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ABSTRACT
To elucidate potential mediators of vitamin D receptor (VDR) action in breast cancer, we profiled the genomic effects of its ligand 1,25-
dihydroxyvitamin D3 (1,25D) in cells derived from normal mammary tissue and breast cancer. In non-transformed hTERT-HME cells, 483
1,25D responsive entities in 42 pathways were identified, whereas in MCF7 breast cancer cells, 249 1,25D responsive entities in 31 pathways
were identified. Only 21 annotated genes were commonly altered by 1,25D in both MCF7 and hTERT-HME cells. Gene set enrichment analysis
highlighted eight pathways (including senescence/autophagy, TGFb signaling, endochondral ossification, and adipogenesis) commonly
altered by 1,25D in hTERT-HME and MCF7 cells. Regulation of a subset of immune (CD14, IL1RL1, MALL, CAMP, SEMA6D, TREM1, CSF1,
IL33, TLR4) and metabolic (ITGB3, SLC1A1, G6PD, GLUL, HIF1A, KDR, BIRC3) genes by 1,25D was confirmed in hTERT-HME cells and
similar changes were observed in another comparable non-transformed mammary cell line (HME cells). The effects of 1,25D on these genes
were retained in HME cells expressing SV40 large T antigen but were selectively abrogated in HME cells expressing SV40þRAS and in MCF7
cells. Integration of the datasets from hTERT-HME and MCF7 cells with publically available RNA-SEQ data from 1,25D treated SKBR3
breast cancer cells enabled identification of an 11-gene signature representative of 1,25D exposure in all three breast-derived cell lines. Four of
these 11 genes (CYP24A1, CLMN, EFTUD1, and SERPINB1) were also identified as 1,25D responsive in human breast tumor explants,
suggesting that this gene signature may prove useful as a biomarker of vitamin D exposure in breast tissue. J. Cell. Biochem. 116: 1693–1711,
2015. © 2015 Wiley Periodicals, Inc.
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Cholecalciferol (vitamin D3) is a seco-steroid that gives rise to
1a,25-dihydroxyvitamin D3 (1,25D), the ligand for the nuclear

vitamin D receptor (VDR). VDR is expressed inmost tissues including
the mammary gland [Berger et al., 1987; Zinser and Welsh, 2004]
where it can heterodimerize with retinoid X receptors (RXR) to
generate transcription complexes that induce and repress gene
expression. Recent ChIP-Seq datasets generated from diverse human
cell lines (osteoblasts, monocytes, lymphoblastoid cells, colorectal
cancer cells, and hepatic stellate cells) indicate that liganded VDR
binds 1,600–6,200 distinct genome regions depending on cell type,
timing, and experimental protocol [Meyer et al., 2010, 2012;
Heikkinen et al., 2011; Ding et al., 2013]. In these published datasets,
the majority of VDR binding sites comprise direct-repeat 3 (DR3)

sequences and co-localize with RXR binding and open chromatin
but are not necessarily located in proximal promoter regions of
regulated genes [Meyer et al., 2010, 2012; Heikkinen et al., 2011;
Ding et al., 2013].

Sub-optimal vitamin D status is common in human populations
and has been linked to a variety of chronic diseases including cancer.
Epidemiologic studies largely support an inverse relationship
between indices of vitamin D status (i.e., dietary intake, sun
exposure, serum vitamin D metabolites) and breast cancer risk,
progression, or mortality [Kim et al., 2014;Maalmi et al., 2014;Mohr
et al., 2014; Vrieling et al., 2014]. Mechanistically, most breast
tumors retain VDR gene expression although some studies suggest
progressive loss of VDR expression and/or function as cancer
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progresses [Buras et al., 1994; Mittal et al., 2008; Lopes et al., 2010].
In VDR positive breast cancer cells, 1,25D exerts many anti-cancer
actions including growth arrest, induction of apoptosis, and
inhibition of migration/invasion [Laporta and Welsh, in press;
Narvaez and Welsh, 2001; So et al., 2013]. Studies in mammary
tumor cells derived from VDR null mice have demonstrated that the
anti-cancer actions of 1,25D require functional VDR [Zinser et al.,
2003] and scores of VDR regulated genes and proteins have been
reported in various model systems of breast cancer [Swami et al.,
2003; Byrne and Welsh, 2007; Goeman et al., 2014].

More recent mechanistic data supports the concept that 1,25D-
VDR may signal in normal mammary cells to prevent or delay
carcinogenesis [Kemmis et al., 2006; Rowling et al., 2006]. Non-
tumorigenic human mammary epithelial (HME) cells express both
VDR and CYP27B1, the enzyme that generates 1,25D from the
circulating metabolite 25-hydroxyvitamin D (25D). In these cells,
treatment with either 1,25D or 25D leads to growth arrest and
induction of differentiation markers such as E-cadherin [Kemmis
et al., 2006]. Similarly, in normal mouse mammary gland, 1,25D
alters branching morphogenesis and inhibits hormone stimulated
proliferation of the ductal epithelium in a VDR dependent manner
[Zinser and Welsh, 2004]. The specific downstream targets that
mediate the effects of 1,25D in normal mammary cells have yet to be
defined, and the impact of transformation on VDR signaling has not
been well-studied.

In the studies reported here, we used whole-genome profiling to
compile a dataset of 1,25D regulated genes in cell lines derived from
both normal mammary tissue and breast cancer. We subsequently
explored the impact of transformation on several newly identified
VDR targets related to innate immunity and cellular metabolism. Our
data suggest that transformation is associated with reduced VDR
expression which limits the induction of some, but not all, 1,25D
gene targets. Despite these transformation-dependent changes in
VDR signaling, integration of our gene lists with publically available
array datasets enabled identification of an 11-gene signature
representative of 1,25D exposure in both normal and transformed
breast cells.

METHODS

CELL CULTURE
These studies employed non-transformed mammary epithelial cell
lines as well as the breast cancer cell line MCF7. Two similar but
unrelated lines of non-transformed mammary epithelial cells, both
of which were derived from surgical resection of healthy female
breast tissue, were used. Each was immortalized in independent
labs through retroviral introduction of human telomerase reverse
transcriptase (TERT). The hTERT-HME cell line was originally
marketed by Clontech as the InfinityTM Human Mammary
Epithelial Cell Line and is currently available from ATCC (CRL-
4010). The other non-transformed mammary epithelial cell line
(termed HME cells) was generated in a similar fashion by Dr.
Robert Weinberg [Elenbaas et al., 2001] and was used for
comparative purposes. Transformed derivatives of the Weinberg
HME cell line were also studied, including the HME-LT cells (HME

cells engineered for constitutive expression of the SV40 oncogene)
and the HME-PR cells (constitutively expressing both SV40 and
HrasV12). These three cell lines constitute a well-studied model of
mammary epithelial cell transformation [Elenbaas et al., 2001].
The hTERT-HME, HME, HME-LT, and HME-PR cell lines were
maintained in serum-free M171 media containing mammary
epithelial growth supplements (Life Technologies, Grand Island,
NY). MCF7 human breast cancer cells, derived from a female
invasive ductal carcinoma, were originally obtained from ATCC
(Manassas, VA) and were cultured in a-Minimum Essential Media
(a-MEM) supplemented with 5% fetal bovine serum (FBS). All cell
lines were maintained in a 37°C and 5% CO2 incubator and
passaged every 3–4 days.

MICROARRAY PROFILING AND DATA ANALYSIS
RNA isolated fromhTERT-HME orMCF7 cells (2–3 replicates) treated
for 24 h with a pharmacologic dose of 100 nM 1,25-dihydroxyvi-
tamin D3 (1,25D, Sigma) or ethanol vehicle was hybridized to
GeneChip1 Human Gene ST 1.0 arrays (Affymetrix, Santa Clara,
CA). The genomic datasets from the two cell lines were independ-
ently analyzed to identify 1,25D regulated genes using GeneSpring v
12.6 software (Agilent Technologies, Inc, Santa Clara, CA). Briefly,
the baseline was transformed to the median of all samples and the
data were filtered on expression (lower limit 20th percentile, upper
limit 100th percentile). The filtered entities were statistically
analyzed for the effect of 1,25D with a moderated t-test using
Benjamini Hochberg FDR correction and a fold change limit of 1.5.
The resulting lists (Supplementary Table S1) of 1,25D regulated
genes (P< 0.05, fold change >1.5) from the two cell lines were
subsequently subjected to Venn analysis on GeneSpring to identify
overlap of the datasets. Pathway analysis was independently
conducted for the entity lists derived from each cell line using
pathways imported into GeneSpring from the Wiki Pathways portal
(http://www.wikipathways.org/index.php/WikiPathways). Gene on-
tologies associated with the differentially expressed genes were
identified with David Bioinformatics Resources v. 6.7 through
GeneSpring.

