
Abstract. Background/Aim: The study aimed to test the
potential for increasing the antiproliferative activity of 
5-fluorouracil against breast cancer cells of various
molecular subtypes by vitamin D receptor (VDR) agonists,
calcitriol and tacalcitol, used at a low concentration of 10
nM. Materials and Methods: Calcitriol and tacalcitol were
used to increase the antiproliferative effect of 5-fluorouracil
against the following human breast cancer cell lines: MCF-
7, T47D, BT-474 (luminal); JIMT-1, SKBR-3 (HER2-
enriched); MDA-MB-231 (triple-negative/basal-B), and non-
malignant MCF-10A breast epithelial cells. Results: Both
calcitriol and tacalcitol significantly increased the sensitivity
of MCF-7 and BT-474 cells to the antiproliferative effect of
5-fluorouracil, while no increase in the sensitivity of MDA-
MB-231 cells to 5-fluorouracil treatment was observed.
Conclusion: The VDR agonist used at the relatively low
concentration of 10 nM may increase the sensitivity of breast
cancer cells, at least of the luminal subtype, to the
antiproliferative effect of 5-fluorouracil. 

5-Fluorouracil (5-FU) is an analog of uracil, and its
antiproliferative and cytotoxic effects are associated with the
incorporation of its metabolites into nucleic acids, and with
the inhibition of the enzymatic activity of thymidylate
synthase (1). In the treatment of patients with breast cancer
after surgery or with metastatic breast cancer, 5-FU  is
administered intravenously or 5-FU is formed inside a cancer
cell from liver-activated capecitabine, an orally administered
prodrug (1, 2). 5-FU is intracellularly converted into the
active form capable of inhibiting thymidylate synthase (1, 3).

Thymidylate synthase activity is necessary for proliferation
because it catalyzes the biosynthesis of thymidylate needed
for DNA replication. However, increased level of
thymidylate synthase may be one of the causes of reduced
sensitivity to 5-FU (1). 

The vitamin D receptor (VDR) is a member of the nuclear
receptor superfamily of transcription factors, which (in
addition to estrogen, progesterone and androgen receptors)
is expressed in normal mammary gland and in the majority
of human breast cancers (4). VDR is involved in cell growth
regulation, apoptosis and cell differentiation (5). The natural
VDR ligand is 1,25-dihydroxyvitamin D3 (calcitriol).
Synthetic vitamin D3 analogs that have VDR agonist activity,
but with lower VDR-mediated calcemic activity, are also
promising for use in anticancer therapy, one of which is
1,24-dihydroxyvitamin D3 (tacalcitol, PRI-2191) (6, 7). 

The antiproliferative activity of VDR agonists is at least
partly associated with the activation of the CDKN1A and
CDKN1B genes encoding p21 (WAF1/CIP1) and p27 (KIP1)
proteins (8, 9), which inhibit cyclin/cyclin-dependent kinase
activity and cell cycle progression through G1-phase into S-
phase. Calcitriol has been shown to downregulate TYMS
gene encoding thymidylate synthase (10). Tacalcitol, more
strongly than calcitriol, reduced the expression of the TYMS
gene in colorectal cancer cells (11). However, the exact
mechanism by which VDR agonists reduce thymidylate
synthase expression is still poorly understood (11, 12).
Despite the controversy over the mechanism of action, it
appears that VDR agonists, by inhibiting the expression of
thymidylate synthase, may potentiate the anticancer effect of
5-FU. Indeed, calcitriol and tacalcitol have been shown to
potentiate 5-FU antiproliferative activity against colorectal
cancer cells in vitro (11) and tacalcitol increased the
antitumor activity in vivo of both capecitabine and 5-FU in
mice bearing colon tumors (13). Therefore, it can be
expected that VDR agonists may also potentiate the
antiproliferative effect of 5-FU against breast cancer cells. It
has recently been found that treatment with 100 nM of
calcitriol has significantly improved the antiproliferative
efficacy of 5-FU against MCF-7 cells (14). It should be
noted, however, that the calcitriol concentration used was
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quite high compared to the level of 48-156 pM in serum
(15). We tried to increase the antiproliferative effect of 5-FU
against cell lines representing various molecular subtypes of
breast cancer (16) through the use of VDR agonists,
calcitriol and tacalcitol, at a 10-fold lower concentration of
10 nM. Our results indicate a statistically significant increase
in 5-FU sensitivity of two of the six breast cancer cell lines
tested, namely MCF-7 and BT-474, which represent luminal
subtypes of breast cancer. 

