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Abstract: Patients with estrogen receptor (ER) α-negative breast tumors have a poor prognosis and are not suitable 
for hormone therapy. Previously, we demonstrated that calcitriol, the active metabolite of vitamin D, induces ERα ex-
pression and re-establishes the response to antiestrogens in ER-negative breast cancer cells. However, the mecha-
nisms involved in this process have not been elucidated. Therefore, the present study was undertaken to investigate 
the mechanisms implicated in the calcitriol-induced ERα expression in ER-negative breast cancer cells. Using EMSA 
and ChIP assays, we found that the calcitriol/vitamin D receptor (VDR)/retinoic X receptor (RXR) complex binds 
to putative vitamin D response elements (VDREs) in the ERα gene promoter region. In addition, we established 
by a fluorometric assay that calcitriol decreased DNA-methyltransferase and histone deacetylase activities. Flow 
cytometry and qPCR analyses showed that co-treatment of calcitriol with inhibitors of the histone deacetylase and 
DNA methyltransferase, and genistein significantly increased ERα expression, compared to that observed with the 
compounds alone. In conclusion, the calcitriol-dependent ERα induction in ER-negative breast cancer cells results 
from binding of the VDR-RXR complex to VDREs in the ERα gene promoter region, including the downregulation of 
enzymes with chromatin-remodeling activities. These results may bring forth novel mechanistic knowledge into the 
actions of calcitriol in ERα-negative breast cancer. 
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Introduction

The estrogen receptor (ER) α plays a critical 
role in the pathogenesis, progression, and 
treatment of breast cancer [1]. Approximately 
two-thirds of breast cancer tumors overexpress 
ERα, and thus, appropriately respond to anties-
trogen compounds. By contrast, the lack of ER 
expression in tumors has been associated with 
early recurrence, development of metastasis, 
high tumor grade, and poor prognosis [2-4]. The 
repression mechanisms of ERα in breast tu- 

mors have been linked to hyperactivation of  
the mitogen-activated protein kinase-signaling 
pathway or miRNAs gene expression deregula-
tion [5-8]. Similarly, other studies in the field 
have indicated that epigenetic events play a 
crucial mechanistic role in ERα downregulation. 
Evidence supporting this fact is that treatment 
with inhibitors of histone deacetylase (HDAC) 
and DNA methyltransferase (DNMT), as well as 
with the soybean genistein, can re-establish 
ERα gene expression in ERα-negative breast 
cancer cells [9-15].
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In addition, we have demonstrated that calcitri-
ol, a natural compound, was able to induce the 
ERα protein expression. The functionality of 
this receptor was confirmed by upregulating  
the expression of an estrogen inducible gene. 
Interestingly, the calcitriol-induced ERα res- 
tored the inhibitory proliferative ability of the  
ER antagonists in ERα-negative breast cancer 
cells [16].

Epidemiological studies have demonstrated 
the association between the high incidence of 
ER-negative and triple-negative breast tumors 
with low calcitriol levels, the active form of vita-
min D [17, 18]. Indeed, the vitamin D receptor 
(VDR) knock-out mice had a higher incidence of 
ER- and progesterone receptor-negative mam-
mary tumors when compared with their wild-
type counterparts after treatment with a car-
cinogen [19]; suggesting that vitamin D favors a 
more differentiated tumor phenotype. In this 
regard, besides calcium homeostasis and bone 
mineralization, calcitriol regulates many physi-
ological processes, including important anti-
cancer effects [20]. Most of these actions are 
mediated via activation of the nuclear VDR, 
which binds to vitamin D response elements 
(VDREs) and regulates the transcription of  
target genes [21]. VDREs consist of two hexa-
meric sequences, commonly arranged as direct 
repeats with variable numbers of spacing 
nucleotides. These response elements are des-
ignated DR3 or DR4-type depending on the 
number of intermediate nucleotides [22, 23].

Recent studies have shown that the calcitriol 
anticancer properties may also involve epigen-
etic control mechanisms related to histone 
modifications and DNA methylation [24, 25]. 
Supporting this, it has been shown that the 
treatment of breast cancer cells with vitamin D 
increased phosphatase and tensin homolog 
(PTEN) expression, a tumor suppressor gene, 
through the reduction of methylation levels 
within the gene promoter region and downregu-
lation of DNMT1 gene expression and enzymat-
ic activity [26].

Therefore, this study was designed to get an 
insight into the mechanism by which calcitriol 
induces ERα expression in ERα-negative breast 
cancer cells. The results give evidence that cal-
citriol/VDR/RXR complex binds to VDREs in the 
ERα gene promoter region and decreases 
DNMT and HDAC enzymatic activities in these 
cancer cells. In addition, ERα gene and protein 

expression was significantly augmented to a 
greater extent in cells co-treated with calcitriol 
and the epigenetic modulators than in the cells 
treated in the presence of each compound 
alone. The changes in DNA methylation and his-
tone modification, as well as, the direct regula-
tion of gene transcription by calcitriol success-
fully induced ER expression.