To assess the degree of overlap of 1,25D responsive genes in these
cell lines with other breast cancer model systems, comparative
analysis was conducted with publically available datasets derived
from 1,25D treated SKBR3 cells [Goeman et al., 2014] and breast
tumor explants [Milani et al., 2013]. The SKBR3 dataset represents
RNA-SEQ analysis of cells treated with 100 nM 1,25D for 6 h. The
data were obtained from Supplementary Table S2 of the original
paper [Goeman et al., 2014] which lists differentially expressed genes
with at least 0.58 fold-change for the log2-transformed expression
values filtered at the P< 0.001 level. The dataset of 1,25D regulated
genes in breast tumor explants was obtained by microarray analysis
of invasive breast cancer tissue incubated ex vivowith 100 nM1,25D
for 24 h as described by Milani et al. [Milani et al., 2013]. Genes with
a fold change >1.5 (control vs. 1,25D-treated) with significance at
the P< 0.05 level as assessed by repeated measures ANOVA were
included in the comparative analyses. The raw data is available in
GEO (Gene Expression Omnibus) Datasets under accession no.
GSE27220.
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INDEPENDENT VALIDATION OF GENE EXPRESSION
A subset of candidates identified by the microarray profiling as
1,25D-regulated genes in hTERT-HME and MCF7 cells was further
assessed by qPCR in independent samples. For these assays, 106 cells
(hTERT-HME, HME, HME-LT, HME-PR or MCF7) in 100mm dishes
were treated 24–48 h after plating with 100 nM 1,25D or ethanol
vehicle for 24 h. All data are representative of 3–4 independent RNA
isolations. RNA was isolated with the Qiagen RNeasy kit (Qiagen,
Valencia, CA) and analyzed for concentration and purity on a
Nanodrop 1000 Spectrophotometer. cDNA was prepared using
TaqMan Reverse Transcriptase Reagents (Life Technologies, Grand
Island, NY) and analyzed in duplicate using SYBR Green PCRMaster
Mix (ABgene-Thermo Scientific, Pittsburgh, PA) on an ABI Prism
7900HT Sequence Detection System (Applied Biosystems, Foster
City, CA). Primer sequences were obtained from Origene and are
listed in Supplementary Table S2. Data were calculated by the DDCt
method and normalized against 18S expression. When one cell type
was analyzed, values for 1,25D treated cells were expressed relative
to values obtained for vehicle treated cells. When multiple cell types
were compared, data were expressed relative to one of the cell lines
(i.e., HME for the transformed derivatives or MCF7 for the
comparison to hTERT-HME cells) in order to better visualize
differences in basal gene expression among the cell lines. Statistical
analysis was conducted with GraphPad Prism software (La Jolla, CA)
using a one-tailed, unpaired t-test (with Welch’s correction when
appropriate), one-way ANOVA or two-way ANOVA to test for
differences in responsiveness to 1,25D among cell lines. For all data,
P-values less than 0.05 were considered significant.

RESULTS

MICROARRAY PROFILING OF 1,25D-TREATED hTERT-HME CELLS
To identify targets of vitamin D signaling in non-transformed
mammary epithelial cells, genomic profiles were examined in
hTERT-HME cells treated for 24 h with 100 nM 1,25D. We identified
483 entities that were significantly (P< 0.05) altered >1.5 fold in
response to 1,25D (319 up-regulated/164 down-regulated). Table I
lists the top 20 up-regulated genes, which included CYP24A1, CD14,
ITGB3, and BMP6. Table II lists the top 20 down-regulated genes,
which included KDR, BIRC3, RGS2, and GLUL. The full list of
annotated genes, with fold change in response to 1,25D treatment
and P values, is available as Supplementary Table S1. Many of the
genes in this dataset, including CD14, IGFBP3, GRK5, BMP6 and
TGFB2 have been frequently reported as 1,25D responsive [Swami
et al., 2003; Lee et al., 2006; Fleet et al., 2012].

Using WIKI pathways within the Genespring program we
identified 42 pathways that were significantly (P< 0.05) enriched
in this 1,25D-regulated dataset including senescence and autophagy,
cell cycle checkpoints, and TGFb signaling (Table III). Regulation of
these pathways by 1,25D is not surprising since longer term
incubation of hTERT-HME cultures with 100 nM 1,25D induces
growth inhibition [Kemmis et al., 2006] and TGFb is known to inhibit
mammary epithelial cell growth [Zugmaier and Lippman, 1990].
Also consistent with a tumor suppressive effect of 1,25D, gene
enrichment was noted for pathways related to oxidative stress, Nrf2

signaling and cell adhesion. 1,25D treatment also enriched for genes
in pathways related to distinct differentiated phenotypes (adipo-
genesis, angiogenesis, ossification, and osteoclasts) as well as
immune responses and cellular metabolism. The biological gene
ontology (GO) terms altered by 1,25D in hTERT-HME cells
(Supplementary Table S3) included wounding and inflammatory
response, nutrient and vitamin response and cell migration and
proliferation, each of which had >10 matching entities. Molecular
GO terms altered by 1,25D included steroid dehydrogenase and
oxidoreductase activity, growth factor and enzyme binding and
enzyme inhibitor activity (Supplementary Table S4).

CONFIRMATION OF METABOLIC AND IMMUNE GENE REGULATION
BY 1,25D IN hTERT-HME CELLS
We were particularly interested in the effects of 1,25D on metabolic
(i.e., pentose phosphate pathway) and immune (i.e., Toll-like receptor
signaling, cytokines, and inflammation) pathways as these have not
previously been linked to VDR signaling in normal mammary cells
yet are highly relevant to carcinogenesis. In addition to CYP24A1,
seven immune response genes (CD14, IL1RL1, MALL, TREM1,
SEMA6D, CD274, and CSF1) and eight genes related to cellular
metabolism and hypoxia (ITGB3, SLC1A1, IGFBP3, G6PD, KDR,
BIRC3, and GLUL)were altered>3 fold by 1,25D (Tables IV and V).
We used qPCR to determine the expression of a subset of these
candidate genes in the hTERT-HME cells under the same conditions
(100 nM 1,25D treatment for 24 h). As shown in Figure 1, 10 of the 12
immune related genes were confirmed as 1,25D responsive by qPCR
in these cells. CD14, IL1RL1,MALL, and TREM1were increased>50
fold whereas CAMP and SEMA6Dwere increased>10 fold in 1,25D-
treated cells. IL1RN was confirmed as a 1,25D repressed gene. In
contrast, IL1B expression was significantly reduced (rather than up-
regulated) by 1,25D treatment, and neither CD274 or IL8 were
reproducibly altered by 1,25D.

We chose an additional eleven gene products related to cellular
metabolism, hypoxia and growth factor signaling for qPCR analysis
(Fig. 2). We first confirmed our previous finding [Beaudin et al.,
2014] that the canonical VDR target gene CYP24A1which encodes a
cytochrome P450 enzyme that metabolizes 1,25D, is highly induced
(>5,000 fold) by 1,25D in this cell line (data not shown). Of the ten
other genes examined, seven were validated as 1,25D responsive
(four up-regulated and three down-regulated). The most highly up-
regulated genes in this category (ITGB3, SLC1A1, and G6PD) were
5–20 fold higher in 1,25D-treated cells than control cells. Expression
of HIF1A, IDH2, and PGD genes was elevated 1.5–2 fold in 1,25D-
treated compared to control cells, but only HIF1A was statistically
significant. Three genes that were identified as down-regulated by
1,25D through microarray profiling (BIRC3, GLUL, and KDR) were
confirmed by qPCR to be reduced 70–90% in treated cells. Although
found as an up-regulated gene in the array dataset, IGFBP3 was not
confirmed by PCR as differentially expressed in 1,25D-treated
hTERT-HME cells (data not shown).

