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Abstract
The molecular mechanisms underlying antiproliferative actions of the steroid 1α,25-dihydroxy
vitamin D3 (1,25D) in human osteosarcoma cells are known only partially. To better understand the
signaling involved in 1,25D anti-tumorigenic properties in bone, we stably silenced vitamin D
receptor (VDR) expression in the human osteosarcoma SaOS-2 cell line. We found that 1,25D
treatment reduced cell proliferation by approximately 25% after 3 days only in SaOS-2 cells
expressing native levels of VDR protein, and involved activation of MAPK/AP-1/p21waf1 pathways.
Both sustained (3 days) and transient (15 min) 1,25D treatment activated JNK and ERK1/2 MAPK
signaling in a nongenomic VDR-dependent manner. However, only sustained exposure to hormone
led to upregulation of p21 and subsequent genomic control of the cell cycle. Specific blockade of
MEK1/MEK2 cascade upstream from ERK1/2 abrogated 1,25D activation of AP-1 and p21, and
subsequent antiproliferative effects, even in the presence of a nuclear VDR. We conclude that 1,25D-
induced inhibition of human osteosarcoma cell proliferation occurs via sustained activation of JNK
and MEK1/MEK2 pathways downstream of nongenomic VDR signaling that leads to upregulation
of a c-Jun/c-Fos (AP-1) complex, which in turn modulates p21waf1 gene expression. Our results
demonstrate a cross-talk between 1,25D/VDR nongenomic and genomic signaling at the level of
MAP kinase activation that leads to reduction of cell proliferation in human osteosarcoma cells.
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1. Introduction
Among natural compounds with strong antiproliferative effects on different cancer cell systems
including osteosarcoma is the steroid hormone 1α,25-dihydroxy vitamin D3 (1,25D) (1). A
significant amount of research has been carried out on anti-cancer properties of 1,25D and
synthetic analogs (2). However, the precise molecular mechanisms underlying tissue-specific
anti-tumorigenic effects of the hormone remain partially understood. Precise identification of
tissue specific 1,25D-regulated cascades leading to control of the cell cycle is the basis for
proper management of anti-cancer benefits of the hormone.
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Previous studies in osteosarcoma cells have shown that 1,25D inhibits cell proliferation in a
manner that appears to be time- and dose-dependent (3-5). Although remarkable progress has
been made in understanding the biology of osteosarcomas, their molecular etiology remains
obscure, and specific targets for the action of anti-tumorigenic agents have not yet been
discovered. With the aim to identify molecular players that can potentially be used as targets
in the treatment of bone cancer, we studied here a mitogen activated protein kinase (MAPK)
cascade involved in 1,25D antiproliferative effects in human osteosarcoma cells. In particular,
we investigated the requirement of a vitamin D receptor (VDR) in 1,25D-induction of MAPK
activities and further upregulation of genes involved in the control of cell cycle progression,
and we discerned between biological effects promoted by transient versus sustained hormone
stimulus.

Osteosarcomas, the most common type of bone cancer in children and adolescents, are in part
characterized by insensitivity to typical growth inhibitory signals, and evasion of apoptosis.
Loss of control of cell proliferation and survival appears to be a key event in the etiology of
the disease (6). 1,25D, however, has been previously proposed to be an effective growth
inhibitory stimulus in osteoblasts (3;7;8). In general terms, 1,25D antiproliferative mechanisms
can be explained by its binding to a nuclear vitamin D receptor (VDR) that functions as a
transcription factor and modulates the expression of genes involved in cell cycle progression
(9). In addition, 1,25D appears to activate a cytoplasmic or membrane-associated VDR that
triggers rapid signaling pathways that involve kinase activation and regulate cellular functions
that prime the cell for latter 1,25D/VDR modulated response at the genomic level (10;11). In
osteoblasts, cytoplasmic 1,25D signaling initiates nongenomic pathways via a classic VDR
that include modulation of the electrical state of the plasma membrane (12-14), elevation of
intracellular calcium (15), and activation of protein kinases including MAPKs (11). A cross-
talk between 1,25D nongenomic and genomic actions leading to control of the cell cycle has
been suggested at the point of MAPK activation in some cell types (16;17). However, there is
no clear description of the molecular pathways and key players involved in this VDR-
dependent cross-talk in human osteosarcoma up to date.

