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Malignant pleural mesothelioma (MPM) is a rare and aggressive tumor, often associated
with exposure to asbestos and characterized by poor prognosis and limited treatment
options. The biologically active form of vitamin D, calcitriol, exerts anticancer effects
in many cell types, both alone and in combination with chemotherapy drugs, through
binding to vitamin D receptor (VDR); however, the role of calcitriol in MPM is still unknown.
This study aimed to determine the potential antitumor role of calcitriol in MPM. The results
showed that calcitriol reduces cell viability and proliferation in human MPM cells lines,
which express both cytoplasmic and nuclear VDR; furthermore, calcitriol potentiated
the inhibitory activity of the chemotherapy drug PEM. These effects were paralleled
by cell cycle arrest and inhibition in expression of c-Myc and cyclins involved in cell
cycle progression. Exposure of MPM cells to calcitriol also produced an alteration in
mitochondrial function and inhibition in the expression of respiratory chain complex
subunits. Finally, the inhibitory effects of calcitriol were also observed on viability of human
primary MPM cells. Collectively, these results indicate a novel anticancer role for calcitriol
in MPM, suggesting potential for vitamin D derivatives, alone or in combination with
chemotherapy, in the treatment of this malignancy.
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INTRODUCTION

Malignant pleural mesothelioma (MPM) is a rare and aggressive tumor with a dismal prognosis,
that occurs because of malignant transformation of pleural mesothelial cells. The principal cause
of MPM development is exposure to asbestos, although different minerals, such as erionite and
radiation therapy in patients treated for other cancers, have been also implicated (1). Exposure to
asbestos generates a chronic inflammatory state, with activation of macrophages, production of
reactive oxygen species and mediators of inflammation, such as cyclooxygenases, cytokines and
growth factors, all promoting tumor formation (2). Pathologically, some MPM have an epithelial
morphology, the most frequent and less malignant variant, others sarcomatoid, with the worst
prognosis, while a mixed biphasic population comprising both histologic subtypes also exists (2, 3).
The first-line treatment for inoperable patients with MPM consists in a combination of cisplatin
and the antifolate pemetrexed (PEM), which, however, increase overall survival only of 9-12
months, therefore, novel therapeutic strategies are urgently needed (4).
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The active form of vitamin D, the steroid hormone 1a,25-
dihydroxyvitamin D3 or calcitriol, regulates many biological
processes, mostly mediated by the nuclear vitamin D receptor
(VDR), which acts through both genomic, and non-genomic
mechanisms (5). Calcitriol has an essential role in calcium
homeostasis and also modulates biological functions, including
cell growth, wound healing, neuromuscular, and immune
functions. In addition, calcitriol shows potential anticancer
activity by regulating signaling pathways involved in cell
proliferation, differentiation, apoptosis, inflammation, invasion,
angiogenesis, and metastasis (6, 7). Indeed, studies have
demonstrated the antiproliferative and pro-differentiating effects
of calcitriol in vitro, in several cancer cell models. Moreover,
calcitriol and its analogs, alone or in combination with anticancer
drugs, showed the ability to delay initiation and inhibit tumor
progression in vivo, in animal models of cancer (5-7). Clinical
trials have been also undertaken in different cancers; however,
the responses were modest, likely because the doses of the
compounds were too conservative, the studies inappropriately
designed and conducted in patients with far-advanced disease
(5,7-9).

The resistance to the antiproliferative effects of the hormone
is due to many causes, some linked to a defective expression
or function of VDR or aberrant expression of vitamin D-
metabolizing enzymes, others because of epigenetic mechanisms
that may disrupt VDR signaling (6). Indeed, the presence of VDR
in cancer cells is essential for the activity of calcitriol and high
VDR expression has been associated with improved prognosis
and reduced risk of death from cancer (5, 6).

VDR is present mainly in metabolic tissues, but also in almost
all human cell types (10); furthermore, VDR expression is low
in normal cells, increases in malignant cells and is reduced
with tumor growth (5, 11). VDR is also expressed in human
and rodent peritoneal mesothelial cells and human bronchial
epithelial cells (12-15); however, the presence of VDR in pleural
mesothelial cells has yet to be demonstrated. Studies have recently
indicated that calcitriol reduces fibrosis and prevents epithelial-
mesenchymal transition in human peritoneal mesothelial cells in
vitro (12, 14), while vitamin D analogs reduce peritoneal fibrosis
in vivo (15) through antinflammatory mechanisms. In addition
to its nuclear localization, VDR has been recently localized in
mitochondria and calcitriol was found to suppress mitochondrial
respiration in cancer cell lines, keratinocytes and adipocytes,
affecting both cell growth and differentiation, as well as lipid
metabolism (16-19).

Only one study examined the role of vitamin D in
mesothelioma to date (20). The Authors reported that dietary
supplementation with cholecalciferol (vitamin D3) in transgenic
mice exposed to asbestos did not reduce the incidence or
severity of peritoneal mesothelioma. However, differently from
most studies performed in human cancer xenografts (5, 8, 21),
the effects of cholecalciferol were assessed in a mouse model
of asbestos-induced mesothelioma and the direct action of
cholecalciferol in mesothelioma cells was not examined.

Based on the abovementioned data and because of its
antiproliferative, antinflammatory and antioxidant activities, we
hypothesized that vitamin D would exert direct inhibitory effects

in MPM cells. Thus, in the present study we examined the role
of calcitriol, alone or in combination with chemotherapeutic
drugs, on viability and proliferation of human MPM cell lines and
primary cells obtained from patients with MPM; furthermore, we
analyzed the mechanisms involved in these effects.

METHODS

Reagents

1,25(0H), D3 (Calcitriol), Pemetrexed, 2,5-diphenyl tetrazolium
bromide (MTT), Roswell Park Memorial Institute (RPMI)-1640
medium, Ham’s F12 medium, fetal bovine serum (FBS), bovine
serum albumin (BSA), penicillin, streptomycin, amphotericin B,
L-glutamine, primers and cell culture reagents were from Sigma-
Aldrich (Milan, Italy). RT-PCR and Real-Time PCR reagents
were from Life Technologies, Inc. (Invitrogen, Milan, Italy).

Cell Lines

The human biphasic MPM cell line MSTO-211H and the human
mesothelial cell line MeT-5A were purchased from American
Type Culture Collection (ATCC; Manassas, VA, USA). The
human epithelioid MPM cell line REN was kindly provided by
Prof. Giorgio Scagliotti (Department of Oncology, University of
Turin, San Luigi Gonzaga Hospital, Orbassano, Turin, Italy), as
described previously (22). Cells were maintained at 37°C in a 5%
CO; humidified atmosphere in RPMI-1640 with 10% FBS, 2 mM
L-glutamine, penicillin (100 U/ml), streptomycin (100 pg/ml)
and 250 ng/mL amphotericin B and used between passages 12
and 25.