Material and methods

Reagents

Calcitriol, trichostatin A (TSA), 5-aza-2’-deoxy-
cytidine (AZA) were purchased from Sigma (St. 
Louis, MO, USA) and genistein (GE) from 
Calbiochem (Millipore MA, USA). Cell culture 
media was from Life Technologies (Grand 
Island, NY, USA). Fetal bovine serum (FBS) was 
obtained from Hyclone Laboratories Inc. 
(Logan, UT, USA). Trizol and the synthetic oligo-
nucleotides for quantitative real-time poly-
merase chain reaction (qPCR) were acquired 
from Invitrogen (Thermo Fisher Scientific Inc, 
MA, USA). The TaqMan Master Reaction, pro- 
bes, plates, and reverse transcription (RT) sys-
tem were all from Roche (Roche Applied 
Science, IN, USA).

Cell culture

The SUM-229PE cells (RRID:CVCL_5594, As- 
terand, San Francisco, CA) were cultured in 
Ham’s F-12 media supplemented with 5% heat-
inactivated-FBS, 10 mM HEPES, 1 μg/ml hydro-
cortisone, 5 μg/ml insulin, 1% antimycotic, and 
cultured under standard cell culture conditions, 
5% CO2 at 37°C. The HeLa, SK-BR-3, HCC1806, 
and HCC38 (RRID: CVCL_0030, CVCL_0033, 
CVCL_1258, and CVCL_1267, respectively, 
ATCC, Manassas, VA, USA) established cell 
lines were cultured and maintained following 
indications from the supplier.

DMEM-F12 media supplemented with 5% char-
coal-stripped-heat-inactivated FBS, 100 U/ml 
penicillin, and 100 μg/ml streptomycin was 
used for the experimental procedures. All 
experiments were carried out between the 3rd 
to 5th passages after thawing.

In silico screening for VDREs in ERα gene 
promoter region

Analysis for detection of putative regulatory 
sequences present in the human ERα gene 
(NCBI Reference Sequence: NG_008493.2) 
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within a region encompassing approximately 
5000 bp upstream from the transcription start 
site [27] was performed using MatInspector 
software (Genomatix, www.genomatix.de) [28].

Electrophoretic mobility shift assay (EMSA)

Following the manufacturer’s instructions, 
nuclear extracts were obtained from SUM-
229PE and HeLa cells using the Cell Nuclear 
Extraction Kit (Sigma, St. Louis, Missouri, USA). 
Protein concentrations were determined using 
the Protein Assay Dye Reagent Concentrate 
(Bio-Rad, Hercules, CA, USA). Nuclear extracts 
(5 μg) were incubated in the absence or pres-
ence of calcitriol (1×10-7 M) for 15 min. EMSAs 
were performed following Gel Shift Assay 
System (Promega) instructions. 32P end-labeled 
probes containing the putative VDREs from the 
human ERα gene promoter (S1, S4, S5, S6, and 
S7) were synthesized, and canonical DR3- and 
DR4-type VDRE were used as positive controls 
[29] (Table 1). Per reaction, 17.5 fmol of each 
labeled probe were added to the nuclear 
extracts. For supershift assays, pre-incubation 
of 1 μg of specific antibodies against VDR (sc-
13133, Santa Cruz Biotechnology, USA) or the 
retinoid X receptor (RXRα/β/γ) (sc-774 Santa 
Cruz Biotechnology) with samples were per-
formed for 1 h, before incubation of the labeled 
probes with nuclear extracts. For competition 
studies, a 200-fold excess of the unlabeled 
double-stranded competitor oligonucleotide 
was added for each reaction. The DNA-protein 

room temperature. To stop the reaction, 2.5 M 
glycine was added for 5 min. The cells were 
washed and harvested with cold PBS contain-
ing Protease Inhibitor Cocktail II. After the sam-
ples were centrifuged, the pellets were resus-
pended in lysis buffer (1% SDS, 10 mM EDTA, 
50 mM Tris-HCl pH 8.1) and sonicated for 5 
cycles of 20 s each (Ultrasonic Processor model 
GEX500, Geneq Inc., Montreal, Canada). The 
cellular debris was eliminated by centrifuga-
tion, and salmon sperm DNA/protein G-agarose 
was added at 4°C for 1 h. The antibodies 
against VDR, RXR RXRα/β/γ (sc-13133 X  
and sc-774 X, respectively; Santa Cruz Bio- 
technology) or nonspecific IgG (sc-2025, Santa 
Cruz Biotechnology) were added to chromatin 
supernatants and incubated at 4°C overnight 
with shaking. For immunoprecipitation, salmon 
sperm DNA/protein G-agarose was added to 
samples at 4°C overnight. After, several wash-
es were performed with 1 ml of the following 
buffers: low-salt wash buffer (20 mM Tris-HCl 
pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Triton 
X-100, and 2 mM EDTA), high-salt wash buffer 
(20 mM Tris-HCl pH 8.0, 500 mM NaCl, 0.1% 
SDS, 1% Triton X-100, and 2 mM EDTA), LiCl 
wash buffer (250 mM LiCl, 20 mM Tris-HCl pH 
8.1, 500 mM NaCl, 1% Nonidet P-40, 1% sodi-
um deoxycholate, and 2 mM EDTA), and two 
washes with TE buffer (10 mM Tris and 1 mM 
EDTA, pH 8.0). To reverse cross-link, 5 M NaCl 
was added to DNA-protein complexes and the 
input samples were incubated at 65°C over-