It has been demonstrated in different cell systems that 1,25D inhibition of cell proliferation at
the gene level involves upregulation of the cyclin-dependent kinase (cdk) inhibitor
p21(waf1/cip1) (3;18;19). At least three nuclear VDR responsive regions have been identified in
the p21 promoter of breast cancer cells (19), providing a site for 1,25D genomic control of the
cell cycle. Increased p21expression causes cell cycle arrest and suppression of cell growth in
response to hormone stimulation. In addition, it is well known that the p21 gene promoter
region has a binding site for activator protein 1 (AP-1), which links cytoplasmic MAP kinase
activation to p21 upregulation (20). AP-1, one of the first identified transcription factors (21),
regulates a wide range of cellular processes, including cell proliferation, death, survival, and
differentiation (22). AP-1 is composed of a variety of combinations of dimerized proteins that
belong to the Jun, Fos, Maf and ATF sub-families. C-Jun, the most potent transcription factor
in the group, forms stable heterodimers with c-Fos proteins, another ubiquitous transcription
factor. The regulation of AP-1, which occurs via members of the MAPK family that activate
both c-Jun and c-Fos, is complex. For example, the mitogen activated Jun N-terminal protein
kinase (JNK) activates c-Jun protein, a signal transducing transcription factor, by means of N-
terminal phosphorylation at serines 63 and 73 (23). It has been shown previously that 1,25D
induces c-Jun phosphorylation, and this has been linked to decreased cell proliferation (24;
25). In addition, c-Fos upregulation occurs as a result of cytoplasmic activation of the
extracellular signal-regulated kinase (ERK) MAP kinase, which has also been shown to be a
target of 1,25D/VDR rapid signaling in osteoblasts (11). Here, we investigated the hypothesis
that nongenomic 1,25D/VDR signaling induces AP-1 activity in osteosarcoma cells upstream
of p21 genomic upregulation. We verified that long-term 1,25D cytoplasmic induction of MAP
kinases, and consequent accumulation of activated JNK, AP-1 and p21 lead to cell cycle arrest
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and tumor growth inhibition in the presence of a classic VDR. More specifically, we found
that this cascade initiates as a rapid, nongenomic VDR-dependent signaling, but only sustained
accumulation of the stimulus cross-talks with VDR genomic pathways to reduce cell
proliferation in human osteosarcoma.

Our study contributes to the current understanding on the signaling that controls cell
proliferation in human osteosarcoma and its modulation by the anti-tumorigenic hormone
1,25D. In addition, it sets the foundation for the molecular identification of cell targets involved
and future design of therapeutic agents for the treatment of bone cancer diseases.

2. Materials and methods
2.1. Chemicals and constructs

1α,25(OH)2 vitamin D3 (1,25D) was purchased from Biomol International L.P. (Plymouth,
PA). A stock 1,25D solution was dissolved in pure ethanol and kept at -20° C in the dark. In
all experiments, the final ethanol concentration was kept below 0.01% (v/v). The GenEclipse
VDR siRNA and control (empty) vector constructs were purchased from Chemicon
International Co. (Temecula, CA). The pRSV-β-Galactosidase plasmid and p21 promoter
luciferase reporter construct were provided by Dr. A. Walker (University of California-
Riverside). The AP-1 (7×) luciferase enhancer reporter construct was obtained from Stratagene
(La Jolla, CA). ERK pathway blocker U0126 was purchased from CalBiochem (San Diego,
CA). Unless specified, all other chemicals were purchased from Sigma (Saint Louis, MO).

2.2. Cell culture
Human osteosarcoma SaOS-2 cells were purchased from the American Type Culture
Collection (Manassas, VA). Cells were maintained in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 1 mM GlutaMAX(TM) (Invitrogen, Carlsbad, CA) and 25 mM
Hepes buffer, with the addition of 10% (v/v) fetal bovine serum, 100 U/ml penicillin, and 100
μg/ml streptomycin. Rat osteosarcoma ROS 17/2.8 cells (kindly provided by A.W. Norman,
University of California-Riverside) were cultured in Ham F-12 nutrient mixture supplemented
with 1 mM GlutaMAX, 5% (v/v) fetal bovine serum and 5% (v/v) Serum Plus (JHR
Biosciences, Woodland, CA), antibiotics, and 1.1 mM CaCl2. Cultures were kept at 37°C in a
humidified incubator with 5% CO2 in air. Typically, cells were seeded in 6-well plates at low
density (1,000 cells/ml), and used at 70-85% confluence.

2.3. Establishment of a stable siRNA VDR cell line
Native SaOS-2 cells were grown in 6-well dishes until they reached 70-85% confluence. Cells
were then transfected with 0.5-1 μg GenEclipse VDR siRNA construct or control vector
construct DNA in 100 μl DMEM serum free medium containing 6 μl Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according with the manufacturer's protocol. After 5 hours, the
transfection medium was replaced by serum free medium, and cultures were maintained for
additional 24 h. Cells were then trypsinized, diluted 1:10, and re-seeded in medium
supplemented with 200 μg/ml geneticin (Gibco, Auckland, NZ) to select for stably transfected
cells. Stable transfectants developed after two weeks. Colonies were collected separately, and
maintained in geneticin-containing medium until no significant cell death was observed.
Surviving colonies were assayed for VDR protein levels and transcriptional activity, expanded
and frozen for future use.

