analyses in this study were null, meaning 

there were no significant associations between any of the indices of dermal vitamin D 

synthesis at any age periods (or overall) with breast cancer development. As pointed out in a 

comment on this article by Grant (36), limitations of this study included failure to assess 

sunscreen use and possible confounders such as obesity and diabetes. The authors 

acknowledge that the focus of their study was UVR and not vitamin D, and that no attempts 

were made to assess dietary or supplemental vitamin D or serum 25D (37). Another 

limitation is that the heterogeneity of breast cancer was not taken into account, which could 

mask a UVR-vitamin D link if the effects of vitamin D are restricted to, or stronger in, 

specific subtypes of the disease.

Serum 25D and breast cancer risk

Although many studies have addressed the relationship between serum 25D and breast 

cancer risk, there is no clear consensus on the optimal serum level of 25D (if any) associated 

with the lowest risk for breast cancer. Although widely considered to be the best indicator of 

vitamin D status and the most relevant metabolite with respect to tissue actions, most studies 

measure total 25D (as opposed to free 25D) and fail to assess the known genetic variations 

that affect 25D. Typically serum 25D is assessed in a single sample which if necessary is 

corrected for seasonality, a non-trivial process (38). No human cancer studies have assessed 

tissue levels of vitamin D metabolites. Despite these caveats, several studies (particularly 

case-control studies) have reported inverse correlations between serum 25D and breast 

cancer risk, especially for post-menopausal cases. One of these widely cited case-control 

studies was a 2005 analysis of the Nurses Health Study, a cohort of >120,000 nurses (39). 

Analysis of 25D in stored blood samples from over 700 cases and 700 controls indicated that 

women in the highest quintile had a breast cancer relative risk of 0.73 compared to women 

in the lowest quintile, but this difference did not reach statistical significance. In 2016 this 

cohort was re-evaluated, now with 1506 cases and 1506 matched controls. Uniquely, this 

study included two blood samples collected 10 years apart (allowing an assessment of 

timing of vitamin D status) and a 20 year follow-up. Among all cases, plasma 25D levels 

[top (32.7 ng/mL) vs. bottom (<17.5 ng/mL) quintile] were not significantly associated with 

breast cancer risk. Estimates were similar for cases diagnosed less than 10 years and 10–20 

years after blood collection. Stratification for the season of blood collection revealed that 

women with the lowest serum 25D in summer did have a significantly higher risk of breast 

cancer. The authors speculate that women who were deficient in summer were more likely to 

be deficient year round, further enhancing their risk of breast cancer relative to those who 

were deficient only in winter. This data highlights the need for a better understanding of the 

importance of seasonal variations in vitamin D status. The study also included extensive 

assessment of tumor prognostic and histologic indices (ER status, cancer subtype, lymph 

node status, tumor size, etc.), but no significant correlations with serum 25D for any of these 

biomarkers were found.
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Serum 25D and breast cancer survival

The latest study to assess vitamin D status in relation to breast cancer survival was a large 

prospective analysis of the Pathways cohort (40). This cohort was established within the 

Kaiser Permanente health care delivery system in northern California. Women with a 

diagnosis of incident invasive breast cancer were typically enrolled within 2 months of 

diagnosis. In the 1666 members of this cohort who developed breast cancer, higher serum 

25D was strongly associated with superior prognosis. Women with higher levels of 25D had 

better overall survival, and in premenopausal women, also better breast cancer specific 

survival (BCSS), relapse free survival (RFS) and invasive disease free survival (IDFS). 

There were inverse associations of 25D with tumor stage and tumor grade, and among 

premenopausal women 25D concentrations were the lowest in women with triple negative 

breast cancer, an aggressive subtype of the disease. Premenopausal women with the highest 

25D levels had significantly reduced odds of triple negative tumors compared with those in 

the lowest third. These data highlight the importance of vitamin D status in breast cancer 

survivors as well as the heterogeneity of disease associations with serum 25D.