Table 1. Oligonucleotides used in EMSAs
Double-stranded probe name Complementary sequences
S1 5’-GGGAGGTTGAGGCGGGTGGATCACC-3’

5’-GGTGATCCACCCGCCTCAACCTCCC-3’
S4 5’-CAGGAGAGGGTAGGGAGGGAAGCCA-3’

5’-TGGCTTCCCTCCCTACCCTCTCCTG-3’
S5 5’-GGACAAGGCTCACCAAGATGAGTTT-3’

5’-AAACTCATCTTGGTGAGCCTTGTCC-3’
S6 5’-AGAAAGTGGTCAAGAGGTGGATCCA-3’

5’-TGGATCCACCTCTTGACCACTTTCT-3’
S7 5’-ATCCTAGCCCAAGTGAACCGAGAAG-3’

5’-CTTCTCGGTTCACTTGGGCTAGGAT-3’
DR3 5’-AGCTTCAGGTCAAGGAGGTCAGAGAGCT-3’

5’-AGCTCTCTGACCTCCTTGACCTGAAGCT-3’
DR4 5’-GAAGTTCAGCGAAGTTCA-3’

5’-TGAACTTCGCTGAACTTC-3’
The putative VDREs are underlined.

complexes were loaded on  
4% non-denaturing polyacryl-
amide gels. Subsequently, the 
gels were transferred onto fil-
ter paper, dried, and exposed 
to a film developed by auto- 
radiography.

Chromatin immunoprecipita-
tion (ChIP)-quantitative PCR 
assays

SUM-229PE cells were treat-
ed with calcitriol (1×10-7 M)  
or vehicle for 24 h. The ChIP 
assay was performed accord-
ing to EZ Chromatin Imm- 
unoprecipitation Assay Kit 
(Millipore, MA, USA). Cross-
linking of was carried out in 
1% formaldehyde for 7 min at 
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night. Then, the samples were incubated with 
proteinase K for 1 h at 45°C. To purificate the 
DNA samples we used the High Pure PCR 
Product Purification Kit (Roche, Switzerland), 
and subsequent PCR reaction was carried 
according to the following protocol: Initial dena-
turation at 94°C for 2 min followed by 35 cycles 
each with denaturation at 94°C for 25 s. 
Annealing at 50-57°C (depending on sequenc-
es) for 45 s, and extension at 72°C for 2 min. 
Final extension at 72°C for 7 min. The primer 
sequences used in ERα ChIP analysis were: 
S1-F, CAGACTTAAGCCTCAAGATTG; S1-R, TAA- 
GTAGCTGGGATTACAGGT; S4-F, CATGTTTGAGA- 
ATGGTGACTC; S4-R, GGAAAGTATACTGTGCTAC- 
GC; S5-F, GGCGTAGCACAGTATACTTTC; S5-R, 
CTGCAATTGTTCACTATTGAC; S6-F, CACTCTAG- 
GAGCACCTCAGTA; S6-R ATAGCTCAGTTGACTG- 
CTTTC; S7-F, GACGCATGATATACTTCACCT; S7-R, 
CATACCAAACATAACCTCAGG. DNA was analyzed 
by 2% agarose gel electrophoresis.