2.4. Immunofluorescence
Stable vector transfected (V-T) and siRNA VDR transfected (siRNA-T) SaOS-2 cells were
grown on glass cover slips for 3 days. Cells were fixed with 3.7% (v/v) formaldehyde (Sigma)
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in PBS (pH 7.4) for 20 min at room temperature, and permeabilized with ice cold ethanol for
5 min. Next, cells were blocked with 5% (v/v) goat serum in PBS for 1 h, and incubated with
a primary monoclonal anti-VDR antibody (C-20, Santa Cruz Biotechnology, CA, 1:500
dilution in 5% goat serum in PBS) overnight at 4°C. An Alexa 488 conjugate goat anti-rabbit
secondary antibody (Invitrogen) was used at a 1:500 dilution in PBS, for 2 h at room
temperature. Stained cells were visualized with an Olympus IX50 epifluorescence microscope.
Images were obtained with a Spot Pursuit digital camera (Diagnostic Instruments, Sterling
Heights, MI), and processed with Simple PCI C-Imaging Systems software (Compix Inc.,
Cranberry Township, PA)

2.5. Alkaline phosphatase (ALP) assay
SaOS-2 cells were grown for 3 days in the presence of 10 nM 1,25D. The ALP fluorimetric
detection kit (Sigma) was used on whole cell lysates according to the manufacturer's protocol.
Intensity of fluorescence was measured at 360 nm excitation and 460 nm emission with a
Synergy HT Multi-Detection Microplate Reader (Bioteck, Winooski, VT).

2.6. Reporter gene assays
Native non-transfected (Non-T), control vector transfected (V-T), and siRNA VDR SaOS-2
cells were grown to 70-85% confluency, and co-transfected with either a AP-1 (x7) enhancer-
luciferase (1μg/5ml) or a p21 promoter-luciferase (1μg/5ml) construct. Transfection was
performed with 6 μl Lipofectamine 2000 as described in previous paragraphs. Each transfection
was performed in triplicate. Whenever necessary, empty control plasmid was added to ensure
that each transfection received the same amount of total DNA. To normalize for transfection
efficiency, 0.2 μg of pRSV-β-galactosidase reporter plasmid was added to each transfection.
Approximately 16 h after transfection, luciferase reporter assays were performed using a
luciferase assay kit (Stratagene) following the manufacturer's protocol. β-galactosidase activity
was measured using the Galacto-Light chemiluminescence kit (Tropix Inc., Bedford, MA).
Luciferase activity was normalized relative to β-galactosidase activity. Luminescence and
fluorescence measurements were performed with a Synergy HT multiplate reader as indicated
previously.

2.7. Western blot analysis
Cells were rinsed with Dulbecco's phosphate-buffered saline (DPBS, Gibco, Grand Island, NY,
USA) and lysed with a buffer containing 20 mM Tris-HCl, 140 mM NaCl, 0.05 mM EDTA,
10 μg/mL leupeptin, 10 μg/mL aprotinin, 25 μg/mL pepstatin, 1 mM PMSF, 1 mM Na3VO4,
10 nM NaF, 1 mM EGTA, and 1% NP-40 (pH 7.4). After centrifugation at 12,000×g for 10
min, the supernatant was collected as whole cell lysate. Twenty micrograms of protein were
loaded on a 12% (w/v) reducing SDS-PAGE gel. After electrophoresis, protein was transferred
to a nitrocellulose membrane in transfer buffer containing 25 mM Tris, 192 mM glycine, 0.1%
SDS, and 20% methanol (pH 8.3). Membranes were blocked with 5% nonfat milk in wash
buffer (DPBS containing 0.1% Tween 20), and incubated with a monoclonal antibody against
VDR (C-20, Santa Cruz Biotechnology, CA), or polyclonal antibodies against active (p)-JNK
(dually phosphorylated Thr183-Tyr185, Promega, Madison, WI), p-c-Jun (phosphorylated
Ser63, Cell Signaling Technology, Danvers, MA), JNK, and c-Fos (Santa Cruz) (diluted
1:1,000) overnight at 4 °C. Incubation with a secondary antibody (1:10,000) conjugated to
horseradish peroxidase (Sigma) was done for 45 min at room temperature. Membranes were
then exposed to SuperSignal West Pico Chemiluminescent agent (PIERCE, Rockford, IL)
followed by autoradiography and image analysis. Protein expression levels were estimated
from Western blot density measurements, and analyzed with the Un-Scan-It gel software (Silk
Scientific Inc., Oren, UT). β-Actin and vinculin were used to normalize for gel loading and
transfer.
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2.8. Cell proliferation assay
SaOS-2 cells were seeded at 1,000 per well in a 96-well plate, and treated with 10 nM 1,25D
for 15 min (for transient studies) or 1-5 days (for sustained studies) in DMEM medium. We
utilized the CellTiter 96 Aqueous non-radioactive cell proliferation assay kit (Promega)
according to the manufacturer's protocol. Cell proliferation was estimated with the use of [3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- (4-sulfophenyl)-2H-tetrazolium
salt (MTS), which is reduced by live cells into a formazan product. The absorbance (optical
density) of formazan was measured at 490 nm and plotted over time as an indirect measure of
cell density.