Materials and Methods

Reagents. Calcitriol (1,25-dihydroxyvitamin D3) and tacalcitol
(1,24-dihydroxyvitamin D3) were purchased from Cayman
Chemical (Ann Arbor, MI, USA) and dissolved in ethanol to a
concentration of 100 μM. Then, these solutions were diluted in
culture medium to the required concentrations. 5-Fluorouracil at a
concentration of 50 mg/ml was purchased from Accord Healthcare
Poland (Warsaw, Poland) and diluted prior to use in culture medium
to the required concentrations. 

Cell lines. The following cell lines representing various molecular
subtypes of human breast cancer were used: MCF-7 and T47D
(luminal A), BT-474 (luminal B), JIMT-1 and SKBR-3 (HER2-
enriched), MDA-MB-231 (triple-negative/basal-B, TNB). MCF-7
and T47D cell lines were obtained from European Collection of
Authenticated Cell Cultures (ECACC, Porton Down, Salisbury,
UK), JIMT-1 was obtained from DSMZ-German Collection of
Microorganisms and Cell Cultures (Leibniz Institute, Germany), BT-
474, SKBR-3, MDA-MB-231 adenocarcinoma cell lines and non-
malignant breast epithelial MCF-10A cell line were obtained from
American Type Culture Collection (ATCC, Rockville, MD, USA). 

Western blot analysis. VDR protein levels were determined in
lysates made from the same cell cultures that were harvested for
MTT assay. Whole cell lysates were prepared using RIPA buffer
supplemented with a protease inhibitor cocktail (Sigma-Aldrich,

Poznan, Poland). Equal amounts of protein (40 μg) were analyzed
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS PAGE). Proteins were transferred to a PVDF membrane
(Immobilon-FL, Merck Millipore, Burlington, MA, USA) and
incubated afterward for 1 h at room temperature in a blocking
solution containing 1% non-fat dry milk in a buffer containing 50
mM Tris-HCl, pH 8.0 and 0.15 M NaCl supplemented with 0.05%
Tween 20. The membrane was then incubated overnight with rabbit
anti-VDR IgG antibody (catalog no. 12550, Cell Signaling
Technology, Danvers, MA, USA) at 4˚C followed by incubation
with secondary horseradish peroxidase-linked mouse anti-rabbit
antibody (sc-2357, Santa Cruz Biotechnology, Dallas, TX, USA) for
1 h at room temperature. Bound antibodies were visualized using a
Luminol substrate (Sigma-Aldrich). Chemiluminescence was
detected using Image Station 4000MM PRO (Carestream, Toronto,
Canada). The membrane was then incubated with horseradish
peroxidase-linked mouse monoclonal anti-β-actin antibody (sc-
47778 HRP, Santa Cruz Biotechnology) for 1 h at room temperature
and chemiluminescence was again detected. Density of bands was
measured with the use of ImageJ (National Institutes of Health,
Bethesda, MD, USA) software.

Cell growth inhibition assay. The effects of calcitriol and tacalcitol
on the cell growth of all cell lines were measured using the MTT
assay, which is based on measurements of mitochondrial
dehydrogenase activity in living cells (17). Briefly, cells were seeded
at a density of 2000 cells per well in 96-well cell culture plates one
day prior to the assay and maintained at 37˚C in 5% CO2. Cells were
then treated with calcitriol or tacalcitol alone at four concentrations
in the range of 1 to 1000 nM or 5-FU alone at four concentrations in
the range of 0.1 to 100 μg/ml (0.768-768.77 μM), or 10 nM calcitriol
or tacalcitol together with 5-FU at four concentrations in the range of
0.768-768.77 μM for 120 h. The solvent (ethanol) used at the highest
concentration in the assay (1%) did not cause any cytotoxicity. The
percentages of inhibition of growth of treated cells were calculated
relative to untreated cells (18). The IC50 value for 5-FU was defined
as the concentration of 5-FU (in the absence or presence of calcitriol
or tacalcitol) that is required for half-maximal (50%) inhibition of cell
growth compared to the growth of cells not treated with 5 FU. The
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Table I. The growth inhibitory effect of 5-FU against human breast cancer cells and breast epithelial cells in the absence or presence of VDR
agonists, calcitriol and tacalcitol. Cells were treated for 120 h, and IC50 values for 5-FU were calculated based on cell viability as assessed by
MTT assay. Mean IC50 (μM)±standard deviations for the results of four independent experiments are shown.