EFFECT OF TRANSFORMATION ON 1,25D MEDIATED GENE
REGULATION
To determine whether genomic regulation by 1,25D in hTERT-HME
cells was recapitulated in an independently derived immortalized
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mammary epithelial cell line, we utilized the HME cell line generated
by theWeinberg lab [Elenbaas et al., 2001]. An advantage of this cell
line is the availability of isogenic derivatives expressing SV40 (HME-
LT cells) or SV40 plus oncogenic RAS (HME-PR cells) which allowed
us to examine the effect of transformation on 1,25D signaling. The
effect of 1,25D onVDR expression and a subset of 1,25D target genes
identified in the hTERT-HME cells was evaluated. In the immortal-
ized but non-transformed HME cells, 1,25D down-regulated VDR
expression while increasing CYP24A1 >900 fold (Fig. 3). Compar-
ison of the first two bars of each graph in Figures 4 and 5 (which
represent data from control and 1,25D treated HME cells) with the
hTERT data (Figs. 1 and 2) indicates that all of the genes selected for

follow-up based on the hTERT-HME array dataset showed the same
pattern of response to 1,25D in the HME cells (i.e., CD14, IL1RL1,
IL33, BMP6, ITGB3, HIF1A, and SLC1A1 were up-regulated
whereas BIRC3, GLUL, and KDR were down-regulated). These
strong similarities in the genomic responses to 1,25D were expected
based on a recent report by our group in which 1,25D regulation of a
small subset of these genes was compared in these two cell lines
[Beaudin et al., 2014].

In previous studies, we observed that VDR is down-regulated as a
function of transformation [Kemmis and Welsh, 2008] and others
have observed inverse correlations between VDR expression and
clinical stage in human breast tumors [Lopes et al., 2010]. Thus, it

TABLE I. Top 20 Up-Regulated Genes in hTERT-HME Cells Exposed to 100 nM 1,25D for 24 h

Gene symbol Gene description
Fold

change1
Corrected
P-value2

CYP24A1 Cytochrome P450, Family 24A1 181.37 3.65E-10
CD14 CD 14 Molecule 72.04 3.48E-08
ITGB3 Integrin, Beta 3 13.88 9.27E-09
BMP6 Bone Morphogenetic Protein 6 13.34 3.48E-08
DHRS9 Dehydrogenase/Reductase Member 9 9.88 1.17E-08
IL1RL1 Interleukin 1 Receptor-Like 1 8.02 1.07E-07
MALL Mai, T-Cell Differentiation Protein-Like 7.62 3.49E-08
FAM20C Family With Sequence Similarity 20. Member C 7.39 1.05E-07
SLC1A1 Solute Carrier Family 1 (Neuronal/Epithelial High Affinity Glutamate Transporter. System Xag), Member 1 7.13 4.81E-07
PDE2A Phosphodiesterase 2A, Cgmp-Stimulated 7.07 3.26E-08
SEMA3B Semaphorin 3B 6.69 4.81E-07
TREM1 Triggering Receptor Expressed On Myeloid Cells 1 6.52 7.84E-08
SEMA6D Semaphorin 6D 6.47 2.86E-07
ID2 Inhibitor Of DNA Binding 2 6.41 2.17E-06
CASP14 Caspase 14 6.30 6.24E-07
THBD Thrombomodulin 5.45 2.24E-06
APBB3 Amyloid Beta Precursor Protein-Binding B3 5.01 1.83E-06
AKAP12 A Kinase Anchor Protein 12 4.88 4.38E-07
ID1 Inhibitor Of DNA Binding 1 4.86 4.51E-06
CALML3 Calmodulin-Like 3 4.33 4.15E-07

1Fold change in hTERT-HME cells treated with 100 nM 1,25D relative to ethanol vehicle was calculated from microarray data with Gene Spring.
2P-values were generated by moderated t-test with Benjamini Hochberg correction.

TABLE II. Top 20 Down-Regulated Genes in hTERT-HME Cells Exposed to 100 nM 1,25D for 24 h

Gene symbol Gene description Fold change1
Corrected
P-value2

KDR Kinase Insert Domain Receptor �6.63 3.92E-07
BIRC3 Baculoviral IAP Repeat-Containing 3 �5.14 2.70E-06
RGS2 Regulator of G-Protein Signaling 2,24 kDa �5.01 3.92E-07
GLUL Glutamate-Ammonia Ligase �4.06 2.19E-07
GLUL Glutamate-Ammonia Ligase �3.82 2.86E-07
LAPTM5 Lysosomal Protein Transmembrane 5 �3.07 1.33E-05
SLC7A2 Solute Carrier Family 7 (Cationic Amino Acid Transporter, Yþ System), Member 2 �2.95 2.70E-06
F2RL2 Coagulation Factor II Receptor-Like 2 �2.80 8.98E-06
S100A8 SI00 Calcium Binding Protein A8 �2.78 2.00E-05
AGR2 Anterior Gradient Homolog 2 �2.72 3.15E-05
SPRR1B Small Proline-Rich Protein IB -2.70 5.30E-05
PLAU Plasminogen Activator, Urokinase �2.63 1.55E-06
SERPINB2 Serpin Peptidase Inhibitor, Clade B, Member 2 �2.61 8.31E-06
FOSB FBJ Murine Osteosarcoma Viral Oncogene Homolog B �2.59 1.22E-05
APOD Apolipoprotein D �2.49 7.55E-06
SCNN1G Sodium Channel, Nonvoltage-Gated 1, Gamma �2.40 4.95E-06
TRIM29 Tripartite Motif-Containing 29 �2.35 4.51E-06
SLITRK6 SLIT and NTRK-Like Family, Member 6 �2.30 5.44E-05
ABCG1 ATP-Binding Cassette, Sub-Family G, Member 1 �2.21 8.22E-06
REPS2 RALBP1 Associated Eps Domain Containing 2 �2.11 4.87E-05

1Fold change in hTERT-HME cells treated with 100 nM 1,25D relative to ethanol vehicle was calculated from microarray data with Gene Spring.
2P-values were generated by moderated t-test with Benjamini Hochberg correction.
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TABLE III. Pathway Analysis of Differentially Expressed Genes in hTERT-HME Cells Exposed to 100 nM 1,25D for 24 h

Pathway P-value1 Matched entities2 Number of pathway entities3

Senescence and Autophagy 1.48E-04 9 106
Oxidative Stress 2.32E-04 5 30
Adipogenesis 2.56E-04 10 131
Endochondral Ossification 2.57E-04 7 64
Complement and Coagulation Cascades 4.28E-04 6 64
TGF Beta Signaling Pathway 6.52E-04 6 55
Prolactin Signaling Pathway 7.40E-04 7 76
Serotonin Transporter Activity 1.11E-03 3 11
Angiogenesis 1.11E-03 3 24
Transcriptional activation by NRF2 2.34E-03 3 14
Osteoclast Signaling 2.34E-03 3 16
Alpha 6 Beta 4 signaling pathway 3.05E-03 4 33
Arrhythmogenic Right Ventricular Cardiomyopathy 3.36E-03 6 78
ID signaling pathway 3.50E-03 3 16
Toll-like receptor signaling pathway 4.05E-03 7 102
Regulation of toll-like receptor signaling pathway 4.05E-03 7 150
Pentose Phosphate Pathway 7.60E-03 2 7
Dissolution of Fibrin Clot 1.00E-02 2 8
Cytokines and Inflammatory Response 1.00E-02 3 30
Myometrial Relaxation and Contraction Pathways 1.18E-02 8 156
Integrin alphallb beta3 signaling 1.27E-02 2 12
Regulation of IGF Activity by IGFBPs 1.57E-02 2 10
Wnt Signaling Pathway 1.78E-02 4 51
Vitamin D Metabolism 1.89E-02 2 11
Interferon gamma signaling 1.89E-02 2 13
Interferon type I 2.16E-02 4 54
RANKL-RANK Signaling Pathway 2.29E-02 4 55
Osteopontin Signaling 2.61E-02 2 13
Nuclear Receptors in Lipid Metabolism and Toxicity 2.67E-02 3 35
Fluoropyrimidine Activity 2.67E-02 3 33
Focal Adhesion 2.96E-02 8 188
Corticotropin-releasing hormone 3.12E-02 5 90
Leptin signaling pathway 3.20E-02 4 61
Cell Cycle Checkpoints 3.42E-02 2 16
Oncostatin M Signaling Pathway 3.55E-02 4 65
Signaling by VEGF 3.90E-02 1 3
EGF-EGFR Signaling Pathway 4.04E-02 7 162
Circadian Clock 4.32E-02 2 17
Integrated Pancreatic Cancer Pathway 4.37E-02 3 200
Integrin-mediated Cell Adhesion 4.59E-02 5 99
Semaphorin interactions 4.80E-02 2 20
MAPK Signaling Pathway 4.89E-02 7 168

1P-values were calculated for pathway enrichment with Wiki Pathways Beta.
2Number of matched entities from the microarray dataset.
3Total number of entities for each pathway.