2.9. Statistical analysis
Data were expressed as average values ± S.E., and compared by means of ANOVA t-Student
test. All experiments were repeated a minimum of three times.

3. Results
3.1. 1,25D activates MAPK cascades in osteosarcoma cells

Precise molecular mechanisms of antiproliferative actions of 1,25D in osteosarcoma cells are
only partially understood (7;8;26). Here we investigated rapid effects of the steroid hormone
on specific molecular players in the Jun N-terminal kinase (JNK) and extracellular signal-
regulated kinase (ERK) cascades, both members of the MAPK family broadly implicated in
the control of cell growth. JNK has been previously shown to be activated by 1,25D in colon
carcinoma and leukemia cells (24;25). We report here for the first time that 10 nM 1,25D added
to the culture medium significantly elevated levels of dually phosphorylated (activated, p-)
JNK in human SaOS-2 and rat ROS 17/2.8 osteosarcoma cell lines (Figure 1). Although in
vivo physiological levels of 1,25D are around 1 nM, we reported previously that a concentration
of 10 nM appears to be optimal for the stimulation of membrane-initiated actions by the
hormone in in vitro systems (12-14).

Figure 1 shows Western blot results for the detection of p-JNK after 1 and 3 days of
uninterrupted hormone treatment. Increasing levels of p-JNK were detected in both cell lines
over this time period relative to p-JNK levels obtained in the absence of hormone treatment,
and unphosphorylated JNK. In addition, we measured a significant increase of phosphorylated
(activated, p-) c-Jun, a major downstream signaling target of p-JNK, upon 1,25D treatment
within the same time frame and concomitantly with p-JNK increment. We found an elevation
of c-Fos levels, a ubiquitous transcription factor downstream from rapid MEK1/MEK2
activation also involved in the control of cell cycle progression within the first day of 1,25D
treatment in SaOS-2 cells (Figure 1A). However, we did not find equivalent increased levels
of c-Fos in rat ROS 17/2.8 cells upon 1,25D treatment (not shown). Levels of c-Fos are known
to be upregulated via ERK1/2 MAPK activation (27), which in turn has been shown to be a
target for 1,25D cytoplasmic actions (11). Levels of c-Fos remained elevated during 3 days of
hormone treatment in human SaOS-2 osteoblasts.

SaOS-2 cells express relatively high amounts of the VDR molecule. Here we show that JNK
activation by 1,25D synchronizes with VDR upregulation by the hormone in the time frame
of 1-3 days (Figure 1A), suggesting that upregulated VDR could potentiate 1,25D effects on
JNK activation. In the present study, we investigated the hypothesis that 1,25D induction of
JNK phosphorylation requires a functional VDR and leads to increased p-c-Jun, which acts as
a transcription factor complex with c-Fos to upregulate the expression of genes responsible for
reduction of cell proliferation in the tumoral cell line.
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3.2. A classic VDR is required for antiproliferative effects of 1,25D in SaOS-2 cells
Rapid, nongenomic actions of 1,25D are believed to initiate in the cell cytoplasm in close
proximity to the plasma membrane (10;14;28;29). Whether or not a classic VDR is required
is still a field of controversy. To investigate the requirement of a VDR in 1,25D-induced JNK
activation measured in Figure 1, we stably knocked down VDR expression in SaOS-2 cells by
using vector-based siRNA technology (GeneEclipse, Invitrogen). We transfected native
SaOS-2 cells with a siRNA VDR vector construct, on one hand, and a control empty vector
construct, on the other, and selected for stable clones with 200 μg/ml geneticin added to the
culture medium in the time course of 3 months. By these means, we created a stable siRNA-
T SaOS-2 subclone in which VDR protein expression was significantly reduced, and a control
vector-transfected (V-T) SaOS-2 subclone in which VDR levels remained unaltered, as shown
in Figure 2A-C. We verified that the siRNA-T SaOS-2 subclone carried a functional VDR
deficiency by measuring a significant decrease in 1,25D-induced endogenous alkaline
phosphatase (ALP) activity compared to non-transfected (Non-T) and control V-T cells (Figure
2D). We used ALP activity as a native reporter gene known to be upregulated by 1,25D via
transcriptional mechanisms that involve the VDR (30). The ability of 1,25D to induce ALP
synthesis and activity was significantly reduced in the siRNA-T VDR subclone, as shown in
Figure 2D.