Isolation and Culture of Human Primary

MPM Cells

Human Primary MPM cells (3 epithelioid MPM, 3 biphasic
MPM, 3 sarcomatoid MPM) were isolated from diagnostic
thoracoscopies of MPM patients, as previously described (22).
Briefly, tissues were digested in medium containing 1 mg/ml
collagenase and 0.2 mg/ml hyaluronidase for 1h at 37°C. Cells
were seeded in culture and used within passage 6. The study
was approved by the Ethical Committees of the Biological Bank
of Mesothelioma, SS. Antonio and Biagio General Hospital,
Alessandria, Italy, and San Luigi Gonzaga Hospital, Orbassano,
Turin, Italy (#9/11/2011; #126/2016). The patients provided their
written informed consent to participate in this study. Primary
MPM cells were grown in Ham’s F12 medium with 10% of FBS
(normal medium, NM). All culture mediums were supplemented
with L-glutamine (2mM), penicillin (100 U/ml), streptomycin
(100 pg/ml), and 250 ng/mL amphotericin B. The cells were
cultured at 37°C in a 5% CO; humidified atmosphere.

Cell Viability and Proliferation

Cells were seeded in 96-wells plates at the concentration of 2
x 103 cells/well. After 48h, cells were serum-starved for 12h
and incubated with the different stimuli for further 24h or 72 h.
Cell viability was assessed by 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay. Briefly, cells were
incubated with 1 mg/ml of MTT for ~2h, then the medium
was removed, and formazan products solubilized with 100 pl
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dimethyl sulfoxide (DMSO). Cell proliferation was assessed using
the 5-bromo-2-deoxyuridine (BrdU) incorporation enzyme-
linked immunosorbent assay (ELISA) (Roche Diagnostic)
as previously described (22). Absorbance was assessed by
spectrophotometry at 570 nm for MTT and at 450 nm for BrdU,
using LT-4000 microplate reader (Euroclone, Milan, Italy).

Clonogenic Assay

Colony-forming capacity was analyzed by the clonogenic assay,
as described previously (22). MSTO-211H REN and MeT-
5A cells were seeded into 60 mm tissue culture plates, at a
concentration of 1 x 10% cells, and maintained in RPMI-1640
with 10% FBS for 10 days, in either presence or absence of 100 nM
calcitriol. The cells were then fixed with methanol, colonies were
stained with crystal violet (0.05%) and plates photographed using
a digital camera (ChemiDoc XRS). Colonies were counted with
Image] software (http://rsbweb.nih.gov/ij/).

Western Blot Analysis

Protein extraction and Western blot analysis were performed as
described previously (23). Total proteins were extracted using
RIPA buffer (Sigma-Aldrich, Milan, Italy). Cytoplasmic and
nuclear proteins were extracted using the Cytoplasmic and
Nuclear Protein Extraction Kit (Immunological Sciences, Rome,
Italy), following the manufacturer’s instructions. Proteins (60 jLg)
were separated by 10 % sodium dodecyl sulfate—polyacrylamide
gel electrophoresis, (SDS-PAGE), transferred to a nitrocellulose
membrane and incubated overnight at 4°C with the specific
Vitamin D3 Receptor antibody (dilution 1:1000, Cell Signaling,
Beverly, MA, USA). Blots were reprobed with actin or PARP-1
(dilution 1:500, Santa Cruz Biotechnology, Dallas, USA) for
protein normalization. Immunoreactive proteins were visualized
using horseradish peroxidase-conjugated goat anti-mouse or
goat anti-rabbit (1:4000) secondary antibodies (Southernbiotech,
Birmingham, AL, USA) by enhanced chemiluminescence
substrate (ECL) using ChemiDoc XRS (Bio-Rad, Milan, Italy);
densitometric analysis was performed with Quantity One
software (Bio-Rad, Milan, Italy).

Real-Time PCR

Total RNA isolation and reverse transcription to ¢cDNA (1
png RNA) from MeT-5A, MSTO-211H and REN cells, treated
with TRIzol reagent (Life Technologies, Milan, Italy), were
performed as described previously (22). For real-time PCR,
cDNAs were treated with DNA-free DNase (Life Technologies,
Milan, Italy) and reaction performed with 50 ng cDNA, 100 nM
of each primer and IQ-SYBR-green Mastermix (Bio-Rad) using
the ABI-Prism 7,300 (Applied Biosystems, Milan Italy). The
following primer pairs (designed with the Primer 3 Software,
http://www.primer3.org/) were used: c-Myc, forward 5'- AGCG
ACTCTGAGGAGGAACA-3, reverse 5-CTCTGACCTTTT
GCCAGGAG-3' (NM_002467.5); cyclin-A, forward 5-AATT
GTGCCTTGCCTGAGTGA-3', reverse 5'-AAGAACTGCAGG
TGGCTCCAT-3" (XM_011535295.2); cyclin D1, forward 5'-
ATGTGTGCAGAAGGAGGTCC-3/, reverse 5- CCTTCATC
TTAGAGGCCACG-3' (NM_053056.3); cyclin D2, forward
5-TGCAGAAGGACATCCAACC-3/, reverse 5-AGGAACAT

GCAGACAGCACC-3/(NM_001759.4); COX2, forward 5'-
CGACTACGGCGGACTAATCT-3', rev 5-TCGATTGTCAAC
GTCAAGGA-3' (EU835118.1); COX4, forward 5'-CGAGCAAT
TTCCACCTCTGT-3, reverse 5-GGTCAGCCGATCCATA
TAA-3'(NM_001861.6); 18S rRNA, forward 5-CCCATTCG
AACGTCTGCCCTATC-3', reverse 5-TGCTGCCTTCCT
TGGATGTGGTA- 3’ (NR_146144.1), 18S rRNA was used as
endogenous control. Relative quantification was performed
using the comparative Ct (2—AACH method.

Cell Cycle Analysis

Cell cycle analysis was performed as described previously (24),
using the Muse Cell Cycle Kit (Merck-Millipore, Burlington,
MA, USA) according to the manufacturer’s instructions.
Briefly, 5 x 10* cells were seeded in 60-mm dishes and
after 48h incubated with different concentrations of calcitriol
in medium supplemented with 2.5% FBS for 24h. Cells
were then detached with phosphate buffered saline (PBS)
1X/ethylenediaminetetraacetic acid (EDTA) (5 mM), centrifuged
(1,500 rpm, 5min) and fixed with pre-cooled ethanol. The cells
were then treated with Muse Cell Cycle Reagent for 30 min and
analyzed with Muse Cell Analyzer Software (Merck-Millipore,
Burlington, MA, USA).

Measurement of Mitochondrial Membrane
Potential (A¥m)

A¥m was assessed by cytofluorimetric analysis using
the fluorescent probe JC-1 (5,5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazole carbocyanide iodide JC-1 (Thermo
Fisher Scientific, Waltham, MA USA), a cationic dye that
shows mitochondrial polarization by shifting its fluorescence
emission from green (530nm) to red (590 nm). Consequently,
the enhanced mitochondrial activity is indicated by an increase
in the red/green fluorescence intensity ratio (FL2/FL1 channels
of flow cytometer). The cells were treated with calcitriol for
24h then harvested by trypsinization, washed in PBS (pH
7.4) and incubated with JC-1 (2 ug/ml) for 30 min at 37°C.
The amount of JC-1 retained by 1 x 10* cells per sample was
measured at 530nm (FL-1 green fluorescence) and 590 nm
(FL-2 red fluorescence) using a flow cytometer FACSCalibur
(BD biosciences, Franklin Lakes, NJ, USA) and analyzed with
BD FACStation software (22, 25). A¥m was determined as
FL2/FL1 ratio.