TABLE IV. Immune Response Genes Up-Regulated by 1,25D in hTERT-HME Cells

Gene symbol Gene description Fold Change1 Corrected P-value2

CD14 CD 14 Molecule 72.04 3.48E-08
IL1RL1 Interleukin 1 Receptor-Like 1 8.02 1.07E-07
MALL Mai. T-cell Differentiation Protein-Like 7.62 3.49E-08
TREM1 Triggering Receptor Expressed on Myeloid Cells 1 6.52 7.84E-08
SEMA6D Semaphorin 6D 6.47 2.86E-07
CD274 CD274 Molecule 3.61 3.49E-06
CSF1 Colony Stimulating Factor 1 3.33 6.24E-07
IL8 Interleukin 8 2.53 8.98E-06
CAMP Cathelicidin Antimicrobial Peptide 2.40 9.95E-06
TLR4 Toll-Like Receptor 4 2.34 3.39E-04
IL1B Interleukin 1, Beta 1.82 5.23E-05
IL33 Interleukin 33 1.58 9.72E-04

1Fold change in hTERT-HME cells treated with 100 nM 1,25D relative to ethanol vehicle was calculated from microarray data with Gene Spring.
2P-values were generated by moderated t-test with Benjamini Hochberg correction.
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was of interest to compare the regulation of these newly identified
VDR targets by 1,25D in the parental HME cells and their
progressively transformed derivatives. In the present study we
confirmed our previous data [Kemmis and Welsh, 2008] that VDR is
reduced about 15% in cells expressing SV40 (HME-LT cells) and
almost 80% in cells expressing both SV40 and RAS (HME-PR cells)
compared to HME cells. (Fig. 3A). The repression of VDR by 1,25D
that occurred in HME cells was observed in HME-LT cells but not in
HME-PR cells (two-way ANOVA indicated a significant difference in
response to 1,25D in HME-PR cells). However, despite the reduction
in VDR expression, 1,25D robustly induced the direct VDR target
gene CYP24A1 in all three HME derivative cell lines (1,000–1,500
fold increase over vehicle-treated control cells; Fig. 3B). Two-way
ANOVA indicated that induction of CYP24A1 was significantly
greater in the HME-PR cells than in the HME or HME-LT cells. These
data indicate that sufficient receptor is retained even in HME-PR
cells for strong transcriptional activation of VDREs in the presence of
ligand. With respect to the newly identified gene targets, we found
that introduction of SV40 into HME cells minimally impacted
cellular responsiveness to 1,25D (Fig. 4). Thus, CD14, IL1RL1,BMP6,
ITGB3, IL33, HIF1A, and SLC1A1 were similarly induced and
BIRC3,GLUL andKDRwere similarly repressed by 1,25D in HME and
HME-LT cells. In contrast, introduction of oncogenic RAS
selectively altered the genomic effects of 1,25D. Despite reduced
VDR expression and RAS activation, two immune response genes
(CD14 and IL33) were induced by 1,25D to the same magnitude in
the HME-PR cells as in the HME and HME-LT cells. Four other genes
(IL1RL1, BMP6, ITGB3, and SLC1A1) were significantly up-
regulated by 1,25D in the HME-PR cells but the magnitude was
less than that in HME or HME-LT cells. In contrast, the expression of
HIF1A (which was up-regulated by 1,25D in HME and HME-LT cells)
and BIRC3, GLUL, and KDR (which were down-regulated by 1,25D
in HME and HME-LT cells) were unchanged in response to 1,25D in
the HME-PR cells. Collectively, these data suggest that RAS
transformation elicits complex effects on VDR signaling leading
to deregulation of a subset of 1,25D target genes.

GENOMIC EFFECTS OF 1,25D IN MCF7 BREAST CANCER CELLS
Given the altered responses to 1,25D in RAS transformed HME
derivatives, we further explored the effects of 1,25D on several of
these target genes in the human breast cancer cell line MCF7. This

VDR positive cell line has been extensively used for study of the
anti-cancer effects of 1,25D but does not express oncogenic RAS.
We used PCR to assess the effect of 1,25D (100 nM, 24 h) on
expression of CYP24A1 and several of the target genes identified
in the hTERT-HME array dataset. As shown in Figure 6, the VDR in
MCF7 cells is highly capable of inducing CYP24A1 expression in
response to 1,25D (>6,000 fold over control values). Of the eight
other genes examined in MCF7 cells, two (CD14 and KDR) were
regulated in a similar manner to that observed in hTERT-HME and
HME cells, but the magnitude of the effect was substantially less.
1,25D had no effect on expression of IL1RL1, SLC1A1, GLUL or
BIRC3, and decreased (rather than increased) expression of BMP6
and ITGB3 in MCF7 cells. This data indicated that only three
(CYP24A1, CD14, and KDR) of the nine genes examined were
similarly regulated by 1,25D in MCF7 and hTERT-HME cells.
Others were either unaffected by 1,25D or regulated in an opposite
direction in the two cell lines.

Collectively, these data suggested that the genomic effects of
1,25D are quite distinct in cells derived from normal breast (hTERT-
HME and HME) and cells derived from breast cancer (MCF7).
Although 1,25D is known to induce growth arrest and apoptosis in
MCF7 cells [Simboli-Campbell et al., 1996, 1997], whole-genome
profiles of 1,25D treatment have not been published for this cell line.
To comprehensively compare the VDR regulated transcriptome
between these two cell types, we conducted microarray profiling of
1,25D treated MCF7 cells using the same analysis platform as for
hTERT-HME cells. In response to 24 h treatment with 100 nM 1,25D,
249 entities were significantly (P< 0.05) altered >1.5 fold in MCF7
cells (153 up-regulated/96 down-regulated). Table VI lists the top 20
up-regulated genes, all of which were induced >2.5 fold including
CYP24A1, KLK6, TRPV6, CP, and MERTK. With respect to down-
regulation (Table VII), only four of the top 20 genes (PMP22, CTGF,
CLDN1, and ILIR1) were reduced >2 fold by 1,25D in MCF7 cells.

Pathway analysis of the MCF7 data conducted at the same
significance level (P< 0.05) as for the hTERT-HME dataset indicated
enrichment of genes in 31 pathways after 1,25D treatment (Table
VIII). Eight of these pathways (senescence and autophagy, TGFb
signaling, endochondral ossification, adipogenesis, nuclear recep-
tors in lipid metabolism/toxicity, oncostatin M signaling, integrated
pancreatic cancer pathway, and integrin mediated cell adhesion)
were common to those enriched in the 1,25D-treated hTERT-HME

TABLE V. Genes Related to Cellular Metabolism and Hypoxia Altered by 1,25D in hTERT-HME Cells

Gene symbol Gene description Fold Change1 Corrected P-value2

ITGB3 Integrin, Beta 3 13.88 9.27E-09
SLC1A1 Solute Carrier Family 1A1 7.13 4.81E-07
IGFBP3 Insulin-Like Growth Factor Binding Protein 3 3.79 3.94E-07
G6PD Glucose-6-Phosphate Dehydrogenase 3.73 2.13E-07
PGD Phosphogluconate Dehydrogenase 1.74 1.49E-04
IDH2 Isocitrate Dehydrogenase 2 1.55 1.67E-04
HIF1A Hypoxia Inducible Factor 1, Alpha 1.54 2.13E-04
GLUL Glutamate-Ammonia Ligase �4.06 2.19E-07
BIRC3 Baculoviral lap Repeat-Containing 3 �5.14 2.70E-06
KDR Kinase Insert Domain Receptor �6.63 3.92E-07

1Fold change in hTERT-HME cells treated with 100 nM 1,25D relative to ethanol vehicle was calculated from microarray data with Gene Spring.
2P-values were generated by moderated t-test with Benjamini Hochberg correction.
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Fig. 1. Quantitative PCR analysis of selected immune gene expression in 1,25D treated hTERT-HME cells. hTERT-HME cells were treated with 100 nM 1,25D or ethanol vehicle
(Con) for 24 h. RNA was isolated and real-time quantitative PCR was conducted for CD14, IL1RL1, MALL, TREM1, CAMP, SEMA6D, CSF1, IL33, TLR4, and IL1RN. The data were
normalized against 18S and expressed as relative gene expression with values for control cells which were set to 1. Each bar represents mean� standard deviation of at least three
independent biological repeats analyzed in duplicate. *P-value <0.05 as assessed by one-tailed, unpaired t-test with Welch’s correction.
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cells. High scoring cancer-relevant pathways in the 1,25D-treated
MCF7 cell dataset that were not enriched in the hTERT-HME dataset
included Phase I metabolism, apoptosis modulation and signaling,
estrogen/tamoxifen metabolism and ATM signaling. Gene ontology
(GO) analysis identified 1,25D responsive biological processes

common to both the MCF7 and hTERT-HME datasets including
response to vitamins, nutrients and wounding, and regulation of cell
proliferation. Additional lists of biological and molecular GO terms
altered by 1,25D in MCF7 cells are reported in Supplementary
Tables S5 and S6.