Real time RT-PCR

The cells were treated with calcitriol (1×10-7 M), 
AZA (6×10-7 M), TSA (1.4×10-6 M), GE (2.5×10-5 
M), their combination, or the vehicle alone 
(0.1% ethanol or DMSO) during 24 h. Afterward, 
Total RNA was isolated from samples by using 
Trizol reagent and was copied to cDNA with the 
transcriptor RT system. Real-time PCR was per-
formed using the LightCycler 480 from Roche 
(Roche Diagnostics, Mannheim, Germany) 
according to the following protocol: Initial DNA 
denaturation at 95°C for 10 min, proceeded by 
the primers’ annealing and DNA synthesis using 
Taq DNA polymerase by 45 amplification cycles 
consisting of 10 s at 95°C, 30 s at 60°C, and 1 
s at 72°C. The following oligonucleotides were 
used: ERα-F, CCTTCTTCAAGAGAAGTATTCAAGG; 
ERα-R, GTTTTTATCAATGGTGCACTGG; DNMT- 
3A-F, ACTACATCAGCAAGCGCAAG; DNMT3A-R, 
CACAGCATTCATTCCTGCAA; HDAC1-F, CGGTGC- 
TGGACATATGAGAC; HDAC1-R, TGGTCCAAAGTA- 
TTCAAAGTAGTCA. The gene expression of RPL- 
32 (ribosomal protein L32) was used to nor- 
malize of data: RPL32-F, GAAGTTCCTGGTC- 
CACAACG; RPL32-R, GAGCGATCTCGGCACAGTA.

Analysis of ERα protein levels

SUM-229PE cells were incubated in the ab- 
sence or presence of calcitriol (1×10-7 M, dur- 
ing 48 or 72 h), TSA (1.4×10-6 M, 12 h before 
finishing the 48 h of treatment), or AZA (6×10-7 

M, 24 h before finishing the 72 h of treatment) 
alone or combined (calcitriol with epigenetic 
modulators). ERα protein levels were analyzed 
by flow cytometry. After treatment, cells were 
harvested and fixed with ethanol 70% (v/v). 
Then, the samples were washed and incubated 
with 0.5% v/v Triton X-100 for 15 min. Next, 
cells were incubated with mouse anti-ERα 
monoclonal antibody (1:200, Santa Cruz) for 1 
h. For detection of ERα, cells were washed and 
incubated with Alexa-488 rabbit anti-mouse 
mAb (Molecular Probes, Eugene OR) at room 
temperature for 30 min. After washing, cells 
were acquired on a FACSCanto II Flow cytome-
ter (Beckton Dickinson, San Jose, CA, USA). To 
gate out cell aggregates, a forward scatter area 
(FSC-A) vs. forward scatter height (FSC-H) was 
done. Next, tumor cells were selected using a 
FSC-A vs. SSC-A dot plot graph, excluding cell 
debris. A total of 10,000 events were acquired 
from the gate of tumor cells, and the expres-
sion of ERα molecule was measured using the 
mean fluorescence intensity (MFI) from the cor-
responding histograms.

HDAC activity

HDAC enzymatic activity was evaluated using 
an HDAC assay kit (Abcam, Cambridge, UK). 
Nuclear extracts (10 μg) from SUM-229PE cells 
were prepared with the HDAC assay substrate 
and incubated in the absence or presence of 
calcitriol (1×10-7 M), TSA (1.4×10-6 M), or its 
combination at room temperature for 5 min. 
Fluorescence intensity was measured in a fluo-
rescent microplate reader (BioTek, Winooski, 
VT, USA) at excitation of 360 nm and emission 
of 460 nm for 60 min at 1-2 min intervals.

DNMT activity

DNMT activity was evaluated using a DNMT 
assay kit (Abcam) according to the manufac-
turer’s instructions. Nuclear extract (10 μg) was 
incubated with DNMT assay substrate and 
assay buffer. Later, the samples were added 
with calcitriol (1×10-7 M), AZA (6×10-7 M), or a 
combination of both. Then, capture antibody, 
detector antibody, and enhancer solution were 
incubated at room temperature for 60 min, 30 
min, and 30 min, respectively. The samples 
were washed, and subsequently, it was add- 
ed Fluorescence Development Solution and  
incubated at room temperature for 1-3 min. 
Fluorescence intensity was measured in a fluo-
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rescent microplate reader at an excitation of 
530 nm and emission of 590 nm within 2-10 
min.

Statistical analyses

One-way ANOVA followed by the Student-
Newman-Keuls or Holm-Sidak methods was 
used to multiple comparisons test using a spe-
cialized software package (SigmaStat, Jandel 
Scientific). Data are expressed as the mean ± 
standard deviation (S.D.). The results were con-
sidered significant at P<0.05.

Results

The human ERα gene promoter region con-
tains putative VDREs

In order to identify the presence of VDREs in 
the human ERα gene promoter region, an anal-
ysis in silico was carried out. Screening the 
5000 bp upstream of ERα gene promoter 
region, using the MatInspector program, identi-
fied the presence of seven putative DR1-, DR3-, 
DR4- and DR5-type VDREs (named S1-S7) 

(Figure 1). The sequence S2, DR1-type, was not 
analyzed in this study since the matrix similarity 
was less than the search threshold (<8.0). It is 
known that the VDR-RXR complex recognizes 
with greater affinity DR3 and DR4-type ele-
ments. Therefore, the S3 sequence, which is a 
DR5-type, was also discarded. The sequences 
S4 to S7 corresponded to the DR3-type and the 
sequence S1 to the DR4-type, both located 
upstream from the reported transcriptional 
start site of exon 1B in the ERα gene promoter 
region [27, 30].