Combination Studies

The synergistic effect of the drugs was performed according to the
Chou-Talalay method of synergy quantitation using CompuSyn
software (26). CI values were generated by performing cell
viability assay (MTT) and computerized software data. CI = 1
indicates an additive effect between two drugs; a CI > 1 indicates
antagonism, and a CI < 1 indicates a synergistic effect.

Statistical Analysis

Results are presented as mean &= SEM. Significance was calculated
by unpaired two-tailed Student’s f-test or one-way ANOVA
followed by followed by Dunnett’s or Tukey’s post-hoc test, as
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appropriate, using GraphPad Prism v.5 (GraphPad Software,
SanDiego, CA, USA).

RESULTS

Expression of Cytoplasmic and Nuclear
VDR in MPM Cell Lines

To understand the role of calcitriol in MPM cell lines, we first
assessed the presence of VDR. Western blot analysis revealed
VDR protein expression in pleural biphasic MSTO-211H and
epithelioid REN MPM cell lines, as well as in MeT-5A pleural
mesothelial cells. The levels of VDR were significantly higher in
MPM cells, particularly in REN cells, compared with mesothelial
cells, where the receptor was barely detectable (Figure 1A). In
addition, both cytoplasmic and nuclear VDR were increased
in MSTO-211H (Figures 1B,C) and REN cells (Figures 1D,E)
treated for 24 h with 50 and 100nM calcitriol, compared with
cells untreated. Conversely, no variation was observed in MeT-
5A mesothelial cells, either in the absence or presence of calcitriol
(Figures 1EG). These results suggest that VDR expression is
higher in MPM cell lines and is further induced by treatment with
its ligand.

Calcitriol Inhibits Viability and Proliferation
in MPM Cell Lines

We next assessed the potential inhibitory effects of calcitriol
in MPM cells. As previously reported, (22), cell viability and
proliferation were reduced of ~25% in MSTO-211H cells, ~20-
25% in REN cells and ~15-18% in Met-5A cells (data not
shown). Treatment with increasing concentrations of calcitriol
(I to 100nM) for 24 further produced a dose-dependent
reduction in viability and proliferation of both MSTO-211H
(Figures 2A,B) and REN cells cultured in serum deprived
medium (Figures 2C,D), compared with control. The maximum
effect was observed at 50nM (MSTO-211H: 22.6 and 17.8%;
REN: 19.5 and 18% for viability and proliferation, respectively);
and 100nM (MSTO-211H: 24.7 and 31.1%; REN: 24 and
21.3% for viability and proliferation, respectively). By contrast,
viability and proliferation were unchanged in non-malignant
MeT-5A mesothelial cells treated with calcitriol, at any of
the concentrations tested (Figures 2E,F). Similar findings were
obtained for cell viability when the cells were cultured for 24
and 72 h in the presence of 2.5% serum, although the inhibitory
effect of calcitriol was attenuated (100nM calcitriol at 24h,
MSTO-211H: 12.8%; REN: 14.9%. 100nM calcitriol at 72h,
MSTO-211H: 21.1%; REN: 23.1%) (Supplementary Figure 1).
These findings suggest that calcitriol maintains its inhibitory
activities even for longer-terms and in more physiological
conditions. Because of the best inhibitory effect observed for
both cell viability and proliferation, 100nM was chosen as
concentration for subsequent studies; in addition, due to the
possible interference caused by serum, the experiments were
performed under serum deprived medium. To further unveil
the ability of calcitriol to reduce cell viability, we conducted
the clonogenic assay and observed that after 10 days treatment,
calcitriol blunted the ability of both MSTO-211H and REN cells
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FIGURE 1 | Expression of VDR in MPM cell lines and mesothelial cells. (A)
Total VDR protein assessed by Western blot in MSTO-211H, REN and MeT-5A
cells. Results, normalized to actin and expressed as percent of control are
means + SEM. **P < 0.001 vs. MeT-5A; n = 3. Cytosolic and nuclear VDR in
MSTO-211H (B,C), REN (D,E) and MeT-5A cells (F,G), that were serum
deprived for 12 h and either untreated (c, control) or treated for 24 h with
calcitriol (Cal), at the concentrations indicated. Blots are representative of three
independent experiments. Results, normalized to actin and PARP for
cytoplasmic or nuclear VDR, respectively, are expressed as percent of control
and are means £+ SEM. *P < 0.05, **P < 0.01, **P < 0.001 vs. ¢.; n = 3.

to form colonies, while having no effect in MeT-5A mesothelial
cells (Figures 2G-I).

Calcitriol Potentiates the Inhibitory Effect
of PEM in MPM Caell Lines

Having established its inhibitory function, we subsequently
assessed whether calcitriol increases the cytotoxic effect of
the anticancer drug PEM in MPM cells. MSTO-211H and
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FIGURE 2 | Effect of calcitriol on viability and proliferation of MPM cells and pleural mesothelial cells. MSTO-211H and REN MPM cells, and MeT-5A mesothelial cells,
were serum deprived for 12 h, then cultured for 24 h in the absence (c, control) or presence of calcitriol (Cal), at the concentrations indicated. Cell viability (A,C,E) and
proliferation (B,D,F) were assessed by MTT and BrdU, respectively. Maximum inhibition at 100 nM Cal in MSTO-211H (A,B): 24.7 and 31.1%; REN: 24 and 21.3%,
for viability and proliferation, respectively. Results, expressed as percent of control are means + SEM. *P < 0.05, **P < 0.01, **P < 0.001 vs. c; n =8 for MTT,n = 4
for BrdU. Representative colony formation in MSTO-211H (G), REN (H), and MeT-5A cells (I) untreated (c, control) or treated for 10 d with calcitriol (Cal), at the
concentrations indicated. Results are means + SEM. *P < 0.05 and **P < 0.01 vs. c; n = 3.

REN cells, as well as MeT-5A mesothelial cells, were cultured
in the presence of 2.5% serum and treated with calcitriol
and PEM, either individually or in combination for 72h, the
appropriate time for PEM to be effective (22). PEM reduced
cell viability and proliferation at 10 and 50nM in MSTO-
211H cells (Figures 3A,B) and at 50 and 100nM in REN cells
(Figures 3C,D), with the maximum inhibitory effect observed
at the highest concentrations tested, as previously reported (22).
In MSTO-211H cells, the most responsive to PEM, 100 nM
calcitriol had no effect in combination with 10nM PEM, while
it potentiated the inhibitory activity of 50 nM PEM on both cell
viability and survival (Figures 3A,B). The Combination Index

(CI), calculated for viability in MSTO-211H cells, was < 1
(0.944), indicating synergistic effect of 100nM calcitriol and
50 nM PEM. In REN cells, the reduction induced by calcitriol was
significant only with 50nM PEM for cell viability (Figure 3C),
likely because of the strong inhibitory effect of 100nM PEM
alone, with a CI < 1 (0.426), indicating synergistic effect of
calcitriol and 50 nM PEM. Calcitriol also enhanced the effect
of PEM 50 and 100nM on reduction of cell proliferation
(Figure 3D). Conversely, in line with the lack of effect observed
previously in mesothelial cells (Figures 2E,F), calcitriol did not
increase the cytotoxic activity of PEM in MeT-5A cells, at
any of the concentrations tested (Figures 3E,F). Overall, these
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(A,B) and REN (C,D) cell lines, and in MeT-5A mesothelial cells (E,F) treated
for 72 h in medium with 2.5% serum (c, control) and with either 100 nM
calcitriol (Cal) alone or with pemetrexed (PEM), at the concentrations indicated.
Results, expressed as percent of control, are means + SEM. *P < 0.05, *P <
0.01, **P < 0.001 vs. ¢; #P < 0.05, n = 4.

results indicate that calcitriol enhances the cytotoxic action of
chemotherapy drugs in MPM cells, while having no effect in
non-malignant cells.