Next, we measured SaOS-2 cell proliferation in native and transfected cells over a period of
time of 5 days in culture. When plated at low density (1,000 cells/well), cells reached
confluence by day 5. To characterize the effects of transient versus prolonged 1,25D exposure,
which trigger nongenomic and genomic steroid actions respectively, cell cultures were treated
with 10 nM 1,25D for 15 min (Figure 3A), or uninterruptedly for the entire duration of the
experiment (Figure 3B). No change in the growth curve of cultures was detected after brief (15
min) 1,25D treatment compared with untreated cells. We found, however, a significant
(approximately 25%) reduction of cell density starting at day 3 in native Non-T, and control
V-T SaOS-2 cells in the presence of 10 nM 1,25D added daily to the medium. We verified that
siRNA-T SaOS-2 cells were insensitive to continued 1,25D treatment, thus indicating that a
VDR is required for anti-proliferative effects of the steroid hormone.

3.3. 1,25D activation of c-Jun/c-Fos cascades in SaOS-2 cells occurs under both transient
and sustained hormone treatment, and requires a VDR

To investigate if the loss of 1,25D anti-tumorigenic effects in siRNA-T SaOS-2 cells (Figure
3B, inverted triangles) involves VDR-dependent MAPK pathways shown in Figure 1, we
measured p-JNK, p-c-Jun, and c-Fos levels in the absence and presence of 10 nM 1,25D in
native Non-T, control V-T, and siRNA VDR osteosarcoma cells. To characterize the time frame
of these effects, we performed Western blots for these proteins after transient (15 min, Figure
3C) and sustained (3 days, Figure 3D) hormone treatment.

Different cellular responses have been described in a number of cell systems as a consequence
of transient versus sustained MAPK activation (31;32). More specifically, transient (minutes
to hours) exposure of osteoblasts to 1,25D has been previously associated with anti-apoptotic
effects of the hormone (11), while sustained (> 1 day) treatment appears to underlie its anti-
tumorigenic actions (3;4). This agrees with our results shown in Figure 3A,B. Here we found
significantly lower levels of p-JNK and p-c-Jun, and lack of upregulation of c-Fos in 1,25D-
treated siRNA-T SaOS-2 cells compared with levels measured in hormone-treated Non-T and
V-T SaOS-2 cells expressing endogenous VDR after both transient (Figure 3C) and sustained
(Figure 3D) treatment with hormone. This 1,25D-induced, VDR-dependent JNK activation
was measured as rapidly as 15 min of hormone stimulus, indicating that the signaling cascade
occurs previous to any transcriptional activity of the VDR. Sustained 1,25D treatment for 3
days activated this MAPK response only in native, non-T SaOS-2 cells (Figure 3D). These
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results indicate that prolonged stimulus did not compensate for reduced VDR levels in the
siRNA-T subclone, thus confirming the requirement of the classic receptor for activation of
the MAPK cascade. As also shown in Figure 3C,D, VDR protein levels in siRNA-T cells
remained significantly lowered during the entire length of each experiment.

3.4. Sustained but not transient 1,25D treatment upregulates AP-1/p21 downstream MAPK
activation in osteosarcoma cells only in the presence of a VDR

In the cell nucleus, AP-1 transcriptional activity results from phosphorylation of c-Jun and its
dimerization with c-Fos which, as a complex, regulate the expression of genes involved in cell
cycle arrest. It has been described in osteoblasts that the cyclin-dependent kinase inhibitor p21
gene, which controls progression through the cell cycle, carries both a VDR responsive element
and an AP-1 binding site in its promoter region (33). To study the hypothesis that
antiproliferative actions of 1,25D involve transactivation of p21 as a target gene for both AP-1
and VDR transcription factors in human osteosarcoma, we transiently co-transfected VDR
native Non-T, control V-T, and siRNA-T SaOS-2 cells with an AP-1 (x7) enhancer or p21
promoter luciferase reporter construct, and we applied a transient (15 min) or sustained (3 days)
1,25D (10 nM) stimulus. We measured light intensity as a product of luciferase activity
associated with our AP-1 enhancer (Figure 4A) and p21 promoter (Figure 4B) activities in each
cell group. As seen from our results, AP-1 activation and p21 promoter-induced expression
occur only after sustained, but not transient, 1,25D treatment. However, sustained 1,25D
treatment did not promote AP-1 or p21 reporter activation in osteosarcoma cells in which VDR
protein expression was knocked down. This confirmed the requirement of a VDR in the
sustained 1,25D-initiated signaling that leads to reduction of cell proliferation in human
osteosarcoma cells. This cascade thus appears to comprise a VDR/JNK/c-Jun/AP-1/p21
pathway likely involved in induction of cell cycle arrest.