III. UNDERSTANDING THE FREQUENT DISCONNECTS BETWEEN PRE-

CLINICAL AND TRANSLATIONAL STUDIES

The importance of breast cancer heterogeneity

It is well appreciated that human breast cancer can be classified into several subtypes with 

different incidences, treatment strategies and prognoses. As noted above in the Pathways 

study, vitamin D status may be particularly important for survival of women with triple 

negative breast cancer, an aggressive form of the disease with few effective treatment 

options. Although the genesis of the multiple subtypes of breast cancer remains to be 

elucidated, it is likely that they arise from distinct epithelial cell types normally present in 

the breast. The two major types of epithelial cells are the basal (myo-epithelial) and luminal 

(ductal and lobular) cells, both of which arise from a common mammary stem cell. Although 

little is known about vitamin D actions in specific breast cell lineages, recent studies have 

provided some insight into the expression of the vitamin D pathway during the transition of 

mammary stem cells into basal and luminal cells. Lim et al (41) conducted unbiased 

transcriptomic analysis of sorted populations of mammary stem cells, luminal progenitor 

cells and mature luminal cells from both mouse and human breast tissue to identify unique 

gene signatures associated with each cell type. Surprisingly, CYP24A1 was one of only 

three genes demonstrated to be uniquely expressed in the luminal progenitor cell type 

isolated from both human and mouse breast tissue. This was the first data to suggest that a 

gene that encodes a vitamin D related protein was present (and presumably functional) 

during mammary cell lineage development.

A related study by an independent group focused on identification of proteins that are 

differentially expressed in basal and luminal cell types in the normal human breast (42). Of 

fifteen hormone receptors examined, only three (ER, VDR, AR) were found to have bimodal 

expression in basal versus luminal cells. Multiplex immunofluorescence was therefore used 

to characterize ER, VDR and AR expression in >15,000 normal breast cells, leading to the 

identification of eleven differentiation states for luminal cells and two for basal cells. Co-
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expression of cytokeratins and proliferation markers was used to develop a hierarchy of 

these cellular differentiation states in relation to hormone receptor expression (43). 

Regarding expression of the VDR protein, several important observations were made. First, 

VDR positive cells were always negative for the proliferation marker Ki67, consistent with 

the concept that VDR signaling is anti-proliferative. Second, VDR was not expressed in the 

earliest progenitor (transit amplifying) cells but was acquired in post-mitotic progenitor 

cells, consistent with the cell type shown to express CYP24A1 in the Lim et al study (41). 

Third, of the eleven distinct mature luminal cell types, five expressed VDR (either as the 

only hormone receptor or in association with AR, ER or both). This finding suggests that 

VDR becomes repressed in a percentage of luminal progenitors as they transition into 

distinct subsets of differentiated luminal epithelial cells. The mechanism of VDR repression 

is unknown, but the implication is that breast cancers derived from these lineages would be 

expected to be VDR negative and insensitive to vitamin D status. Fourth, mature 

myoepithelial cells did not express VDR and it was suggested that loss of VDR expression 

in the post-mitotic progenitor cells might be permissive for myoepithelial cell 

differentiation. These concepts are incorporated into the schematic shown in Figure 1. It is 

important to note that the cell types identified in normal breast were found to be 

recapitulated in breast cancers, and that patient survival data demonstrated that women 

whose tumors expressed all three hormone receptors (ER, AR and VDR) had the best 

prognosis.

Deregulation of VDR during carcinogenesis

In addition to the heterogeneity of VDR expression in normal breast epithelial cells, changes 

in the function and expression of this receptor likely occurs during the initiation and 

progression of breast cancer. Through analysis of VDR expression in normal and breast 

cancer cells using ENCODE data, Saccone et al (44) reported considerable VDR 

heterogeneity at the transcript level. Fourteen distinct VDR transcripts were identified in 

ENCODE datasets and these have been sequenced verified from various cell types. These 

transcripts arise from four different promoters, some of which are tissue specific. In breast 

cells at least four different transcripts were validated, two which are predicted to produce 

full length VDR and two of which are predicted to produce truncated VDRs of 395 or 36 

amino acids. The functionality of such truncated VDRs is unknown. Expression of specific 

VDR variants was examined by Marik et al (45) who found that the levels and patterns of 

splice variants of VDR were markedly different in breast cancer compared to normal breast 

epithelial tissue. Breast cancer tissues showed extensive heterogeneity and variability, 

particularly in the shorter variants which are barely detectable in normal tissue. The authors 

also reported that the levels of full-length VDR transcripts were markedly lower in breast 

cancer tissue compared to normal breast tissue. This data is consistent with reports of VDR 

deregulation in response to oncogene expression in breast epithelial cells (46) and 

demonstration that explants from breast cancers are less sensitive to 1,25D than explants 

from adjacent normal tissue or healthy breast epithelium (33).