The VDREs in the ERα gene promoter region 
interact with VDR and RXR

To determine if the sequences identified with 
MatInspector interact with endogenous VDR, 
EMSAs were performed. The sequence-specific 
labeled probes S4 (Figure 2A, lane 6), S1, S5, 
S6, and S7 (Figure 3A, lane 2, 9, 13, and 17, 
respectively) and the nuclear extracts from 
SUM-229PE cells formed bands, indicating the 
interaction between the protein and DNA. 
These bands showed similar size to those 

Figure 1. The human ERα gene promoter contains putative vitamin D responsive elements. Schematic representa-
tion of VDREs found on ERα gene promotor region. The putative VDREs are highlighted in different colors and the 
hexanucleotide repeats are in bold. TSS: transcriptional start site, S: sequence.
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3). This effect was also observed in positive 
controls (Figure 2A, lane 3; Figure 3A, lane 7), 
confirming the specificity of the DNA-protein 
interaction. In addition, nuclear extracts were 
incubated with the labeled sequence-specific 
probes and DR3 or DR4-type sequences in the 
presence of antibodies against VDR or RXR.  
A significant reduction in the formation of  
DNA-protein complex was observed in the pres-
ence of an anti-VDR antibody, except for the 
sequence-specific labeled probes S7 (Figure 
2A, lane 8 and Figure 3A, lanes 4, 11, 15, and 
19). Notably, when using the anti-RXR antibody, 
no band depicting DNA-protein complex forma-
tion was detected, suggesting the complete 
dissociation of the complex or the total hin-
drance between the DNA and the transcription 
factor (Figure 2A, lane 9 and Figure 3A, lanes 
5, 12, 16 and 20). The above data demonstrat-
ed the specific binding of the labeled sequenc-
es with the endogenous VDR/RXR hetero- 
dimer.

Similar results were obtained with the 
sequence-specific labeled probe S4 and the 
nuclear extracts from HeLa cells, another 
ER-negative cell line (Figure 3B, lane 6). It 
should be noted that two bands are observed, 
presumably due to the production of alternative 
forms of the receptors, as has been previously 
observed [31]. The DNA-protein complexes 
were confirmed by the reduction and disap-
pearance of the band in the presence of the 
VDR and RXR antibodies, respectively (Figure 
3B, lane 8 and 9, respectively). These data 
demonstrated that DNA-protein interaction can 
be observed in another cell line with ER-negative 
phenotype.

In order to confirm if VDR was able to bind the 
VDREs in the ERα gene promoter in vivo, ChIP 
assays were performed. To induce ERα expres-
sion, SUM-229PE cells were incubated with or 
without calcitriol for 24 h. After, the VDRE-
containing regions of ERα gene promoter were 
amplified and analyzed by qPCRs using the 
sequence-specific primers. Figure 2B shows an 
amplicon of 260-bp PCR obtained from the 
PCR-amplified region (-3302 to -3278) of the 
ERα gene promoter (Figure 1), using the S4 
specific primers. An increase in the relative 
amount of the amplified PCR product was 
observed by calcitriol treatment in the pres-
ence of the anti-VDR antibody, which indicated 

Figure 2. The VDR is recruited in vitro and in vivo 
to VDREs in ERα gene promoter region. A. Nuclear 
extracts of SUM-229PE cells treated with calcitriol 
(1×10-7 M) were incubated with the S4 (VDRE of 
DR3-type) 32P-labeled sequence-specific. The probe 
was incubated with VDR or RXR antibodies or an 
excess of unlabeled specific sequences. Negative 
control (Neg): 32P-labeled sequence in the absence 
of nuclear extract. Each blot is representative of at 
least three experiments. B. ChIP analysis was per-
formed on SUM-229PE cells incubated in the pres-
ence of calcitriol (1×10-7 M) or ethanol as its vehicle 
(-) during 24 h. Soluble chromatin was immunopre-
cipitated with the antibodies against VDR or RXR and 
subjected to PCR analysis with the appropriate set 
of primers flanking the S4 in the ERα gene promot-
er region. A non-specific IgG was used as negative 
control. INPUT was a positive control (genomic DNA). 
Results are representative of at least two separate 
experiments.