Calcitriol Promotes Cell Cycle Arrest and
Inhibits the Expression of c-Myc and
Cyclins in MPM Celis Lines

To investigate the mechanisms involved in the inhibitory
activities of calcitriol, the cell cycle was analyzed in MPM
cells stained with propidium iodide. In both MSTO-211H and
REN cells, treatment with 100 nM calcitriol for 24h caused
an increase in accumulation of cells in the quiescent G0/G1
phase, in concomitance with a decrease in the proportion of
cells in the active G2/M phase, while no effect was observed
at the lowest concentrations tested (Figures 4A,B). In keeping
with these findings, in MSTO-211H (Figures 4C-F) and REN
cells (Figures 4G-L) we observed a reduced expression in the
mRNA for c-Myc oncoprotein, and for cyclin A, cyclin D1 and
cyclin D2, all involved in cell cycle progression. By contrast,
apoptosis was not affected in any of the cell lines tested
(Supplementary Figures 2A-C). These findings suggest that the

antitumor effects of calcitriol in MPM cells involve cell cycle
arrest and inhibition of cell cycle progression.

Calcitriol Reduces Mitochondrial Function
in MPM Cell Lines

Mitochondria are essential regulators of cell viability, and cell
death is classically preceded by mitochondrial alterations in
the modulation of the complexes of respiratory chain and
oxidative phosphorylation (OXPHOS), as well as the loss of
mitochondrial membrane potential (A¥'m) (27). In addition,
previous studies have demonstrated the inhibitory effects of
vitamin D on mitochondrial respiratory activity in both normal
and cancer cells (16-18). Thus, mitochondrial function was
first evaluated by analyzing the alterations in expression of two
subunits of the respiratory chain complex IV, cytochrome c
oxidase (COX) subunits 2 and 4, of mitochondrial and nuclear
origin, respectively. Figures 5A,D shows that 24h treatment
with calcitriol reduced the mRNA expression of COX2 at
50nM in MSTO-211 and at 100nM in REN cells. Similarly,
we observed inhibition in COX4 using 50nM calcitriol in
MSTO-211H cells, and with both the concentrations tested in
REN cells (Figures 5B,E), whereas no changes were found for
both subunits in MeT-5A cells (Figures 5G,H). Calcitriol also
blunted A¥ m in MSTO-211H (Figure 5C) and REN (Figure 5F)
cells, while having no effect in MeT-5A cells (Figure 5I).
Opverall, these results suggest inhibitory activities for calcitriol
in mitochondrial function in MPM cell lines, but not in non-
malignant mesothelial cells.

Calcitriol Decreases Cell Viability in Human
Primary MPM Cells

The effect of calcitriol was next assessed on viability of cells
isolated from pleural biopsies of patients with MPM. Calcitriol
was tested in a range of concentrations from 1 to 100 nM. In line
with previous findings (22), cell viability was reduced of ~15-
20% in biphasic, epithelioid, and sarcomatoid cells cultured in
serum deprived conditions compared to the presence of serum
(data not shown). The addition of calcitriol, at 10 to 100 nM
in biphasic cells (Figure 6A), 50 and 100nM in epithelioid
cells (Figure 6B) and 100 nM in sarcomatoid cells (Figure 6C)
caused a further decrease in cell viability, compared to untreated
cells, suggesting antitumor activities also in human primary
MPM cells.

DISCUSSION

This study shows that calcitriol, the active form of vitamin D,
reduces cell viability and growth of MPM cells; furthermore,
calcitriol potentiates the cytotoxic effect of the chemotherapy
drug PEM. The anticancer activities of calcitriol, also observed
in human primary MPM cells, involved inhibition of cell cycle
progression and dysregulation of mitochondrial function.

The biological activity of calcitriol is mainly regulated by
VDR, which modulates the expression of many target genes
(5, 28). Importantly, it has been shown that tumor progression
may be correlated with lower VDR levels in different types of
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FIGURE 4 | Role of calcitriol in cell cycle regulation in MPM cell lines. Representative images of cell distribution in GO/G1, S and G2/M phases analyzed by flow
cytometry using the Muse Cell Cycle kit in MSTO-211H (A) and REN cells (B) (Top panels), cultured in the presence of 2.5% serum, and either untreated (Control) or
treated with calcitriol (Cal) at the concentrations indicated. Results shown in graphs, are expressed as percentage of cells in each phase and are means + SEM. **P <
0.01 and **P < 0.001 vs. Control in each phase; n=3. Real-time PCR for c-Myc, cyclin A, cyclin D1, and cyclin D2 mRNA normalized to 18S rRNA in serum-starved
MSTO-211H cells (C-F) and REN cells (G-J) treated for 24 h with calcitriol (Cal) at the concentrations indicated. Results, expressed as fold change of control (c), are
means £ SEM of three independent experiments, each performed in duplicate. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. c.

to pulmonary emphysema (33). In line with the above-mentioned
findings, future studies should be undertaken to assess the levels
of calcitriol and VDR in patients with MPM, which could have a

cancer (5-9), and a positive association between expression of
VDR/calcitriol with improved prognosis was found in patients
with lung adenocarcinoma (29, 30). Furthermore, it has been

recently demonstrated that vitamin D deficiency exacerbates
pulmonary fibrosis in mice (31), whereas lung cancer cells
expressing VDR are more responsive to the antiproliferative
effect of calcitriol; in addition, high nuclear VDR expression has
been associated with increased survival in lung cancer patients
(29, 30, 32). Interestingly, studies suggested that an alteration in
VDR/vitamin D3 axis in mouse alveolar macrophages may lead

relevant prognostic value.

Calcitriol was previously found to increase VDR expression in
different cancer cells, as well as in bronchial epithelial cells and
peritoneal mesothelial cells, along with inhibition of epithelial
to mesenchymal transition (5, 8, 34). However, the presence
of VDR in MPM cell lines has yet to be examined. Here, we
show that VDR expression is much higher in MSTO-211H
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FIGURE 5 | Effect of calcitriol on mitochondrial metabolism in MPM cells. Real-time PCR for COX2 and COX4 mRNA expression in MSTO-211H (A,B), REN (D,E),
and MeT-5A cells (G,H), serum starved for 12 h then treated for 24 h with calcitriol (Cal) at the concentrations indicated. Results, normalized to18S rRNA are
expressed as fold change of vehicle are means + SEM. *P < 0.05, **P < 0.01 and **P< 0.001 vs. ¢; ns, not significant; n = 3. Mitochondrial membrane potential
(A¥m) assessed by flow cytometry analysis of JC-1 in MSTO-211H (C), REN (F) and MeT-5A cells (1) treated for 24 h in medium with 1% serum (c, control medium),
and either with or without calcitriol (Cal) at the concentrations indicated. Red to green (FL-2/FL-1) ratio was calculated in each experimental condition and expressed
as percent of untreated cells. Results are means + SEM. *P < 0.05, “P < 0.01 vs. ¢; n = 3.