In addition to the transcript variants, emerging data has highlighted novel mechanisms for 

VDR regulation at the epi-genetic level. Marik et al (45) utilized bisulfite sequencing of the 

VDR promoter region to identify two CpG hypermethylated regions in breast cancer cell 

Welsh Page 7

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lines and in primary breast cancers obtained from patients. To validate the notion that VDR 

is methylated in breast cancer, quantitative methylation-specific PCR was performed with 

DNA from eight human breast cancers and seven adjacent normal breast samples. This 

technique confirmed highly methylated CpG islands (40–65%) in primary breast tumors but 

low levels in adjacent normal breast tissue (5–15%). In vitro, treatment of breast cancer cell 

lines with demethylating agents coordinately enhanced the expression of VDR and 

sensitivity to 1,25D mediated growth inhibition.

Collectively, these recent studies suggest that VDR functions during mammary cell lineage 

development and that its regulation in healthy human breast tissue is complex. In human 

breast cancers, distinct VDR transcript variants have been identified. Breast cancers also 

exhibit extensive VDR methylation patterns leading to receptor silencing. Thus, failure of 

translational studies to take the heterogeneity of VDR in breast cancer tissue into account 

could underestimate the effects of vitamin D status on disease occurrence. Additional studies 

are warranted to explore the heterogeneity of other genes in the vitamin D pathway 

(CYP24A1, CYP27B1) during breast cancer progression.

IV. SUMMARY

Vitamin D signaling in normal breast and in breast cancer is highly heterogeneous and 

incompletely understood. Data from pre-clinical studies needs to be re-interpreted in the 

context of this VDR heterogeneity. Depending on the specific cell type of origin, an 

individual’s breast tumor may be inherently vitamin D responsive or vitamin D resistant. In 

addition, vitamin D resistance could emerge during tumor progression through mechanisms 

such as VDR methylation or CYP24A1 amplification. Transgenic breast cancer models 

which employ the MMTV-promoter drive transgene expression in estrogen responsive 

luminal cells, but VDR is not expressed in all ER positive cell populations and is expressed 

in some ER negative luminal cell populations. Transgenic models utilizing promoters other 

than MMTV and/or other approaches that model the heterogeneous breast cell populations 

that express VDR need to be explored in the context of vitamin D signaling. In addition the 

relevance of cell lineage data derived from genetically inbred mouse strains to human breast 

tissue needs to be addressed.

Other issues which remain to be clarified regarding vitamin D and breast cancer include 

tissue uptake, storage and metabolism in specific breast compartments. The adipose-rich 

stroma surrounding the epithelial tissue expresses CYP27B1 (47; 48) and may serve as a 

storage pool of vitamin D3 or 25D3. Better understanding of how chronic vitamin D 

deficiency or seasonal variations in vitamin D status alter vitamin D metabolite pools in 

breast tissue is needed. Studies to determine whether there are critical windows during breast 

development (puberty, pregnancy or menopause for example) when vitamin D status is 

especially important are also warranted.

Despite the heterogeneous nature of breast tumors with respect to vitamin D signaling, 

exploring the concept of VDR as a therapeutic or preventive target for human breast cancer 

is warranted. The predicted number of new cases of breast cancer in the US exceeds 250,000 

for 2017. Even if only half of these women develop tumors with functional VDR (VDR 
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expression estimates vary from 90% in ER positive tumors to 27% in basal/triple negative 

tumors), approximately 125,000 women would be potentially responsive to vitamin D based 

therapy. Even if such therapies were only effective in patients with pre-existing deficiency, 

over 50,000 newly diagnosed women could conceivably benefit from vitamin D 

supplementation based on the 42% prevalence of deficiency (serum 25D < 50nM) reported 

in US women (49). Although these calculations represent rough estimates, they suggest that 

attention to vitamin D status could significantly impact a large percentage of women who 

are living with a breast cancer diagnosis.
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Highlights