3.5. Inhibition of MEK1/MEK2 activation abolishes 1,25D-induced antiproliferative effects in
osteosarcoma

To verify that 1,25D-induced AP-1/p21 activation occurs in part downstream ERK/c-Fos
activation, we measured luciferase activity in native VDR Non-T and control V-T SaOS-2 cells
co-transfected with AP-1 (x7) enhancer and p21 promoter luciferase reporter constructs in the
presence and absence of the specific MEK1/MEK2 blocker U0126 (Figure 5A, B). U0126
inhibits both active and inactive MEK1/MEK2 kinases, two immediate upstream activators of
ERK1/2, thus preventing induction of c-Fos. We found that 1,25D-induced luciferase activity
was significantly reduced when cells were treated with 10 nM 1,25D in the presence of 25
μM U0126 for 3 days. This confirmed that ERK1/2 activation is required for induction of AP-1
activity and p21 expression in the presence of a functional VDR.

Next, we verified that 1,25D induction of MAPK activation leads to a reduction of cell
proliferation. As shown in Figure 5C for cell counts obtained from native VDR Non-T SaOS-2
cells treated with 10 nM 1,25D, the presence of the ERK1/2 pathway inhibitor U0126 abolished
1,25D anti-proliferative effects within a 3 day period. This confirmed that a sustained
cytoplasmic VDR-dependent MAPK cascade is a required step in anti-cancer effects of the
hormone in bone.

4. Discussion
Antiproliferative effects of the steroid hormone 1,25D have been reported previously on
different cell types, including osteoblasts (1;4;7;34;35). However, precise pathways involved
remained to be elucidated. 1,25D decreases cell growth by promoting apoptosis (8;36) and/or
inducing cell cycle arrest (2;34). In osteoblasts, 1,25D and synthetic analogs have been shown
to inhibit cell cycle progression at the G1 phase and to promote cell differentiation (7), and
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this involves p21waf1/cip1 gene upregulation (3). However, 1,25D signaling to p21 in human
osteosarcoma remains unknown. Although anti-tumorigenic effects of 1,25D have raised high
expectations with regard to its potential in the treatment of different cancer types, this is
compromised by calcemic side effects that develop at therapeutic doses (37). Different groups
focusing on this problem have proposed the use of 1,25D synthetic analogs with strong
antiproliferative and low hypercalcemic actions. We believe that, in addition to this strategy,
a detailed understanding of the signaling molecules involved in anti-mitogenic effects of the
hormone is necessary to facilitate the appropriate choice and/or design of new pharmacological
agents that would target key players in the signaling cascade while avoiding lethal
hypercalcemic effects.

Recent studies in the field of steroid hormone research have focused on mechanisms of action
that initiate at the plasma membrane and trigger rapid cytoplasmic signaling involved in cell
proliferation and death in addition to traditionally known gene transactivation (38-40). In
leukemia cells, for example, hormone 1,25D stimulates a JNK mitogen activated protein kinase
implicated in cell cycle regulation via a AP-1 pathway (25). Our present study aims at
identifying molecular players involved in 1,25D-induced inhibition of cell proliferation in
human osteosarcoma, which could potentially be used as therapy targets. Here, we studied the
hypothesis that, in SaOS-2 osteosarcoma cells, 1,25D rapidly activates cytoplasmic MAP
kinases via nongenomic mechanisms that involve a cytoplasmic or membrane-related VDR
(10) and that, when sustained, ultimately lead to activation of genes involved in cell cycle
arrest, with an overall decrease in cell numbers. To study this hypothesis, we created a stably
transfected siRNA VDR SaOS-2 subclone, and discriminated between signaling cascades
activated by either sustained (3-5 days) or transient (15 min) 1,25D treatment. The model
studied here for antiproliferative 1,25D signaling in human osteosarcoma is presented in Figure
6.

We found that sustained but not transient 1,25D treatment caused a significant reduction of
human osteosarcoma SaOS-2 cell proliferation only in the presence of a functional VDR. This
antiproliferative effect of the hormone correlated with activation of JNK and ERK1/2 MAPK
pathways, and upregulation of activator protein 1 (AP-1) and the cell cycle regulator p21waf1