control, are means + SEM. *P < 0.05 vs. c; n = 3.
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FIGURE 6 | Inhibitory effects of calcitriol in primary MPM cells. Cell viability (MTT assay) in biphasic (A), epithelioid (B), and sarcomatoid (C) primary MPM cells
cultured in serum-deprived medium (c, control) for 12 h, then treated for 24 h with calcitriol (Cal), at the concentrations indicated. Results, expressed as percent of

and REN than in MeT-5A cells, and is further increased by
treatment with calcitriol, at both the cytoplasmic and nuclear
level. VDR can be up-regulated by vitamin D at both the
transcriptional and post-translational levels, the latter through a
ligand-dependent stabilization (28). Possibly depending on both
genomic (transcriptional) (35) or non-genomic (stabilization)
(36) mechanisms, equally active after 24h of treatment, we

found that in MPM cell lines calcitriol increased VDR levels
and promoted its nuclear translocation. Instead, basal VDR
levels were modest in MeT-5A cells and remained unchanged
after treatment with calcitriol, which would explain the lack
of inhibitory activity in non-malignant cells, in line with
previous findings (34). The induction of the catabolic enzyme
24-hydroxylase may justify the resistance of MeT-5A cells to
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vitamin D action, and possible differences among cell types,
already described in other models (19), could be discovered also
in mesothelial cells in future studies.

Another crucial difference among the cell lines tested could be
due to the epigenetic remodeling affecting the vitamin D response
elements (VDREs) present in many genes. In fact, VDREs
mediate the genomic activity of vitamin D/VDR and control
the transcription of VDR itself. The accessibility of VDRE:s is
regulated by epigenetic mechanisms and modulated depending
on the cell type and differentiation status (37). Alterations of
VDR cistrome (the ensemble of VDREs open to VDR docking)
could be responsible for different genomic responses to calcitriol
in our experimental model; this is an interesting aspect that
warrants further investigation.

The antitumor role of calcitriol and vitamin D derivatives
in different types of cancer was demonstrated in several in
vitro and in vivo studies, including lung cancer, suggesting that
vitamin D may be a promising agent, in combination with
anticancer therapies (5, 7-9, 38). Importantly, inflammation
is one of the main hallmarks of cancer (39) and different
studies have demonstrated the ability of vitamin D to modulate
the innate and adaptive immune responses and to exert
antinflammatory effects in tumorigenesis, by interfering with
the tumor microenvironment through the regulation of key
inflammatory pathways (5, 40, 41). Here, we report for the first
time that calcitriol inhibits cell viability and growth of human
epithelioid and biphasic MPM cell lines and blunts the viability of
all primary MPM cell subtypes, suggesting anticancer properties
in both the most and least aggressive phenotypes, while having
no effect in mesothelial cells. These activities were observed at
concentrations consistent with those previously reported in other
cancer cell types (30, 42, 43). Interestingly, the ability of calcitriol
to reduce viability in MPM cell lines was maintained even in more
physiological conditions, i.e., in cells cultured with serum and
after longer term treatment.

Robinson et al. previously showed that diet supplementation
with cholecalciferol in a transgenic mouse model of asbestos-
induced mesothelioma (MexTAg) had no effect on the incidence
or severity of peritoneal mesothelioma (20). However, this model
is different from the traditional human cancer xenograft (5, 8, 21);
furthermore, mesothelioma cells from MexTAg mice showed
increased expression of genes involved in the control of cell
cycle, proliferation pathways or DNA replication, compared
with those obtained from MPM of wild-type mice (44), likely
because of the high expression of SV40 large T Antigen (TAg) in
the mesothelial compartment, suggesting increased resistance to
anticancer drugs. In addition, the direct action of cholecalciferol
in mesothelioma cells of these mice was not examined (20).

Although the antitumor effects of calcitriol in preclinical
models has been largely demonstrated, the single vitamin
D analogs have limited efficacy in cancer therapy; thus,
combination therapies with calcitriol and compounds such as
glucocorticoids, cytotoxic drugs, inhibitors or retinoids have been
widely investigated (9). Herein, we show that, in addition to
the effect per se, calcitriol also acted in a synergistic manner
with the antifolate compound PEM, which, in association with
cisplatin, is currently the standard first-line treatment for patients

with advanced MPM (4). To the best of our knowledge, this is
the first evidence on the effective combination of calcitriol and
PEM in cancer cells, despite vitamin D derivatives previously
showed the ability to potentiate in vitro and in vivo the antitumor
effects of platinum analogs like carboplatin and cisplatin (5,
9, 45). Therefore, although not suitable as a single use against
cancer, vitamin D derivatives might be considered as adjuvants
in combination therapy with cytotoxic compounds, as already
described for other types of cancers (9, 11). On the other hand,
vitamin E isoforms with anticancer properties were found to
attenuate in vitro chemoresistance to cisplatin and to inhibit the
growth of human MPM cell lines, without altering the growth of
non-malignant mesothelial cells (46, 47).

In the present study, we did not observe an increase in
apoptosis in MPM cells treated with calcitriol, in agreement with
previous studies showing that calcitriol inhibits cell proliferation
in human lung cancer and adrenocortical carcinoma cell lines,
with no effect on apoptosis (30, 48). Interestingly, we found
that calcitriol increases the proportion of cells in the quiescent
phase of cell cycle (Go/Gi), while reducing those in G2/M,
indicating that the antiproliferative effects are associated with
cell cycle arrest, in line with results in other cancer cells (8, 38).
Furthermore, calcitriol inhibited the expression of c-Myc and
cyclin A, DI and D2, all involved in the control of cell cycle (22,
24, 30, 49), in keeping with its ability to suppress the expression
of c-Myc-regulated genes and to promote cell cycle arrest and
inhibition of cyclins in both normal and cancer cells (30, 50, 51).
c-Myc is a protooncogene frequently deregulated in many human
cancers, whose inhibition induces apoptosis and sensitizes MPM
cells to drug-induced cytotoxicity (52); moreover, we recently
showed that c-Myc is implicated in the antitumor effects of
growth-hormone releasing hormone (GHRH) antagonists in
MPM cell lines (22).

In addition to the previously known nuclear effects of
calcitriol in the control of cell proliferation, a novel finding of
this study is the demonstration of the mitochondrial activity of
VDR in mesothelioma. We and others previously demonstrated
the ability of vitamin D to reduce the mitochondrial respiratory
activity in both normal and cancer cells (16-18). Herein, calcitriol
decreased the mitochondrial function, measured as inhibited
transcription of respiratory complexes COX2 and COX4, and
as reduced membrane potential, which is proportional to the
respiratory activity. Although the reduction of COX2 and COX4
was small, our result is in line with the fact that strong inhibition
would lead to mitochondrial dysfunction and apoptosis (53), and
we did not observed apoptosis after treatment of MPM cells
with calcitriol, suggesting that the effects on COX expression are
mostly metabolic. The consequences of a reduced mitochondrial
activity can be different, depending on the sensitivity to the
differentiating nuclear activity of vitamin D and according to
the genetic and epigenetic asset of the cells, as demonstrated in
our studies in human keratinocytes and cancer cell lines (17—
19). When the cells are resistant to the nuclear differentiating
effects, the reduced mitochondrial activity reroutes the metabolic
intermediates toward the biosynthetic pathways supporting
proliferation (17), whereas when vitamin D exerts its nuclear
control, the spared intermediates are employed in the specific
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metabolism of the tissue (19). In human MPM cells we found that
calcitriol exerts nuclear antiproliferative effects and potentiates
the antiproliferative activity of PEM in a synergistic manner.
In addition, the inhibition of mitochondrial activity must
reduce the energy supply of mesothelioma, thus increasing the
cytotoxicity of the drug, possibly by a reduced ATP-dependent
drug extrusion. Similarly, we recently reported the reduction
of A¥m in response to the antiproliferative effects of GHRH
antagonists in MPM cell lines (21). Differently from other
studies that demonstrated an association between cell growth
arrest and apoptosis, due to the inhibition of OXPHOS complex
subunits and A¥'m in MPM treated with mitochondria-targeted
molecules (43), we did not find evidences for a proapoptotic effect
of mitochondrial inhibition.