• Vitamin D triggers actions consistent with cancer prevention in breast cells

• VDR is differentially expressed during murine mammary cell lineage 

determination

• Genetic and epi-genetic changes in VDR may alter vitamin D responses in 

breast cancer

• Correction of vitamin D deficiency in women with breast cancer is 

recommended
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Figure 1. Model depicting VDR expression during mammary stem cell lineage determination
Mammary stem cells are capable of asymmetric division which generates daughter stem 

cells and transit amplifying cells. The transit amplifying cells proliferate slowly and give rise 

to non-cycling progenitor cells, the earliest cell type in this hierarchy that has been 

demonstrated to express VDR. This cell population (or a slightly later VDR positive 

progenitor cell) also expresses CYP24A1. Both basal and luminal cell populations originate 

from the VDR positive progenitor cell. In the course of basal cell differentiation VDR 

expression is silenced. During luminal cell differentiation both VDR positive and VDR 

negative cells arise. Eleven luminal cell populations have been identified based on 

expression of cytokeratins and hormone receptors (ER, AR, VDR). Five of the eleven 

luminal cell populations express VDR. Any of the cell populations shown here could 

theoretically give rise to breast cancer, leading to extraordinary heterogeneity in VDR 

expression. Schematic is based on data from refs 41–43; see text for additional details.
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TABLE 1

Summary of studies that have examined the impact of the vitamin D pathway in transgenic models of breast 

cancer.

Model Study Description Outcome Reference

bLHβ-CTP mice: Mammary 
hyperplasia and spontaneous 
tumors develop in response to 
chronic, systemic LH production

Effect of short term treatment of 
tumor bearing mice with EB1089 on 
proliferation and tumor burden.

LH-driven tumors had high Vdr 
expression. EB1089 inhibited tumor cell 
proliferation and reduced tumor burden in 
~50% of treated mice.

Milliken et al, 2002 
(23)

MMTV-Neu mice: Mammary 
tumors develop in response to 
targeted expression of Neu 
oncogene (models HER2 
positive human breast cancer)

MMTV-Neu mice were crossed with 
Vdr null mice. Ductal morphology, 
pre-neoplastic lesions and tumor 
burden were evaluated.

High expression of Vdr in MMTV-Neu 
tumors and lung metastatic foci. 
Abnormal ductal morphology in Vdr-null 
and Vdr-Het mice. . Increased tumor 
incidence in Vdr-Het vs. Vdr-WT mice 
on MMTV-Neu background.

Zinser et al, 2004 
(26)

MMTV-Neu mice were treated with 
VDR agonist BXL0124

BXL0124 decreased tumor weight, 
incidence and multiplicity and inhibited 
ErbB2, Erk and Akt signaling.

Lee et al, 2010 (24)

MMTV-Neu mice were treated with 
BXL0124 ± CDDO-Im (synthetic 
triterpenoid) either before or after 
tumor onset.

In prevention protocol, both BXL0124 
and CDDO-Im delayed tumor 
development but the combination was 
most effective. In the therapeutic 
protocol, administration of the 
combination did not reduce tumor burden.

So et al, 2013 (22)

MMTV-Ron mice: Metastatic 
mammary tumors develop in 
response to Ron oncogene 
expression.

MMTV-Ron mice were crossed with 
Vdr null mice. Hyperplasia, tumor 
burden and β-catenin signaling were 
evaluated.

Vdr deletion enhanced Ron-mediated 
mammary hyperplasia, tumor burden and 
metastasis to lungs and liver. β-catenin 
signaling was elevated in Vdr ablated 
tumors.

Johnson et al, 2015 
(25)

MMTV-PyMT mice: Rapid 
onset mammary tumors that 
metastasize to lung. Develop in 
response to targeted expression 
of polyoma middle T antigen.

Tumorigenesis was evaluated in 
MMTV-PyMT mice fed low 
(25IU/kg) vs standard (1000IU/kg) 
vitamin D diets and in mice perfused 
with 25D or 1,25D. Tumor vitamin D 
metabolites were measured.

Low dietary vitamin D accelerated 
tumorigenesis relative to standard diet. 
Systemic perfusion with 25D or 1,25D 
delayed tumorigenesis and decreased lung 
metastasis. Both 25D and 1,25D were 
detected in tumors.

Rossdeutscher et 
al, 2015 (28)

Tumor development was evaluated in 
MMTV-PyMT mice with mammary-
specific deletion of Cyp27b1.

Targeted ablation of Cyp27b1 in MMTV-
PyMT mice accelerated mammary 
hyperplasia and tumorigenesis. NfKB and 
JAK-STAT signaling were increased in 
Cyp27b1 ablated tumors. Cyp27b1 
ablation reduced tumor 1,25D level.

Li et al, 2016 (27)
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