formed with consensus DR3 (Figure 2A, lane 2; 
Figure 3A, lane 21) and DR4-type VDREs 
(Figure 3A, lane 6) used as positive controls 
[29]. As depicted, the DNA-protein complexes 
practically disappeared when nuclear extracts 
were incubated with a 200-fold excess of unla-
beled DR3 (Figure 2A, lane 7; Figure 3A, lane 
10, 14, and 18) or DR4 probes (Figure 3A, lane 
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the association of activated VDR to DNA 
strands within intact chromatin. Interestingly, 
this PCR product was not amplified when the 
anti-RXR antibody was used in homogenates of 
calcitriol-treated cells. As a control for PCR 
specificity, we used amplification of input DNA. 
As expected, the PCR products were not detect-
ed in the presence of non-specific IgG. Using 

gene expression in breast cancer cells with 
ER-negative phenotype [9, 13, 16] (Figure 4). 
Notedly, the induction of ERα gene expression 
by calcitriol was observed in different breast 
cancer cell lines (Figure 4A). Further, treatment 
with calcitriol in the presence of the epigenetic 
modulators was followed by a significantly high-
er increase in ERα mRNA than with compounds 

Figure 3. The VDR is recruited to VDREs in ERα gene promoter region. Nucle-
ar extracts of (A) SUM-229PE or (B) HeLa cells treated with calcitriol (1×10-7 
M) were incubated with the (A) S1 (VDRE of DR4-type), S5-S7 (VDRE of DR3-
type) 32P-labeled sequences-specific (B) S4 (VDRE of DR3-type). The probes 
were incubated with VDR or RXR antibodies or an excess of unlabeled specif-
ic sequences. Negative control (Neg): 32P-labeled sequence in the absence 
of nuclear extract. Each blot is representative of at least three experiments. 
(C) ChIP analysis was performed on SUM-229PE cells incubated in the pres-
ence of calcitriol (1×10-7 M) or ethanol as its vehicle (-) during 24 h. Soluble 
chromatin was immunoprecipitated with the antibodies against VDR or RXR 
and subjected to PCR analysis with the appropriate set of primers flanking 
the S5 in the ERα gene promoter region. A non-specific IgG was used as 
negative control. INPUT was a positive control (genomic DNA). Results are 
representative of at least two separate experiments.

the S5 specific primers, we 
obtained a 219-bp PCR prod-
uct (Figure 3C), comprising 
the region between -3181 to 
-3157 of the ERα gene pro-
moter (Figure 1). In the 219-
bp PCR product, the VDR-RXR 
complex interaction within the 
promoter region was con-
firmed with specific antibodi- 
es (Figure 3C). VDREs corre-
sponding to S1, S6, and S7 did 
not form PCR products. These 
data clearly indicate that the 
VDR-RXR complex is directly 
bound to VDREs within the 
ERα gene promoter region.

Epigenetic mechanisms 
involved in calcitriol effects 
on ERα gene and protein 
expression

Epigenetic modulators such 
as TSA, AZA, and genistein 
(GE) contribute to ERα tran-
scriptional regulation through 
epigenetic mechanisms link- 
ed to histone modifications 
and DNA methylation in ERα-
negative breast cancer cells 
[9, 13, 32]. Considering this, 
we investigated whether the 
induction of ERα expression 
by calcitriol might involve epi-
genetic mechanisms. For this 
reason, the expression of ERα 
was assessed in breast can-
cer cells treated with calcitriol 
in the presence or absence  
of TSA, AZA, or GE. Consistent 
with previous studies, we de- 
monstrated that the treat-
ment with calcitriol or the  
epigenetic modulators alone  
significantly increased ERα 
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alone in the SUM-229PE cells (Figure 4B-D). To 
corroborate that the increase of ERα gene 
expression is also reflected at the protein level, 
we evaluated ERα protein expression by flow 
cytometry. For this, we analyzed only the combi-
nation of calcitriol with AZA or TSA. In a similar 
manner as in qPCR studies, we observed a  
significant induction in ERα protein expression 
by calcitriol, TSA, or AZA (Figure 5). However, 
the presence of the epigenetic modulator sig-
nificantly increased calcitriol effects on the 
expression of ERα at protein level compared to 
that in the absence of epigenetic compounds 
(Figure 5). These results suggest an important 
role of calcitriol in ERα reactivation via epigen-
etic modulation in ERα-negative breast cancer 
cells.

Calcitriol inhibits DNMT and HDAC activity

Calcitriol-mediated epigenetic effects are link- 
ed to histone modifications and DNA methyla-
tion [24]. To further study the epigenetic mech-

stimulates ERα expression through the de- 
crease of HDACs and DNMTs enzymatic 
activity.