Overall, the results of this study demonstrate the inhibitory
effect of calcitriol on viability and growth of MPM cells,
either alone or in combination with PEM, through mechanisms
involving cell cycle arrest and inhibition of the mitochondrial
activity, suggesting that vitamin D derivatives, in association
with chemotherapy drugs, could have potential in the treatment
of MPM.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethical Committees of the Biological Bank

REFERENCES

1. Carbone M, Adusumilli PS, Alexander HR Jr, Baas P, Bardelli E Bononi A,
et al. Mesothelioma: scientific clues for prevention, diagnosis, and therapy.
CA Cancer ] Clin. (2019) 69:402-29. doi: 10.3322/caac.21572
2. Sekido Y. Molecular pathogenesis of malignant mesothelioma. Carcinogenesis.
(2013) 34:1413-9. doi: 10.1093/carcin/bgt166
3. Husain AN, Colby TV, Ordonez NG, Allen TC, Attanoos RL,
Beasley MB, et al. Guidelines for pathologic diagnosis of malignant
mesothelioma 2017 update of the consensus statement from the
international mesothelioma interest group. Arch Pathol Lab Med. (2018)
142:89-108. doi: 10.5858/arpa.2017-0124-RA

. Boyer A, Pasquier E, Tomasini P, Ciccolini J, Greillier L, Andre N,
et al. Drug repurposing in malignant pleural mesothelioma: a breath of
fresh air? Eur Respir Rev. (2018) 27:170098. doi: 10.1183/16000617.00
98-2017

5. Feldman D, Krishnan AV, Swami S, Giovannucci E, Feldman BJ. The role of
vitamin D in reducing cancer risk and progression. Nat Rev Cancer. (2014)
14:342-57. doi: 10.1038/nrc3691

6. Bandera Merchan B, Morcillo S, Martin-Nunez G, Tinahones FJ, Macias-
Gonzalez M. The role of vitamin D and VDR in carcinogenesis: through
epidemiology and basic sciences. J Steroid Biochem Mol Biol. (2017) 167:203-
18. doi: 10.1016/j.jsbmb.2016.11.020

7. Carlberg C, Munoz A. An update on vitamin D signaling and cancer.
Semin Cancer Biol. (2020) doi: 10.1016/j.semcancer.2020.05.018. [Epub ahead
of print].

of Mesothelioma, SS. Antonio and Biagio General Hospital,
Alessandria, Italy, and San Luigi Gonzaga Hospital, Orbassano,
Turin, Italy (#9/11/2011; #126/2016). The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

IG, FS, DB, VM, AE GG, and NC performed research,
organized the database, and performed the statistical
analysis. CR and RL provided the primary MPM cells. EG
and RG concepted the research RG, IG, and FS designed
the research. RG wrote the paper. All authors contributed
to the revision of the manuscript and approved the
submitted version.

FUNDING

This work was supported by the Institut Biochimique SA
(IBSA) Foundation to IG; Italian Ministry of Instruction and
Research PRIN 2017 (# 2017S55RXB) to EG; Italian Ministry
of Instruction and Research PRIN 2017 (# 2017HRTZYA),
University of Turin Grant Ex-60% 2015, Beneficentia Stiftung
Foundation (Liechtenstein), and Buzzi Unicem Foundation
(Italy) to RG.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2020.559586/full#supplementary-material

8. Campbell MJ, Trump DL. Vitamin
cancer.  Endocrinol ~ Metab ~ Clin
38. doi: 10.1016/j.ec1.2017.07.007
9. Trump DL. Calcitriol and cancer therapy: a missed opportunity. Bone Rep.
(2018) 9:110-9. doi: 10.1016/j.bonr.2018.06.002

. Wang Y, Zhu ], DeLuca HF. Where is the vitamin D receptor? Arch Biochem
Biophys. (2012) 523:123-33. doi: 10.1016/j.abb.2012.04.001

. Sintov AC, Yarmolinsky L, Dahan A, Ben-Shabat S. Pharmacological effects of
vitamin D and its analogs: recent developments. Drug Discov Today. (2014)
19:1769-74. doi: 10.1016/j.drudis.2014.06.008

. Liu KH, Fu J, Zhou N, Yin W, Yang YY, Ouyang SX, et al. 1,25-
Dihydroxyvitamin D3 prevents epithelial-mesenchymal transition of
HMrSV5 human peritoneal mesothelial cells by inhibiting histone
deacetylase 3 (HDAC3) and increasing vitamin D receptor (VDR) expression
through the Wnt/beta-catenin signaling pathway. Med Sci Monit. (2019)
25:5892-902. doi: 10.12659/MSM.916313

. Yang L, Wu L, Zhang X, Hu Y, Fan Y, Ma J. 1,25(0OH)2D3/VDR attenuates
high glucoseinduced epithelialmesenchymal transition in human peritoneal
mesothelial cells via the TGFbeta/Smad3 pathway. Mol Med Rep. (2017)
15:2273-9. doi: 10.3892/mmr.2017.6276

. Yang L, Wang J, Fan Y, Chen S, Wang L, Ma J. Effect of 1,25(OH)(2)D(3) on rat
peritoneal mesothelial cells treated with high glucose plus lipopolysaccharide.
Cell Immunol. (2011) 271:173-9. doi: 10.1016/j.cellimm.2011.06.017

. Hirose M, Nishino T, Obata Y, Nakazawa M, Nakazawa Y, Furusu A, et al.
22-Oxacalcitriol prevents progression of peritoneal fibrosis in a mouse model.
Perit Dial Int. (2013) 33:132-42. doi: 10.3747/pdi.2011.00234

D receptor signaling and
North  Am. (2017)  46:1009-

Frontiers in Endocrinology | www.frontiersin.org

10

October 2020 | Volume 11 | Article 559586


https://www.frontiersin.org/articles/10.3389/fendo.2020.559586/full#supplementary-material
https://doi.org/10.3322/caac.21572
https://doi.org/10.1093/carcin/bgt166
https://doi.org/10.5858/arpa.2017-0124-RA
https://doi.org/10.1183/16000617.0098-2017
https://doi.org/10.1038/nrc3691
https://doi.org/10.1016/j.jsbmb.2016.11.020
https://doi.org/10.1016/j.semcancer.2020.05.018
https://doi.org/10.1016/j.ecl.2017.07.007
https://doi.org/10.1016/j.bonr.2018.06.002
https://doi.org/10.1016/j.abb.2012.04.001
https://doi.org/10.1016/j.drudis.2014.06.008
https://doi.org/10.12659/MSM.916313
https://doi.org/10.3892/mmr.2017.6276
https://doi.org/10.1016/j.cellimm.2011.06.017
https://doi.org/10.3747/pdi.2011.00234
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Gesmundo et al.