Fig. 2. Quantitative PCR analysis of genes involved in cellular metabolism and hypoxia in 1,25D treated hTERT-HME cells. hTERT-HME cells were treated with 100 nM 1,25D or
ethanol vehicle (Con) for 24 h. RNAwas isolated and real-time quantitative PCRwas conducted for SLC1A1, ITGB3, G6PD, PGD, HIF1A, IDH2, KDR, BIRC3, and GLUL. The data were
normalized against 18S and expressed relative to values for control cells which were set to 1. Each bar represents mean� standard deviation of at least three independent samples
analyzed in duplicate. *P-value <0.05 as assessed by one-tailed, unpaired t-test.
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Fig. 3. Quantitative PCR analysis of VDR and CYP24A1 expression in the HME model of mammary cell transformation. HME, HME-LT, and HME-PR cells were treated with
100 nM 1,25D or ethanol vehicle (Con) for 24 h. RNA was isolated and real-time quantitative PCR was conducted for VDR and CYP24A1. The data were normalized against 18S
and expressed relative to values for the vehicle treated HME parental cells. Each bar represents mean� standard deviation of 3–4 independent samples analyzed in duplicate.
*Bars annotated with different letters are significantly different (P-value <0.05) as assessed by one-way ANOVA. Two-way ANOVA indicated a significant interaction between
cell line and treatment for both VDR and CYP24A1.

Fig. 4. Effect of 1,25D on expression of CD14, IL1RL1, BMP6, and IL33 in HME cells and transformed derivatives. HME, HME-LT and HME-PR cells were treated with 100 nM
1,25D or ethanol vehicle (Con) for 24 h. RNA was isolated and real-time quantitative PCR was conducted for CD14, IL1RL1, BMP6, and IL33. The data were normalized against
18S and 1,25D treated values were expressed relative to vehicle treated values within each cell line. Each bar represents mean� standard deviation of at least three independent
samples analyzed in duplicate. *P-value <0.05 for the effect of 1,25D within each cell line as assessed by unpaired t-test. Two-way ANOVA indicated a significant interaction
between cell line and treatment for the IL1RL1 and BMP6 genes.
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We used PCR to directly compare the effects of 1,25D on
expression of eight highly regulated genes from the MCF7 dataset in
both MCF7 and hTERT-HME cells (Figs. 7, 8). For these analyses we
normalized expression of each gene to that of untreated MCF7 cells
(which was set to 1.0) in order to assess whether baseline expression
altered sensitivity of that gene to 1,25D regulation. Seven (KLK6,
TRPV6, PMP22, IL1R1, CLDN1, CP, and MERTK) of the eight genes

examined were confirmed by PCR to be regulated by 1,25D in MCF7
cells (the exception was CTGF). Interestingly, four of these genes
(KLK6, TRPV6, PMP22, and IL1R1) were found to be similarly
regulated in hTERT-HME cells by PCR although they were not
identified in the hTERT-HME array dataset. The remaining four
genes (CLDN1, CP, MERTK, and CTGF) were not similarly regulated
between the two cell types. Two-way ANOVA indicated significant

Fig. 5. Effect of 1,25D on expression of genes related to cellular metabolism and hypoxia in HME cells and transformed derivatives. HME, HME-LT and HME-PR cells were
treated with 100 nM 1,25D or ethanol vehicle (Con) for 24 h. RNA was isolated and real-time quantitative PCR was conducted for ITGB3, SLC1A1, HIFA, BIRC3, KDR and GLUL.
The data were normalized against 18S and 1,25D treated values were expressed relative to vehicle treated values within each cell line. Each bar represents mean� standard
deviation of at least three independent samples analyzed in duplicate. *P-value<0.05 for the effect of 1,25Dwithin each cell line as assessed by unpaired t-test. Two-way ANOVA
indicated a significant interaction between cell line and treatment for the ITGB3 and SLC1A1 genes.
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differences in 1,25D responsiveness between hTERT-HME andMCF7
cells for several genes: induction of KLK6, TRPV6, and CTGF was
significantly greater in hTERT-HME cells whereas induction of CP
and MERTK and down-regulation of CLDN1 were significantly
greater in MCF7 cells. Some of the differences in gene regulation by
1,25D may be related to differences in baseline expression, which

were noted for CLDN1 and CTGF. For example, basal expression of
CLDN1 was high in MCF7 cells (where it was down-regulated by
1,25D), but very low in hTERT-HME cells (whichmay have precluded
further down-regulation upon 1,25D treatment). Conversely, the
baseline expression of CTGF was low in MCF7 cells and the down-
regulation by 1,25D identified on the array dataset was not

Fig. 6. Effect of 1,25D on expression of CYP24A1, CD14, IL1RL1, BMP6, ITGB3, KDR, GLUL, SLC1A1, and BIRC3 in MCF7 cells. MCF7 cells were treated with 100 nM 1,25D or
ethanol vehicle (Con) for 24 h. RNA was isolated and real-time quantitative PCR was conducted for CYP24A1, CD14, IL1RL1, BMP6, ITGB3, KDR, GLUL, SLC1A1, and BIRC3. The
data were normalized against 18S and expressed relative to control values which were set to 1. Each bar represents mean� standard deviation of three independent samples
analyzed in duplicate. *P-value <0.05 1,25D vs. control as assessed by one-tailed, unpaired t-test.
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confirmed, however in hTERT-HME cells baseline CTGF expression
was high and significant down-regulation was observed upon 1,25D
treatment.

To identify common genes and pathways altered by VDR
activation, we used Venn analysis and WIKI pathways to compare
the datasets generated in the two cell lines. A Venn diagram using a
fold change cutoff of 1.5 (483 entities for hTERT-HME cells and 249
entities for MCF7 cells) identified 32 overlapping entities (Fig. 9). Of
these, 26 entities corresponding to 21 annotated genes (17 up-
regulated and 4 down-regulated) were modulated in the same
direction in both cell lines (Table IX). The remaining overlapping
entities were altered in both cell lines but in opposite directions
(Supplementary Table S7). Of the 21 commonly regulated annotated
genes, only two (CYP24A1 and CAMP) were on the top 20 list for
both cell lines.

COMPARATIVE ANALYSIS WITH PUBLICALLY AVAILABLE GENOMIC
PROFILES
To further interrogate 1,25D gene signatures in models of breast
cancer, we searched the literature for additional reports on VDR
target genes in breast cells. Although several papers contain partial
reports of array screening with 1,25D or synthetic analogs in breast
cells using a variety of platforms and protocols [Swami et al., 2003;
Lee et al., 2006; Vanoirbeek et al., 2009], we identified only two
publically available microarray datasets of 1,25D treatment in breast
model systems for comparison to our data. Goeman et al. [Goeman
et al., 2014] utilized RNA–SEQ to generate a list of differentially
expressed genes in SKBR3 cells (a model of HER2 positive breast
cancer with mutant p53) treated for 6 h with 100 nM 1,25D.
Comparison of this dataset with our data from hTERT-HME and
MCF7 cells identified 17 genes that were altered by 1,25D exposure

TABLE VI. Top 20 Up-Regulated Genes in MCF7 Cells Exposed to 100 nM 1,25D for 24 h

Gene symbol Gene description Fold change1 Corrected P-value2

CYP24A1 Cytochrome P450 Family 24A1 277.37 7.03E-08
KLK6 Kallikrein-Related Peptidase 6 10.42 2.05E-05
CP Ceruloplasmin 8.28 1.44E-05
TRPV6 Transient Receptor Potential Cation Channel V6 6.74 3.97E-05
MERTK C-Mer Proto-Oncogene Tyrosine Kinase 3.82 3.97E-05
CAMP Cathelicidin Antimicrobial Peptide 3.63 8.98E-05
CLMN Calmin 3.30 3.97E-05
IGFBP5 Insulin-Like Growth Factor Binding Protein 5 3.27 5.28E-05
CYP1A1 Cytochrome P450 Family 1 Subfamily A Polypeptide 1 3.20 3.97E-05
TIMP3 TIMP Metallopeptidase Inhibitor 3 3.09 3.97E-05
PRKG2 Protein Kinase cGMP-Dependent Type II 3.07 5.15E-05
ITPR1 Inositol 1,4,5 5-Triphosphate Receptor Type 1 2.77 6.73E-05
DCLK1 Doublecortin-like Kinase 1 2.74 1.74E-04
FSTL4 Follistatin-Like 4 2.71 1.43E-04
AREG Amphiregulin 2.70 5.03E-05
TRANK1 Tetratricopeptide Repeat Ankyrin Repeat Containing 1 2.61 2.38E-04
PGM2L1 Phosphoglucomutase 2-Like 1 2.50 2.39E-04
ITGA2 Integrin Alpha 2 2.46 9.88E-05
IGFBP3 Insulin-like Growth Factor Binding Protein 3 2.41 7.85E-04
ARHGEF6 Rac/Cdc42 Guanine nucleotide Exchange Factor 6 2.35 7.27E-05

1Fold change in MCF7 cells treated with 100nM 1,25D relative to ethanol vehicle was calculated from microarray data with Gene Spring.
2P-values were generated by moderated t-test with Benjamini Hochberg correction.