Discussion

Calcitriol actions are mediated by its nuclear 
VDR, which preferentially acts as a heterodimer 
with RXR subtypes on specific promoter 
sequence regions in target genes [34, 35]. 
Calcitriol exerts its antiproliferative activity in 
breast cancer cells by multiple mechanisms, 
including the regulation of gene expression [36, 
37]. In fact, several studies have shown that 
the antiproliferative effects of calcitriol and its 
analogues on ER-positive human breast cancer 
cells are mediated through the downregulation 
of ER expression and disruption of estrogen 
dependent signaling pathways [38-41]. This 
transcriptional repression is regulated by the 
binding of the VDR to two negative VDREs in the 
ER promoter region of the ER-positive breast 
cancer cells [42]. In contrast, we have previ-

Figure 4. Calcitriol combined with epigenetic modulators induced ERα mRNA 
expression in a greater to extent than compounds alone in ERα-negative 
breast cancer cells. (A) Different ER-negative phenotype breast cancer cells 
were incubated in the absence (C) or presence of calcitriol (Cal, 1×10-7 M). 
(B) SUM-229PE cells were treated as previously described with trichostatin 
A (TSA, 1.4×10-6 M), (C) 5-aza-2’-deoxycytidine (AZA, 6×10-7 M), or (D) genis-
tein (GE, 2.5×10-5 M) alone or combined for 24 and 48 h. Quantitative real 
time PCR was performed to measure relative transcription of ERα. Results 
are shown as the mean ± S.D. of ERα/RPL32 mRNA normalized ratio of 
three independent experiments per triplicate. Data were normalized to 1 
for vehicle-treated cells. *P<0.05 vs. C. **P<0.05 vs. each compound alone.

anisms involved in calcitriol- 
induced ERα re-expression in 
ERα-negative breast cancer 
cells, we assessed the effect 
of this hormone on the activity 
and expression of DNMT and 
HDAC, two of the main epig- 
enetic regulatory enzymes. 
Figure 6 shows that calcitriol 
treatment did not affect DN- 
MT3A or HDAC1 gene expres-
sion. In contrast, the AZA and 
TSA alone downregulated DN- 
MT3A and HDAC1 mRNA ex- 
pression levels, respectively, 
as previously reported [13, 
33]. The combined treatment 
did not modify AZA or TSA 
effects (Figure 6A and 6B). 
Afterward, we assessed the 
effect of calcitriol alone or 
combined with the epigenetic 
regulators on total DNMT and 
HDAC activity. We found that 
calcitriol and the combined 
treatments significantly re- 
duced total DNMT and HDAC 
activity. Both AZA and TSA 
were used as controls [9, 13] 
(Figure 6C and 6D). These 
results suggest that calcitriol 
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Figure 5. The combined treatment with calcitriol plus the epigenetic modulators increased ERα protein expression 
levels in ERα-negative breast cancer cells. Flow cytometric analysis of ERα protein was performed after treatment of 
cells with calcitriol (Cal, 1×10-7 M), and (A) trichostatin A (TSA, 1.4×10-6 M, during 48 h) or (B) 5-aza-2’-deoxycytidine 
(AZA, 6×10-7 M, during 72 h) alone or combined. Mean fluorescence intensity (MFI) values for the expression of ERα 
were obtained from the corresponding histograms. Dashed lines indicate the secondary antibody (2º), used as an 
internal control of MFI. Vehicle-treated cells (C) were arbitrarily given a value of 1 (bar chart). Results are the mean 
± S.D. of three different experiments. *P<0.05 vs. C, **P<0.05 vs. each compound alone.

ously demonstrated that calcitriol induced the 
expression of functionally active ERα in both 
primary and established ERα-negative breast 
cancer cell lines [16], which results in the rees-
tablishment of the sensitivity to an antiestro-
gen treatment. However, the mechanisms by 

which calcitriol induces the ER expression in 
ER-negative breast cancer cells still remain 
unexplored. In the present study, we demon-
strated by EMSA that activated VDR was able to 
bind the putative VDREs identified by an in sili-
co analysis. Furthermore, the results of the in 
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Figure 6. Calcitriol regulated DNMT and HDAC enzymatic activity in ER-neg-
ative SUM-229PE breast cancer cells. The cells were treated in the absence 
(C) or presence of calcitriol (Cal, 1×10-7 M), trichostatin A (TSA, 1.4×10-6 
M), and 5-aza-2’-deoxycytidine (AZA, 6×10-7 M) alone or the combination of 
calcitriol with each epigenetic modulator for 24 and 48 h. (A) DNMT3A and 
(B) HDAC1 gene expression were determined by quantitative real time PCR. 
Total (C) DNMT and (D) HDAC activity was evaluated by using a Fluorometric 
Assay. Each bar represents the mean ± S.D. of three independent experi-
ments. *P<0.05 vs. C.