Calcitriol and Malignant Pleural Mesothelioma

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ricciardi CJ, Bae ], Esposito D, Komarnytsky S, Hu P, Chen J, et al.
1,25-dihydroxyvitamin D3/vitamin D receptor suppresses brown adipocyte
differentiation and mitochondrial respiration. Eur J Nutr. (2015) 54:1001-
12. doi: 10.1007/500394-014-0778-9

Consiglio M, Destefanis M, Morena D, Foglizzo V, Forneris M, Pescarmona
G, et al. The vitamin D receptor inhibits the respiratory chain, contributing to
the metabolic switch that is essential for cancer cell proliferation. PLoS ONE.
(2014) 9:€115816. doi: 10.1371/journal.pone.0115816

Ricca C, Aillon A, Bergandi L, Alotto D, Castagnoli C, Silvagno F. Vitamin D
receptor is necessary for mitochondrial function and cell health. Int ] Mol Sci.
(2018) 19:16726. doi: 10.3390/ijms19061672

Consiglio M, Viano M, Casarin S, Castagnoli C, Pescarmona G, Silvagno
F. Mitochondrial and lipogenic effects of vitamin D on differentiating
and proliferating human keratinocytes. Exp Dermatol. (2015) 24:748-
53. doi: 10.1111/exd.12761

Robinson C, Woo S, Nowak AK, Lake RA. Dietary vitamin D
supplementation does not reduce the incidence or severity of asbestos-
induced mesothelioma in a mouse model. Nutr Cancer. (2014)
66:383-7. doi: 10.1080/01635581.2013.878733

Swami S, Krishnan AV, Wang JY, Jensen K, Horst R, Albertelli
MA, et al. Dietary vitamin D3 and 1,25-dihydroxyvitamin Dj
(calcitriol) exhibit equivalent anticancer activity in mouse xenograft
models of breast and prostate Endocrinology.  (2012)
153:2576-87. doi: 10.1210/en.2011-1600

Villanova T, Gesmundo I, Audrito V, Vitale N, Silvagno F, Musuraca C,
et al. Antagonists of growth hormone-releasing hormone (GHRH) inhibit the
growth of human malignant pleural mesothelioma. Proc Natl Acad Sci USA.
(2019) 116:2226-31. doi: 10.1073/pnas.1818865116

Gargantini E, Lazzari L, Settanni F, Taliano M, Trovato L, Gesmundo I,
et al. Obestatin promotes proliferation and survival of adult hippocampal
progenitors and reduces amyloid-beta-induced toxicity. Mol Cell Endocrinol.
(2016) 422:18-30. doi: 10.1016/j.mce.2015.11.008

Gesmundo I, Di Blasio L, Banfi D, Villanova T, Fanciulli A, Favaro E, et al.
Proton pump inhibitors promote the growth of androgen-sensitive prostate
cancer cells through ErbB2, ERK1/2, PI3K/Akt, GSK-3beta signaling and
inhibition of cellular prostatic acid phosphatase. Cancer Lett. (2019) 449:252—
62. doi: 10.1016/j.canlet.2019.02.028

Bergandi L, Lucia U, Grisolia G, Granata R, Gesmundo I, Ponzetto A, et al.
The extremely low frequency electromagnetic stimulation selective for cancer
cells elicits growth arrest through a metabolic shift. Biochim Biophys Acta Mol
Cell Res. (2019) 1866:1389-97. doi: 10.1016/j.bbamcr.2019.05.006

Chou TC. Drug combination studies and their synergy quantification
using the chou-talalay method. Res.  (2010)  70:440-
6. doi: 10.1158/0008-5472.CAN-09-1947

Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas
SS, et al. Mitochondrial membrane potential. Anal Biochem. (2018) 552:50-
9. doi: 10.1016/j.ab.2017.07.009

Carlberg C, Campbell MJ. Vitamin D receptor signaling mechanisms:
integrated actions of a well-defined transcription factor. Steroids. (2013)
78:127-36. doi: 10.1016/j.steroids.2012.10.019

Norton R, O’Connell MA. Vitamin D: potential in the prevention and
treatment of lung cancer. Anticancer Res. (2012) 32:211-21.

Kim SH, Chen G, King AN, Jeon CK, Christensen PJ, Zhao L, et al.
Characterization of vitamin D receptor (VDR) in lung adenocarcinoma.
Lung  Cancer.  (2012)  77:265-71.  doi:  10.1016/jlungcan.2012.
04.010

Li SR, Tan ZX, Chen YH, Hu B, Zhang C, Wang H, et al. Vitamin
D  deficiency exacerbates bleomycin-induced pulmonary fibrosis
partially through aggravating TGF-beta/Smad2/3-mediated epithelial-
mesenchymal transition. Respir Res. (2019) 20:266. doi: 10.1186/s12931-019-
1232-6

Srinivasan M, Parwani AV, Hershberger PA, Lenzner DE, Weissfeld JL.
Nuclear vitamin D receptor expression is associated with improved survival
in non-small cell lung cancer. J Steroid Biochem Mol Biol. (2011) 123:30-
6. doi: 10.1016/j.jsbmb.2010.10.002

Hu G, Dong T, Wang S, Jing H, Chen J]. Vitamin D3-vitamin D
receptor suppresses pulmonary emphysema by maintaining

cancer.

Cancer

axis

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

alveolar macrophage homeostasis and function. EBioMed. (2019)
45:563-77. doi: 10.1016/j.ebiom.2019.06.039

Ricca C, Aillon A, Viano M, Bergandi L, Aldieri E, Silvagno F. Vitamin
D inhibits the epithelial-mesenchymal transition by a negative feedback
regulation of TGF-beta activity. ] Steroid Biochem Mol Biol. (2019) 187:97-

105. doi: 10.1016/j.jsbmb.2018.11.006

Zella LA, Meyer MB, Nerenz RD, Lee SM, Martowicz ML,
Pike JW. Multifunctional enhancers regulate mouse and human
vitamin D receptor gene transcription. Mol Endocrinol. (2010)

24:128-47. doi: 10.1210/me.2009-0140

Wiese R], Uhland-Smith A, Ross TK, Prahl JM, DeLuca HF. Up-regulation of
the vitamin D receptor in response to 1,25-dihydroxyvitamin D3 results from
ligand-induced stabilization. ] Biol Chem. (1992) 267:20082-6.