Cell line                                      5-FU alone                                    5-FU with                                            5-FU with                                           IC50
                                                                                                     10 nM calcitriola                               10 nM tacalcitriola                                   ratiob

MCF-7                                         3.65±0.87                                      2.52±0.71*                                           1.65±0.69*                                          2.2
T47D                                           6.43±5.65                                      3.08±2.17                                             3.91±1.61                                            1.6
BT-474                                      34.00±8.30                                    20.47±10.41*                                       18.79±6.64*                                          1.8
JIMT-1                                        6.61±5.53                                      3.73±1.48                                             4.49±2.54                                            1.5
SKBR-3                                      5.74±4.04                                      2.92±0.83                                             2.94±2.20                                            2.0
MDA-MB-231                          23.98±14.61                                  23.93±10.92                                         23.88±7.47                                            1.0
MCF-10A                                 19.28±12.49                                  12.07±1.57                                           12.37±5.52                                            1.6

aPercentages of cell growth inhibition after 120 h treatment with 10 nM VDR agonist (calcitriol/tacalcitol) used alone: 17±8/12±23 (MCF-7),
0±30/0±24 (T47D), –2±9/–1±18 (BT-474), –8±17/0±14 (JIMT-1), 23±13/23±9 (SKBR-3), –9±16/–7±10 (MDA-MB-231), –6±11/–14±24 (MCF-
10A). bIC50 ratio: IC50 of 5-FU alone/IC50 of 5-FU with tacalcitol. *Significant reduction of 5-FU IC50 in the presence of VDR agonist compared
to treatment with 5-FU alone, p<0.05 (one-tailed t-test).



IC50 values were calculated based on Cheburator 0.4 software (18).
In each experiment, samples containing specific concentrations of the
preparation were used in triplicate. The experiments were repeated
four times.

Statistical analysis. Data are presented as arithmetic means±standard
deviations in samples from four independent experiments. The
decrease in IC50 for a sample of cells treated with 5-FU in the
presence of the VDR agonist compared to a sample without the VDR
agonist was statistically evaluated by one-tailed t-test. The difference
between two independent variables was considered statistically
significant if the p-value was less than 0.05.

Results and Discussion

According to the IARC TP53 Database (p53.iarc.fr), cell lines
MCF-7 (luminal A) and MCF-10A (untransformed mammary
epithelial) have wild-type TP53, while the other cell lines
presented in this report have mutated TP53. MCF-7 cells have
been shown to have low levels of p53, in contrast to T47D
(luminal A) and MDA-MB-231 (TNB) cells, which have high
levels of p53 encoded by mutated genes (16). Treatment with
10 nM calcitriol or tacalcitol for 120 h, when used alone,
inhibited the growth of MCF-7 and SKBR-3 cells only: 17%
(calcitriol) and 12% (tacalcitol) inhibition for MCF-7 cells and
23% (calcitriol, tacalcitol) inhibition for SKBR-3 cells,
respectively (see footnote to Table I - negative values indicate
increased growth). To determine the ability of VDR agonists
to potentiate the growth inhibitory effect of 5-FU, cells were
incubated with various concentrations of 5-FU for 120 h in the
absence or presence of 10 nM calcitriol or tacalcitol. After
incubations, MTT assays were performed and 5-FU
concentrations causing 50% inhibitory effect (IC50) were
calculated. The mean IC50 values are shown in Table I. VDR
agonists have been found to significantly reduce the IC50 of
5-FU after treatment of MCF-7 and BT-474 cells. A downward

trend in IC50 was also observed in other cell lines, except for
MDA-MB-231, where no decrease in the IC50 of 5-FU by
VDR agonists was observed. This is presumably due to the
lack or low level of VDR protein in MDA-MB-231 cells
(Figure 1). In turn, T47D cells were shown to have higher
levels of VDR proteins than MCF-7 cells (Figure 1), and
therefore the reason for the slightly different effects of VDR
agonists on their sensitivity to 5-FU is not certain, especially
since 10 nM tacalcitol reduced the IC50 of DNA-targeting
cisplatin to a greater extent in T47D cells than in MCF-7 cells
in earlier studies (19). Both MCF-7 and T47D lines represent
the luminal A subtype of breast cancer, although they differ in
p53 status, which may affect the 5-FU antiproliferative activity
in combination with the VDR agonist, which is more cell-
cycle specific than the antiproliferative activity of cisplatin in
combination with the VDR agonist. Despite some differences
in VDR expression, the ratio of IC50 for 5-FU alone to the
IC50 for 5-FU with tacalcitol for all cell lines except MDA-
MB-231, was in the range of 1.5-2.2. In conclusion, VDR
agonists, calcitriol and tacalcitol, significantly increased
sensitivity to 5-FU in at least two luminal subtype breast
cancer cell lines among the six examined breast cancer cell
lines representing various molecular subtypes.
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