TABLE VII. Top 20 Down-Regulated Genes in MCF7 Cells Exposed to 100 nM 1,25D for 24 h

Gene symbol Gene description Fold change1 Corrected P-value2

PMP22 Peripheral Myelin Protein 22 �3.26 9.88E-05
CTGF Connective Tissue Growth Factor �2.76 3.12E-04
CLDN1 Claudin 1 �2.13 1.74E-04
IL1R1 Interleukin 1 Receptor Type 1 �2.10 1.97E-04
UGT2B7 UDP Glucuronosyltransferase 2 Family B7 �1.86 2.09E-02
LUZP2 Leucine Zipper Protein 2 �1.84 2.53E-04
COL12A1 Collagen Type XII Alpha 1 �1.84 1.97E-04
EHF ETS Homologous Factor �1.79 6.33E-04
ANXA1 Annexin A1 �1.78 8.99E-04
ANKRD30B Ankyrin Repeat Domain 3 OB �1.77 4.73E-04
RNF144B Ring Finger Protein 144B �1.77 3.43E-04
RGS2 Regulator of G-Protein Signaling 2 �1.75 2.39E-04
CAV1 Caveolin 1 �1.75 2.11E-04
EGLN3 EGL Nine Homolog 3 �1.74 2.39E-04
RAB27B RAS Oncogene Family Member �1.71 5.96E-04
SLC25A30 Solute Carrier Family 25 Member 30 �1.70 1.29E-03
KCNJ8 Potassium Inwardly-Rectifying Channel J8 �1.68 2.44E-03
KLF6 Kruppel-like factor 6 �1.68 4.60E-04
SON Scinderin �1.67 3.43E-04
TSPAN12 Tetraspanin 12 �1.67 3.43E-04

1Fold change in MCF7 cells treated with 100nM 1,25D relative to ethanol vehicle was calculated from microarray data with Gene Spring.
2P-values were generated by moderated t-test with Benjamini Hochberg correction.
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in all three breast-derived cell lines, however, only 11 of these genes
were regulated in the same direction (9 up, 2 down) after 1,25D
treatment (Table IX). Additional comparisons identified 26 genes (24
up, 2 down) commonly regulated by 1,25D in both cancer cell lines
(SKBR3 and MCF7 cells) and 20 genes (14 up, 6 down) commonly
regulated by 1,25D in both SKBR3 and hTERT-HME cells. The
specific genes in each list are detailed in Table X. A caveat to these
comparisons is that the shorter duration of treatment (6 h) in
Goerman’s study compared to ours (24 h) would underestimate the
number of overlapping targets. Genes identified after a 24 h
treatment period will include both primary VDR target genes and
downstream effectors (i.e., secondary targets), and it might be
anticipated that alterations in these secondary targets would bemore
variable in different model systems. On the other hand, many of the
genes that were commonly altered in our analysis (CLMN, CD97,
CD14, SERPINB1, IGFBP3) were also identified in a screen of
transformed breast cells treated with the synthetic 1,25D analog
Ro3582 [Lee et al., 2006].

Finally we used the genomic dataset of Milani et al. [Milani et al.,
2013] which represents differentially expressed genes in heteroge-
neous human breast tumor explants exposed to 1,25D (100 nM, 24 h)
ex vivo to identify the subset of genes regulated by 1,25D in
established cell lines that was also regulated in intact tissue (Table X).
This comparison identified four genes (CYP24A1, CLMN, EFTUD1,
and SERPINB1) that were up-regulated by 1,25D in the tumor

explants and in all three breast-derived cell lines. A fifth gene,
IL1RL1, was common to all four datasets but was down-regulated in
SKBR3 cells and up-regulated in the other three model systems.
There were no genes identified that were down-regulated by 1,25D in
all model systems.

DISCUSSION

VDR agonists such as 1,25D and synthetic vitamin D analogs exert
profound effects on cancer cell behavior and dozens of VDR
regulated genes, proteins and pathways have been identified in
various model systems of cancer [Fleet et al., 2012]. In addition,
evidence suggests that VDR signaling in normal epithelial cells
exerts tumor suppressor actions that contribute to cancer preven-
tion. Despite the known molecular action of the liganded VDR as a
transcription factor, the comprehensive genomic signatures asso-
ciated with 1,25D exposure in normal and cancer cells have not been
extensively studied. Although most tumor cell lines and biopsied
human cancers retain expression of VDR, several studies have
suggested that vitamin Dmetabolism and/or VDR signaling becomes
deregulated during cancer progression. In these studies we have
addressed these research gaps by comparative microarray profiling
and target gene validation in cells derived from normal and
cancerous tissue using models of breast cancer.

TABLE VIII. Pathway Analysis of Genes Differentially Expressed in MCF7 Cells Exposed to 100 nM 1,25D for 24 h

Pathway P-value1 Matched entities2 Number of pathway entities3

Phase 1 Functionalization of Compounds 6.31E-04 4 49
Oncostatin M Signaling Pathway 1.90E-03 4 65
Myometrial Relaxation and Contraction Pathways 1.94E-03 6 156
Regulation of Insulin-like Growth Factor (IGF) Activity by

Insulin-like Growth Factor Binding Proteins (IGFBPs)
2.98E-03 2 10

Tryptophan metabolism 6.65E-03 3 80
Integrin-mediated Cell Adhesion 9.53E-03 4 99
Senescence and Autophagy 9.53E-03 4 106
TGF-Beta Signaling Pathway 1.04E-02 3 55
ATM Signaling Pathway 1.56E-02 2 41
Endochondral Ossification 1.64E-02 3 64
Quercetin and NF-kB-AP-1 induced cell apoptosis 1.66E-02 1 15
Adipogenesis 2.36E-02 4 131
B-Cell Receptor 2.73E-02 4 136
Prostaglandin Synthesis and Regulation 2.74E-02 2 31
Ovarian Infertility Genes 2.91E-02 2 32
Apoptosis Modulation and Signaling 2.93E-02 3 93
Brain-derived Neurotrophic Factor Signaling Pathway 2.99E-02 4 141
Nuclear Receptors in Lipid Metabolism and Toxicity 3.08E-02 2 35
Cell surface interactions at the vascular wall 3.26E-02 2 39
Tamoxifen metabolism 3.29E-02 1 21
Estrogen metabolism 3.29E-02 1 18
T-Cell Receptor Signaling Pathway 3.95E-02 3 92
Diclofenac Metabolic Pathway 4.10E-02 1 5
Effects of Nitric Oxide 4.10E-02 1 8
Vitamin A and Carotenoid Metabolism 4.19E-02 2 43
Interleukin-11 Signaling Pathway 4.39E-02 2 40
Integrated Pancreatic Cancer Pathway 4.39E-02 2 200
Androgen Receptor 4.40E-02 3 94
Nicotine Metabolism 4.90E-02 1 6
Fanconi Anemia pathway 4.90E-02 1 6

1P-values were calculated for pathway enrichment with Wiki Pathway Beta.
2Number of matched entities from the microarray dataset.
3Total number of entities for each pathway.
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This is the first report to comprehensively annotate the genomic
signature of 1,25D exposure in cells derived from normal mammary
tissue (hTERT-HME cells). In previous studies, we demonstrated that
hTERT-HME cells express VDR and exhibit biological responses
similar to primary cultures of human breast epithelial cells when
treated with 1,25D [Kemmis et al., 2006]. The genomic datasets
reported here support the concept that 1,25D mediates anti-cancer
signaling in these cells and identify multiple novel VDR targets.
Within 24 h of treatment, 1,25D treatment enriched for genes in
major tumor suppressive pathways (i.e., cell adhesion, senescence,
Nrf2 signaling), immune responses (cytokines, toll-like receptor
signaling) and cellular energy metabolism (pentose pathway, lipid
metabolism, leptin signaling) in hTERT-HME cells. A cohort of 11
immune response genes (including CD14, IL1RL1, TREM1, and
TLR4) were verified as 1,25D responsive in these cells. Many of these
genes (i.e., CD14, TLR4, CAMP) are well recognized as VDR targets in
immune cells and have also been reported as 1,25D responsive in
epithelial cells [Fleet et al., 2012]. CD14, the second most highly up-
regulated gene in the hTERT-HME dataset, is particularly interesting
in the context of normal mammary gland biology as it has been
implicated in breast progenitor cell self-renewal, tissue remodeling
during involution and protection against mastitis [Vidal and