vivo ChIP experiments confirmed the recruit-
ment of VDR and RXR to the putative S4 and S5 
sequences. This could be explained by the sum 
of the following factors: the preferential binding 
of VDR/RXR complex to DR3 type sequences 
and the fact that S4 and S5 DNA fragments 
share high homology with the consensus 
sequence. Interestingly, it was not possible to 
amplify PCR products using the S4 specific 
primers when incubating the lysates of calcitri-
ol-treated cells with the RXR antibody in the 
ChIP assay, indicating the no co-immunoprecip-
itation of this transcription factor with the S4 
sequence in the presence of calcitriol. This may 
be due to a cyclic dynamic process of activated 
VDR/RXR-DNA binding, which results in inter-
mittent specific localization of the calcitriol-
transcription factors complex to this promoter 
in space and time. We found supporting previ-
ous evidence to these results in the 5-Lipo- 
xygenase gene transcription induced by calcitri-
ol, where the PCR product obtained from the 
ChIP with RXR changed at different times and 
regions within the promoter [43]. Another study 
also showed the absence of PCR product ampli-
fication when ChIP analysis in the presence of 
calcitriol and RXR antibody was performed in 

the ether à go-go gene pro-
moter [44]. Alternatively, this 
observation could also mean 
that without the ligand, RXR  
is located at this VDRE se- 
quence in the ER promoter, 
and when the ligand is pres-
ent, a conformational change 
occurs within the VDR-RXR 
heterodimer that impede this 
region to co-immunoprecipi-
tate with the RXR. Probably, 
since the binding of the VDR to 
its ligand results in a confor-
mational change that influenc-
es its RXR heteropartner, it  
is possible that the RXR-
antibody that we used may no 
longer has access to its corre-
sponding binding site; there-
fore, impeding immunoprecip-
itation [45].

DNA methylation and histone 
deacetylation promote a com-
pacted chromatin conforma-
tion, resulting in the transcrip-
tional inactivation of gene ex- 

pression [46]. Specifically, ERα gene expres-
sion is modulated by cis-regulatory elements 
located upstream from the initiation site and 
methylation of these sequences resulting in a 
loss in the transcription of the ERα gene [47, 
48]. Our observations showed a greater incre- 
ase in ERα expression when calcitriol was com-
bined with epigenetic modulators, pointing out 
a reciprocal relationship between calcitriol and 
epigenetic modulators. Moreover, the DNMT 
and HDAC enzymatic activities were downregu-
lated by calcitriol. Taken together, these results 
indicate that calcitriol acts through epigenetic 
events in receptor reactivation in ER-negative 
breast cancer cells. We previously demonstrat-
ed that calcitriol induces ERα expression 
through a VDR dependent mechanism in 
ER-negative breast cancer cells, given that TEI-
9647, a VDR antagonist, significantly prevented 
the stimulatory effect of calcitriol in the ERα 
gene expression [16]. In accordance with this, 
we performed Western blot analyses to deter-
mine if calcitriol affects VDR protein expression 
in the SUM-229PE cell line. The results showed 
that calcitriol (1×10-8 M) up-regulated VDR pro-
tein expression (data not shown). Like these 
results, calcitriol treatment increased VDR pro-
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tein expression in the MCF-7 breast cancer 
cells with ER-positive phenotype [49]. The 
increment in the VDR protein’s abundance 
could favor the binding of the VDR-RXR com-
plex to VDREs in the ERα gene promoter region, 
as well as, the calcitriol effects in the regulation 
DNMT and HDAC enzymatic activity.

It should be noted that, to our knowledge, this 
study is the first to demonstrate the ability of 
calcitriol to induce the ERα expression through 
two pathways that consist in direct transcrip-
tional regulation of VDR with putative VDREs  
in ERα gene promoter and the modulation  
of epigenetic-driven chromatin conformational 
events in ER-negative breast cancer cells 
(Figure 7). Since the loss of ER expression has 
also been related to mechanisms such as 
hyperactivation of the mitogen-activated pro-
tein kinase (MAPK) signaling pathway or 
increased expression of specific microRNAs [5, 
8, 12, 48, 50]. We do not rule out that these 
mechanisms could be involved in ERα induc-
tion by calcitriol. In this regard, we showed that 
calcitriol treatment did not modify the MAPK 
activity in ERα-negative breast cancer cells, 
suggesting that ERα induction by calcitriol  
was independent of the MAPK pathway [16]. 

re-establish ERα expression and improve treat-
ment and prognosis on ER-negative breast 
cancer.

Conclusion

Calcitriol induces ERα expression in ERα-
negative breast cancer cells through the direct 
interaction of VDR-RXR complex with VDREs at 
the ERα gene promoter. It was also interesting 
to see that inhibition of HDAC and DNMT enzy-
matic activity, increased calcitriol abilities to 
restore the ERα positive tumor cells phenotype. 
These results might contribute to the develop-
ment of new and promising therapeutic strate-
gies for the treatment of ERα-negative breast 
cancer patients.
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Concerning microRNAs regu-
lation by calcitriol to modulate 
ERα expression, future experi-
ments must be carried out. A 
possible explanation of how 
calcitriol induces ERα expres-
sion in ER-negative cells could 
be via its ability to induce cell 
differentiation and therefore 
affecting and improving the 
phenotype of cancer cells [51, 
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