gene. JNK and its downstream target c-Jun have been shown to be involved in the control of
cell cycle, proliferation and apoptosis in a variety of cancer cell systems (41). Activated
(phosphorylated) c-Jun heterodimerizes with c-Fos, a downstream product of ERK1/2 MAPK
activation (21), and constitutes one of multiple forms of the ubiquitous AP-1 transcription
factor complex. AP-1 modulates the expression of genes directly involved in the progression
of the cell cycle, including the gene that encodes for the cell cycle regulator protein p21, which
mediates cell growth arrest by inhibiting the action of G1 cyclin-dependent kinases. It has been
previously demonstrated that the p21 gene promoter region has both AP-1 and VDR binding
sites (33), and that p21 gene expression is triggered by multiple differentiation-inducing agents
including 1,25D by a p53-independent pathway. Our data show for the first time that both
transient (15 min) and sustained (3-5 days) treatment with 10 nM 1,25D significantly activated
JNK/c-Jun, and MEK1/MEK2/c-Fos in SaOS-2 cells. On the contrary, only sustained 1,25D
stimulus upregulated AP-1 and p21. As a result, cell growth was only reduced after a 3 day-
long treatment with 1,25D. This coincides with reports in the literature that indicate that short-
term activation of MAPK promotes cell growth, whereas long-term accumulation of activated
MAPK induces cell death in some cell types (20). Western blot results obtained in rat ROS
17/2.8 osteosarcoma cells, on the other hand, showed increased JNK activation but not c-Fos
upregulation upon sustained 1,25D treatment (see Figure 1B). This is may explain at least in
part survival effects of the steroid described recently (11). It has been reported, for example,
that the duration and magnitude of a MAPK ERK signal is a critical factor in determining the
proliferative response of cells to a signal from the environment (42).
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Our results are in agreement with a previous report on 1,25D induction of a time-dependent
loss of cell viability in a rat (UMR-106) and human (TE 85) osteosarcoma cell lines (4).
However, those studies did not clarify the mechanisms. We found that our newly created siRNA
VDR SaOS-2 subclone, which expresses significantly reduced levels of VDR protein, is
insensitive to 1,25D-induced cell growth inhibition. In addition, we verified in native SaOS-2
cells that 1,25D treatment activates nongenomic MAPK pathways, and a genomic AP-1 cell
cycle signaling, which work together towards inhibiting cell growth. We found that a classic
VDR appears to be required for cytoplasmic activation of JNK and subsequent phosphorylation
of a c-Jun transcription factor that triggers a genomic pathway. Expression of a cytoplasmic
or membrane-localized classic VDR has been shown recently in different cell systems
including osteoblasts (10). Our study thus provides clear evidence of a cross-talk between
nongenomic and genomic actions of 1,25D at the level of MAP kinases and AP-1 via a classic
VDR, and the combined regulation of these pathways leading to control of cell proliferation
in human osteosarcoma cells. As summarized in Figure 6, our data show that VDR activation
leads to p21 expression via direct and indirect mechanisms. In the first case, VDR localized at
the nucleus activates p21 via binding to a VDR responsive element (VDRE) that leads to AP-1
promoted upregulation of the gene. In the second case, a classic VDR localized in the cell
cytoplasm activates –by means of unknown mechanisms- JNK and ERK1/2 MAP kinases that
upregulate a downstream AP-1 complex.

Osteosarcoma is the most common type of bone cancer. It is the cancer type with highest
incidence in children and adolescents. Each year in the United States, osteosarcoma is
diagnosed in approximately 400 children and adolescents younger than 20 years. Osteoblastic
osteosarcoma develops from osteoblasts, the bone-forming cells. In the present study, we used
the human osteosarcoma SaOS-2 cell line, which is derived from a patient's tumor, and created
a stably transfected subclone in which the VDR is knocked-down. We verified that JNK and
ERK MAP kinases are a point of cross-talk between cytoplasmic (nongenomic) and nuclear
(genomic) functions of the VDR, and that only sustained but not transient 1,25D-induced JNK
activation leads to antiproliferative effects by the hormone.