Donnet-Hughes, 2008; Wall et al., 2009; Scheeren et al., 2014].
Soluble CD14 is also secreted from mammary epithelial cells into
breast milk where it likely impacts neonatal immunity [Zheng et al.,
2006]. These observations warrant follow-up studies to determine
whether vitamin D status alters the expression or function of CD14
or other immune response genes in mammary tissue in vivo. An
additional set of seven genes involved in cellular metabolism and
hypoxia (including GLUL, SLC1A1, HIF1A, and KDR) were verified
as VDR targets in the hTERT-HME cells. Although for the most part
these genes have not been well studied in the context of breast
cancer, they function in pathways predicted to be relevant to cancer
prevention.GLUL (which encodes glutamine synthase) is an essential
mediator of mammary epithelial cell survival during glutamine
deprivation [Kung et al., 2011]. SLC1A1 encodes a membrane
glutamate transporter which contributes to protection against
oxidative stress via enhancing glutathione synthesis [Aoyama
et al., 2006]. HIF1A is a critical sensor of oxygen availability and
angiogenesis whereas KDR encodes themajor receptor for VEGF and
regulates breast cancer cell apoptosis [Zhang et al., 2014]. These data
implicate 1,25D in control of glutamine metabolism, anti-oxidant
signaling and hypoxia, important mediators of the metabolic switch
associated with cancer progression [Bensaad and Harris, 2014].

Fig. 7. Comparative effects of 1,25D in MCF7 and hTERT-HME cells on up-regulated genes identified as potential VDR targets by microarray analysis of 1,25D treated MCF7
cells. MCF7 and hTERT-HME cells were treated with 100 nM 1,25D or ethanol vehicle (Con) for 24 h. RNA was isolated and real-time quantitative PCR was conducted for KLK6,
TRPV6, CP, and MERTK. The data were normalized against 18S and expressed relative to values for control treated MCF7 cells which were set to 1. Each bar represents
mean� standard deviation of three independent samples analyzed in duplicate. *Bars annotated with different letters are significantly different (P-value<0.05) as assessed by
one-way ANOVA. Two-way ANOVA indicated a significant interaction between cell line and treatment for all genes.
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Fig. 8. Comparative effects of 1,25D in MCF7 and hTERT-HME cells on down-regulated genes identified as potential VDR targets by microarray analysis of 1,25D treatedMCF7
cells. MCF7 and hTERT-HME cells were treated with 100 nM 1,25D or ethanol vehicle (Con) for 24 h. RNAwas isolated and real-time quantitative PCR was conducted for PMP22,
IL1R1, CLDN1, and CTGF. The data were normalized against 18S and expressed relative to values for control treated MCF7 cells which were set to 1. Each bar represents
mean� standard deviation of three independent samples analyzed in duplicate. *Bars annotated with different letters are significantly different (P-value<0.05) as assessed by
one-way ANOVA. Two-way ANOVA indicated a significant interaction between cell line and treatment for the CLDN1 and CTGF genes.

TABLE IX. List of Annotated Genes Commonly Altered by 1,25D in hTERT-HME Mammary Epithelial Cells and MCF7 Breast Cancer Cells

hTERT HME cells MCF7 cells

Gene symbol Gene description
Fold

change1
Corrected
P-value2

Fold
change1

Corrected
P-value2

CYP24A1 Cytochrome P450, Family 24A1 181.37 2.42E-10 277.37 4.32E-08
SERPINB1 Seipin Peptidase Inhibitor, Clade B, Member 1 4.32 2.45E-07 2.08 1.27E-04
IGFBP3 Insulin-Like Growth Factor Binding Protein 3 3.79 3.30E-07 2.41 7.85E-04
G6PD Glucose-6-Phosphate Dehydrogenase 3.73 1.41E-07 1.61 3.76E-04
CD274 CD274 Molecule 3.61 2.61E-06 1.73 1.22E-03
P2RY2 Purinergic Receptor P2 Y, G-Protein Coupled, 2 3.40 6.98E-07 1.62 4.46E-04
EFTUD1 Elongation Factor Tu GTP Binding Domain Containing 1 2.51 1.53E-06 1.95 3.51E-04
CAMP Cathelicidin Antimicrobial Peptide 2.40 7.78E-06 3.63 5.51E-05
CLMN Calmin 2.36 8.16E-06 3.30 2.44E-05
VLDLR Very Low Density Lipoprotein Receptor 2.01 1.45E-05 1.51 4.46E-04
SLC4A7 Solute Carrier Family 4, Sodium Bicarbonate co-transporter, Member 7 1.94 2.33E-05 1.91 1.11E-04
TIMP3 TIMP Metallopeptidase Inhibitor 3 1.93 2.61E-04 3.09 2.44E-05
CD97 CD97 Molecule 1.91 1.85E-05 1.55 3.51E-04
BHLHE40 Basic Helix-Loop-Helix Family, Member E40 1.89 1.42E-05 1.60 3.24E-04
AKR1C3 Aldo-Keto Reductase Family 1, Member C3 1.85 7.81E-06 1.87 4.84E-04
RGNEF 190 kDa Guanine Nucleotide Exchange Factor 1.57 2.10E-04 1.51 4.57E-04
TRPV6 Transient Receptor Potential Cation Channel V6 1.55 1.04E-03 6.74 2.44E-05
RGS2 Regulator of G-protein Signaling 2, 24kDa �5.01 5.66E-07 �1.75 5.07E-04
CTGF Connective Tissue Growth Factor �1.68 6.65E-05 �2.76 5.07E-04
KLF6 Kruppel-like Factor 6 �1.64 7.09E-05 �1.68 6.11E-04
RNF144B Ring Finger Protein 144B �1.53 1.52E-04 �1.77 5.07E-04

1Fold change in hTERT-HME or MCF7 cells treated with 100 nM 1,25D relative to ethanol vehicle was calculated from microarray data with Gene Spring.
2P-values were generated by moderated t-test with Benjamini Hochberg correction.
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Collectively, our studies have identified several novel 1,25D
responsive genes involved in immune responses and cellular
metabolism that are worthy of follow-up in the context of breast
cancer.

Our data also clearly demonstrate that the genomic signature of
1,25D exposure in cells derived from normal mammary tissue
(hTERT-HME cells) is distinct from that of cells derived from breast
cancer (MCF7 cells). Not only was the number of genes altered by
1,25D much higher in hTERT-HME cells than in MCF7 cells (483 vs.
249 respectively), but there was limited overlap between the datasets.
Only 21 genes were found to be similarly regulated by 100 nM 1,25D
in bothmodel systems. Furthermore, distinct pathways andGO terms
were associated with the 1,25D regulated gene lists identified in each
cell line. This is not too surprising since the biological effects of
1,25D differ in the two cell lines (MCF7 cells predominantly exhibit
growth arrest, autophagy, and apoptosis whereas hTERT-HME cells
exhibit growth arrest, adhesion, and changes in metabolism). It is
also likely that VDR function becomes altered in cancer cells, as
suggested by data reported here demonstrating deregulation of
1,25D mediated gene regulation in normal mammary cells
engineered to undergo epithelial-mesenchymal transition (EMT)
and supported by the work of others in SKBR3 cells that express
mutant p53 [Stambolsky et al., 2010]. Furthermore, it is clear that the
genomic rearrangements, mutations, and epigenetic alterations that
are characteristic of cancer cells modify both baseline gene
expression and transcriptional regulation which could substantially
alter responses to 1,25D. For example, some of the genes that are up-
regulated by 1,25D in normal breast epithelial cells but not in MCF7
cells (i.e., SLC1A1, ITGB3) could be epigenetically silenced as a
function of carcinogenesis.