Apprato G, Fiz C, Fusano I, Bergandi L, Silvagno F. Natural
epigenetic modulators of vitamin D receptor. Appl Sci-Basel. (2020)
10:4096. doi: 10.3390/app10124096

Deeb KK, Trump DL, Johnson CS. Vitamin D signalling pathways in
cancer: potential for anticancer therapeutics. Nat Rev Cancer. (2007) 7:684-
700. doi: 10.1038/nrc2196

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
(2011) 144:646-74. doi: 10.1016/j.cell.2011.02.013

Negri M, Gentile A, de Angelis C, Monto T, Patalano R, Colao A,
et al. Vitamin D-induced molecular mechanisms to potentiate cancer
therapy and to reverse drug-resistance in cancer cells. Nutrients. (2020)
12:1798. doi: 10.3390/nu12061798

Liu W, Zhang L, Xu HJ, Li Y, Hu CM, Yang JY, et al. The anti-
inflammatory effects of vitamin D in tumorigenesis. Int ] Mol Sci. (2018)
19:2736. doi: 10.3390/ijms19092736

Garcia-Quiroz ], Garcia-Becerra R, Santos-Cuevas C, Ramirez-Nava
GJ, Morales-Guadarrama G, Cardenas-Ochoa N, et al. Synergistic
antitumorigenic activity of calcitriol with curcumin or resveratrol is
mediated by angiogenesis inhibition in triple negative breast cancer

xenografts. Cancers (Basel). (2019) 11:1739. doi: 10.3390/cancersl1
111739

Fife RS, Sledge GW Jr, Proctor C. Effects of vitamin D3
on proliferation of cancer cells in vitro. Cancer Lett. (1997)

120:65-9. doi: 10.1016/S0304-3835(97)00298-X

Robinson C, Dick IM, Wise MJ, Holloway A, Diyagama D, Robinson BW,
et al. Consistent gene expression profiles in MexTAg transgenic mouse
and wild type mouse asbestos-induced mesothelioma. BMC Cancer. (2015)
15:983. doi: 10.1186/s12885-015-1953-y

Maj E, Filip-Psurska B, Milczarek M, Psurski M, Kutner A, Wietrzyk
J. Vitamin D derivatives potentiate the anticancer and anti-angiogenic
activity of tyrosine kinase inhibitors in combination with cytostatic drugs
in an A549 non-small cell lung cancer model. Int J Oncol. (2018) 52:337-
66. doi: 10.3892/ij0.2017.4228

Kashiwagi K, Virgona N, Harada K, Kido W, Yano Y, Ando A, et al. A
redox-silent analogue of tocotrienol acts as a potential cytotoxic agent against
human mesothelioma cells. Life Sci. (2009) 84:650-6. doi: 10.1016/j.1fs.2009.
02.007

Nakashima K, Virgona N, Miyazawa M, Watanabe T, Yano T. The tocotrienol-
rich fraction from rice bran enhances cisplatin-induced cytotoxicity
in human mesothelioma H28 cells. Phytother Res. (2010) 24:1317-
21. doi: 10.1002/ptr.3107

Pilon C, Urbanet R, Williams TA, Maekawa T, Vettore S, Sirianni R, et al.
lalpha,25-dihydroxyvitamin D3 inhibits the human H295R cell proliferation
by cell cycle arrest: a model for a protective role of vitamin D receptor
against adrenocortical cancer. ] Steroid Biochem Mol Biol. (2014) 140:26-
33. doi: 10.1016/j.jsbmb.2013.11.008

Perez-Roger I, Kim SH, Griffiths B, Sewing A, Land H. Cyclins D1
and D2 mediate myc-induced proliferation via sequestration of p27(Kip1l)
and p21(Cipl). EMBO J. (1999) 18:5310-20. doi: 10.1093/emboj/18.1
9.5310

Salehi-Tabar R, Nguyen-Yamamoto L, Tavera-Mendoza LE, Quail T, Dimitrov
V, An BS, et al. Vitamin D receptor as a master regulator of the
¢-MYC/MXD1 network. Proc Natl Acad Sci USA. (2012) 109:18827-
32. doi: 10.1073/pnas.1210037109

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 559586


https://doi.org/10.1007/s00394-014-0778-9
https://doi.org/10.1371/journal.pone.0115816
https://doi.org/10.3390/ijms19061672
https://doi.org/10.1111/exd.12761
https://doi.org/10.1080/01635581.2013.878733
https://doi.org/10.1210/en.2011-1600
https://doi.org/10.1073/pnas.1818865116
https://doi.org/10.1016/j.mce.2015.11.008
https://doi.org/10.1016/j.canlet.2019.02.028
https://doi.org/10.1016/j.bbamcr.2019.05.006
https://doi.org/10.1158/0008-5472.CAN-09-1947
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.1016/j.steroids.2012.10.019
https://doi.org/10.1016/j.lungcan.2012.04.010
https://doi.org/10.1186/s12931-019-1232-6
https://doi.org/10.1016/j.jsbmb.2010.10.002
https://doi.org/10.1016/j.ebiom.2019.06.039
https://doi.org/10.1016/j.jsbmb.2018.11.006
https://doi.org/10.1210/me.2009-0140
https://doi.org/10.3390/app10124096
https://doi.org/10.1038/nrc2196
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3390/nu12061798
https://doi.org/10.3390/ijms19092736
https://doi.org/10.3390/cancers11111739
https://doi.org/10.1016/S0304-3835(97)00298-X
https://doi.org/10.1186/s12885-015-1953-y
https://doi.org/10.3892/ijo.2017.4228
https://doi.org/10.1016/j.lfs.2009.02.007
https://doi.org/10.1002/ptr.3107
https://doi.org/10.1016/j.jsbmb.2013.11.008
https://doi.org/10.1093/emboj/18.19.5310
https://doi.org/10.1073/pnas.1210037109
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Gesmundo et al.

Calcitriol and Malignant Pleural Mesothelioma

51.

52.

53.

Rohan JN, Weigel NL. 1Alpha,25-dihydroxyvitamin D3 reduces
c-Myc  expression, inhibiting  proliferation and  causing Gl
accumulation in C4-2 prostate cancer cells. Endocrinology. (2009)
150:2046-54. doi: 10.1210/en.2008-1395

Tan Y, Sementino E, Chernoft ], Testa JR. Targeting MYC sensitizes malignant
mesothelioma cells to PAK blockage-induced cytotoxicity. Am ] Cancer Res.
(2017) 7:1724-37.

Yang M, Chen P, Peng H, Zhang H, Chen Y, Cai S, et al. Cigarette smoke extract
induces aberrant cytochrome-c oxidase subunit II methylation and apoptosis
in human umbilical vascular endothelial cells. Am J Physiol Cell Physiol. (2015)
308:C378-84. doi: 10.1152/ajpcell.00197.2014

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Gesmundo, Silvagno, Banfi, Monica, Fanciulli, Gamba, Congiusta,
Libener, Riganti, Ghigo and Granata. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

12

October 2020 | Volume 11 | Article 559586


https://doi.org/10.1210/en.2008-1395
https://doi.org/10.1152/ajpcell.00197.2014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Calcitriol Inhibits Viability and Proliferation in Human Malignant Pleural Mesothelioma Cells
	Introduction
	Methods
	Reagents
	Cell Lines
	Isolation and Culture of Human Primary MPM Cells
	Cell Viability and Proliferation
	Clonogenic Assay
	Western Blot Analysis
	Real-Time PCR
	Cell Cycle Analysis
	Measurement of Mitochondrial Membrane Potential (Δm)
	Combination Studies
	Statistical Analysis

	Results
	Expression of Cytoplasmic and Nuclear VDR in MPM Cell Lines
	Calcitriol Inhibits Viability and Proliferation in MPM Cell Lines
	Calcitriol Potentiates the Inhibitory Effect of PEM in MPM Cell Lines
	Calcitriol Promotes Cell Cycle Arrest and Inhibits the Expression of c-Myc and Cyclins in MPM Cells Lines
	Calcitriol Reduces Mitochondrial Function in MPM Cell Lines
	Calcitriol Decreases Cell Viability in Human Primary MPM Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