Our results contribute to current understanding on the molecular mechanisms underlying
antiproliferative effects of the natural steroid 1,25D. Increasing knowledge in this field is highly
required for the proper design and management of therapeutic uses of the steroid hormone and
analogs in the treatment of bone tumors.
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Fig. 1.
1,25D induces activation of MAPK cascades in human SaOS-2 and rat ROS 17/2.8 cells.
Osteosarcoma cells were grown in the absence (-) or presence (+) of 10 nM 1,25D for 1 and 3
days. Western blots from whole cell lysates show increasing levels of phosphorylated (p-) JNK
and c-Jun (A and B), and higher expression of c-Fos protein (A) in hormone-treated cell
cultures. Beta-actin and vinculin were used for normalization of gel loading and transfer.
Increasing levels of VDR protein were also detected over time under sustained treatment with
hormone.
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Fig. 2.
Stable VDR silencing in SaOS-2 cells. (A) VDR protein expression levels in native non-
transfected (Non-T), control (vector transfected, V-T), and siRNA VDR transfected (siRNA-
T) Saos-2 cells. VDR levels are quantitatively shown in (B) as a measure of blot densities. (C)
Immunofluorescence detection of VDR in control V-T (left), and VDR silenced (siRNA-T,
right). Cells treated with a goat antibody against human VDR were visualized with a secondary
anti-goat Cy3-conjugate antibody. VDR was profusely localized in the cell cytoplasm and
nucleus of control SaOS-2 cells. Note significantly decreased fluorescence intensity levels
corresponding with lower VDR protein levels in VDR silenced versus control V-T cells. Digital
images were obtained with identical exposure settings for comparison. (D) 1,25D induction of
alkaline phosphatase (ALP) activity requires a VDR. Endogenous ALP enzyme activity was
measured in the absence (open bars) and presence (filled bars) of 10 nM 1,25D added to the
culture medium for 3 days in native Non-T, control V-T, and siRNA VDR transfected SaOS-2
cells. *, p<0.001, n=3.
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Fig. 3.
(A,B) Anti-proliferative effects of 1,25D occur in the presence of a VDR. Cell density values,
as measured with the CellTiter96 AQueous non-radioactive cell proliferation assay (Promega),
were obtained every 24 h over a period of 5 days from SaOS-2 cell cultures treated either with
10 nM 1,25D for 15 min on day 0 (A, transient), or grown in continuous presence of hormone
(B, sustained). Squares represent data obtained from control Non-T cells in the absence of
1,25D. Inverse triangles, circles, and upright triangles represent data obtained from siRNA
VDR knock-down, control Non-T (3) and control V-T (4) cells in the presence of 10 nM 1,25D;
n=5, *, p<0.001. (C,D) Transient and sustained 1,25D treatment induces JNK activation and
c-Fos upregulation only in cells expressing a VDR. Western blots obtained for activated (p-)
JNK, p-c-Jun, and c-Fos in native Non-T, control V-T, and VDR knock-down (siRNA-T)
SaOS-2 cells treated with 10 nM 1,25D for 15 min (transient, C) or 3 days (sustained, D).
Activated JNK and c-Jun proteins were detected with commercial antibodies raised against
phosphorylated residues. VDR protein expression levels are also shown for the same cell
lysates.
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Fig. 4.
1,25D-induced upregulation of AP-1 and p21 luciferase reporters occurs only in the presence
of a classic VDR. Native (Non-T), control vector transfected (V-T), and siRNA VDR
transfected (siRNA-T) SaOS-2cells co-transfected with AP-1 (x7) enhancer (A) or p21-
promoter luciferase constructs (B) were cultured in the presence of 10 nM 1,25D for 15 min
(open bars) or 3 days (filled bars). Relative light units (RLU) from luciferase activity were
measured as a function of AP-1 enhancer and p21 promoter activities. *, p<0.001, n=3. RLU
values were normalized for transfection efficiency with β-galactosidase activity.
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Fig. 5.
Blockade of MEK1/MEK2 activity abolishes 1,25D-induction of AP-1 and p21, and prevents
hormone anti-proliferative effects. Native, non-transfected (Non-T) and control vector
transfected (V-T) SaOS-2 cells, co-transfected with AP-1 (x7) enhancer (A) or p21 promoter
(B) luciferase constructs, were cultured for 3 days in the presence of 10 nM 1,25D, with (filled
bars) or without (open bars) specific MEK1/MEK2 blocker U0126 (25 μM). Relative light
units (RLU) were measured as a function of AP-1 enhancer and p21 promoter activities. Results
show that inhibition of MEK1/MEK2 signaling prevented AP-1 and p21 upregulation,
confirming that p21 gene transactivation occurs downstream 1,25D-induced MAPK activity.
*, p<0.001, n=4. C: Measurements for cell densities obtained for native (non-transfected)
SaOS-2 cell cultures treated with 10 nM 1,25D in the presence or absence of U0126 (25 μM)
for 3 days. *, p<0.01, n=3.

Wu et al. Page 16

Cancer Lett. Author manuscript; available in PMC 2009 October 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Proposed model for the integration of anti-proliferative genomic and nongenomic 1,25D
pathways via MAPK cross-talk through a classic VDR in human osteosarcoma cells. Shortly
after arrival at the cell surface, 1,25D hormone interacts with a VDR protein localized at the
cytoplasm in close proximity to the plasma membrane that triggers nongenomic effects of the
steroid. Cytoplasmic 1,25D/VDR complex rapidly (transient pathway) activates a JNK MAP
kinase, on one hand, and upregulates c-Fos expression via a MEK1/MEK2/ERK pathway, on
the other. Only under sustained presence of hormone, phosphorylated c-Jun, a downstream
product of JNK activation, dimerizes with c-Fos at the cell nucleus, and the complex binds to
an AP-1 site upstream the p21waf1 gene involved in the control of cell cycle progression. In
addition, under continuous presence of hormone and according to traditional genomic
pathways, 1,25D/VDR complex translocates to the cell nucleus and binds to a vitamin D
response element (VDRE) upstream of the p21 gene. As a result of this genomic and
nongenomic cross-talk, the cdk inhibitor p21 is expressed leading to cell cycle arrest and
decreased cell proliferation in a time frame of days. As seen from our results, a classic VDR
is required for nongenomic activation of MAPK signaling.
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