The underlying basis for the observed changes in 1,25D mediated
gene regulation as a function of EMT requires further study.
Oncogenes including constitutively active RAS (used in this study)

have been linked to 1,25D resistance via effects on RXR [Solomon
et al., 2001; Stedman et al., 2003; Zhang et al., 2010], however, our
data indicate that deregulation of VDR signaling by RAS is only
partial. Specifically, we show that although the ability of 1,25D to
induce and repress many gene targets is blunted and/or abrogated in
RAS-transformed cells, CYP24A1 and several immune response
genes examined (such as CD14, IL1RL1, and IL33) remain highly
inducible by 1,25D in these cells. This may indicate distinct modes of
regulation by 1,25D for these genes, such as the involvement of
heterodimer partners other than RXR or in association with post-
translational modifications of VDR or RXR [Zhang et al., 2010].
Oncogenic RAS drives kinase signaling and although VDR has
several known phosphorylation sites, the specific kinases and
phosphatases that regulate VDR phosphorylation and the con-
sequences of this post-translational modification with respect to
global gene signatures have not been fully defined [Jurutka et al.,
2002; Ting et al., 2012]. However, phosphorylation of other nuclear
receptors, notably PPARg, has been shown to selectively alter gene
signatures in a disease-relevant manner [Choi et al., 2010]. Further
study will be required to explore these possibilities.

In contrast to the effects observed in cells expressing the RAS
oncogene, we found little evidence that 1,25D-mediated gene
expression is altered in hTERT-HME cells expressing SV40-derived
oncogenic sequences which disable p53 signaling. This observation
is consistent with early studies that demonstrated that breast cancer
cells expressing mutant forms of p53 (such as T47D) retain
sensitivity to 1,25D-mediated growth arrest [Eisman et al., 1987].
However, as noted above, studies in SKBR3 breast cancer cells
suggest that certain p53 mutant proteins can complex with VDR and
substantially alter 1,25D mediated gene regulation including some
of the targets identified in our models such as KLK6 [Stambolsky
et al., 2010]. We therefore compared the datasets generated in
hTERT-HME andMCF7 cells (which express wild-type p53) to that of

Fig. 9. Venn diagram of 1,25D regulated entities in hTERT-HME and MCF7 cells. hTERT-HME and MCF7 cells were treated for 24 h with 100 nM 1,25D and processed for
microarray screening on Gene ST 1.0 arrays. Data were analyzed on Gene Spring v 12.6 software and a Venn diagram was constructed for entities significantly (P< 0.05) altered
with fold change of>1.5 (483 entities for hTERT-HME cells and 249 entities forMCF7 cells). The 26 entities that were similarly altered by 1,25D in both cell lines corresponded to
21 annotated genes (listed in Table IX).
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SKBR3 cells (which express mutant p53) and identified distinct
cohorts of genes (including IL1RL1, BHLHE40, ETS2, and IGFBP3)
that were oppositely regulated by 1,25D treatment in each cell line.
Since as noted above the treatment duration for these studies varied,
further analysis of the kinetics of gene expression may be
informative in resolving these differences. Alternatively, the
discrepancies may be related to the genomic context in which p53
deregulation occurs (i.e., non-transformed mammary cells such as
hTERT-HME vs. established breast cancer cells such as MCF7, T47D,
and SKBR3) and/or the specific p53 alteration expressed in a given
cell or tumor. In any case, it is clear that the interactions between
VDR and p53 are complex, and are likely to be further confounded in
tumor cells exposed to stress or DNA damaging agents. Thus, further
studies are warranted to clarify the effects of p53mutation or loss on
1,25D/VDR signaling in breast cancer.

Despite the different gene profiles associated with 1,25D exposure
in each breast-derived cell line, a core signature of 11 1,25D-
responsive genes (9 up-regulated and 2 down-regulated) was
identified in all three established breast-derived cell lines. More
extensive overlap was found between the two breast cancer cell lines

(24 up-regulated genes and 2 down-regulated genes), however, as
noted earlier this list is likely an underestimate due to differences in
1,25D treatment duration.

We also compared the gene lists from the established breast cell
lines to a publically available dataset derived from human breast
tumor explants treated for 24 h with 100 nM 1,25D (a model which
more accurately represents intact tumor tissue). In addition to
CYP24A1, this analysis identified four 1,25D-modulated genes
(CLMN, EFTUD1, IL1RL1, and SERPINB1) that may represent useful
biomarkers of vitamin D action for future translational studies. Three
of these genes were coordinately regulated by 1,25D in all gene lists
examined and are known to function in cancer-relevant pathways:
CLMN mediates cell-cycle arrest in response to retinoids [Marzinke
and Clagett-Dame, 2012], SERPINB1 inhibits proteases and reduces
tissue inflammation [Gong et al., 2011; Huasong et al., 2014] and
EFTUD1 functions in ribosome biogenesis [Finch et al., 2011].
Although these genes have not been extensively studied in breast
cancer, loss of expression of SERPINB1 is correlated with poor
survival in hepatocellular carcinoma and loss of EFTUD1 function is
associated with predisposition to leukemia [Finch et al., 2011;

TABLE X. Gene Signatures1 of 1,25D Exposure in Mammary-Derived Cell Lines (hTERT-HME, MCF7, SKBR3) and in Breast Tumor Explants

Genes common to
all 3 cell lines

Genes common to
MCF7 and SKBR3

Genes common to
hTERT-HME and SKBR3

Genes common to
all 4 datasets

CLMN (") CLMN (") CLMN (") CLMN (")
CYP24A1 (") CYP24A1 (") CYP24A1 (") CYP24A1 (")
EFTUD1 (") EFTUD1 (") EFTUD1 (") EFTUD1 (")
IL1RL1 IL1RL1 IL1RL1 (") IL1RL1
SERPINB1 (") SERPINB1 (") SERPINB1 (") SERPINB1 (")
BHLHE40 BHLHE40 BHLHE40
CD97 (") CD97 (") CD97 (")
ETS2 ETS2 ETS2
G6PD G6PD G6PD
IGFBP3 IGFBP3 IGFBP3
NDRG1 (#) NDRG1 (#) NDRG1 (#)
RGNEF (") RGNEF (") RGNEF (")
SDC3 (#) SDC3 (#) SDC3 (#)
SLC26A2 SLC26A2 SLC26A2
TIMP3 (") TIMP3 (") TIMP3 (")
TRPV6 (") TRPY6 (") TRPV6 (")
VLDLR VLDLR VLDLR

ACOX3 ARSJ (#)
AREG (") BDKRB1 (")
ARHGEF6 DNAJB1
CDK6 (#) DUSP1

CEACAM6 (") EFNA1 (#)
CEBPB (") EFNB2 (#)
CYP1A1 (") GRK5
DHRS3 HR
FAM46C KLF14
ITPR1 (") KRT16 (")

MB MALL
MERTK (") RASD2 (")
NFKBIA RASSF5
PADI3 (") RIPK4
PGM2L1 (") SEMA3B (")
PHLDB2 (") SERPINB6
PISD (") SRGAP3 (#)
SMOX (") TMEM40
STEAP4 (") TTC7A (")
SULT2B1
TGIF1

TMPRSS2 (")
TSKU (")
ZNF703 (")

1Gene signatures were compiled as described inMethods by integrating the hTERT-HME andMCF7 datasets reported here with those of Goerman et al. (22) andMilani et al.
(26).
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Burwick et al., 2012]. Thus, follow-up to determine the effects of
1,25D on the functions of the proteins encoded by these genes in the
context of normal mammary gland and breast cancer is clearly
warranted.

In summary, while CYP24A1 is commonly identified in micro-
array studies as the most highly up-regulated gene in 1,25D treated
cells, other modulated genes vary greatly depending on the model
system. While not wholly unexpected as transcriptional responses
across cell types is in general highly diverse, determining the
molecular basis for these differences is warranted. The distinct
biological effects of 1,25D in different cell types could reflect
differences in expression of VDR, its RXR partners or transcriptional
co-regulators as well as the underlying epigenetic states in specific
genomic regions. In addition, adaptation of cells to 2-D culture, use
of long-established cell lines and the presence of cancer-associated
genomic alterations likely contribute to this diversity. It is worth
noting that several of the genes we identified as 1,25D modulated in
hTERT-HME cells, including CD14, CD97, THBD, NINJ1, CAMP and
IL8, have been identified as direct VDR targets by ChIP-seq and were
altered in peripheral blood mononuclear cells by oral vitamin D
supplementation, but only in a subset of trial participants [Saksa
et al., 2014]. This supports the feasibility of identifying biomarkers of
vitamin D exposure through cell culture studies, but also confirms
the heterogeneity of individual responses. Continued integration of
the datasets reported here with additional genomic profiles and
ChIP-Seq data will assist in identifying more comprehensive
common and tissue/cell-specific signatures of 1,25D-VDR signaling.
The continued use of complex models such as tumor explants for
vitamin D studies is desirable given the expression of VDR in most
cell types and the critical interactions between tumor cells and their
stromal microenvironment.
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